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ABSTRACT: The renin-angiotensin system is of vital significance not only in the maintenance of blood pressure but also because
of its role in the pathophysiology of different organ systems in the body. Of the 2 Ang Il (angiotensin II) receptors, the AT,R
(Ang Il type 1 receptor) has been extensively studied for its role in mediating the classical functions of Ang ll, including
vasoconstriction, stimulation of renal tubular sodium reabsorption, hormonal secretion, cell proliferation, inflammation, and
oxidative stress. The other receptor, AT R (Ang Il type 2 receptor), is abundantly expressed in both immune and nonimmune
cells in fetal tissue. However, its expression is increased under pathological conditions in adult tissues. The role of AT R
in counteracting AT, R function has been discussed in the past 2 decades. However, with the discovery of the nonpeptide
agonist C21, the significance of AT R in various pathologies such as obesity, hypertension, and kidney diseases have been
examined. This review focuses on the most recent findings on the beneficial effects of AT_R by summarizing both gene
knockout studies as well as pharmacological studies, specifically highlighting its importance in blood pressure regulation,
obesity/metabolism, organ protection, and relevance in the treatment of coronavirus disease 2019 (COVID-19).
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known component of the renin-angiotensin system

(RAS). Although AT,R was discovered and cloned in
the early 1990s," its role in pathophysiology continues to
be unraveled, and the significance associated with these
functions has been ever-evolving. AT R is activated by the
peptides Ang I1/111/-(1=7) and potentially by alamandine
that acts as the endogenous agonist?™" Typically, AT R is
considered as a functional antagonist of the well-known
and predominantly (relative to ATQR) expressed AT.R
(Ang Il type-1 receptor), which is involved in renal and
cardiovascular diseases, hypertension, and tissue injury.?®
With the availability of preferential agonists and antago-
nists, particularly in the recent past, researchers have
been able to make strides in understanding the underly-
ing AT,R biology in health and diseases at the molecu-
lar, cellular, and whole-organism levels. The results of the
pharmacological studies are convincing and suggest that
selective activation of AT_,R may mediate pronatriuretic'
and anti-inflammatory’'® effects and improves insulin

ATQR (Ang Il [angiotensin Il type-2 receptor) is alesser-

resistance and metabolism,'*'® which is associated with
antiadiposity/obesity, antihypertensive, and renoprotec-
tive and cardioprotective outcomes. Moreover, AT R has
been recently crystallized,'® which extends our insight into
receptor chemistry. This is a critical step in developing
more selective and potent drugs to target AT, R to exert
desired effects. The purpose of this review is to sum-
marize the recent discoveries covering various aspects
of AT,R structure, signaling, and biology, from molecules
to whole animals. Since AT,R is a part of the protective
arm of the RAS, namely Ang (1-7)/receptor Mas (MasR)
and functional similarities and interdependence between
AT.R and MasR exist,'” the coronavirus disease 2019
(COVID-19) relevance of the pharmacological activation
of AT, R is also briefly discussed.

AT,R CHEMISTRY AND SIGNALING

AT,R is a member of the GPCR (G protein-coupled
receptor) family. However, its unique chemistry and cell
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Nonstandard Abbreviations and Acronyms

Ang Il angiotensin ||
AT1R Ang Il type-1 receptor
AT2R Ang Il type-2 receptor

BP blood pressure
cGMP cyclic guanosine monophosphate
COVID-19 coronavirus disease 2019

EnaC epithelial sodium channel

GPCR G protein-coupled receptor

HSD high-salt diet

IL-2 interleukin 2

Mmi myocardial infarction

MKP-1 mitogen-activated protein kinase phos-
phatase 1

NCC Na-ClI co-transporter

NO nitric oxide

NOS NO synthase

OZR obese Zucker rat

PP2A protein phosphatase 2A

RAS renin-angiotensin system

SHP-1 SH2 domain-containing phosphatase 1

WT wild type
a-SMA a-skeletal muscle actin

signaling are puzzling and yet to be fully understood. AT R
is coupled to stimulatory (G ) or inhibitory (G, ) proteins
or G protein-independent pathways that include AT,R
binding protein.'®® The activation of G protein is also
associated with the activation of Tyr phosphatase SHP-1
(SH2 domain-containing phosphatase 1)2' Ser/Thr
phosphatases MKP-1 (mitogen-activated protein kinase
phosphatase 1), and PP2A (protein phosphatase 2A).2°
Most of the cellular and biological effects such as vaso-
dilatation and natriuresis associated with AT R activation
are mediated via nitric oxide (NO)/cyclic guanosine mono-
phosphate (cGMP) activation by phosphatase-mediated
activation of NOS (NO synthase). A recent study shows
that these Ser/Thr and Tyr phosphatases serve as the
regulating enzymes for AT R to dephosphorylate (Tyr®’,
Thr*®) and phosphorylate (Ser''”) endothelial NOS,
thereby stimulating its activity in human aortic endothelial
cells® The AT R-mediated activation of endothelial NOS
also involves activation of the PI3K/Akt pathway.?®

We have observed opposing effects in response to
AT R activation?* For instance, the AT,R agonist pro-
duced a natriuretic and anti-inflammatory response in
obese Zucker rats (OZR) but no natriuresis or proin-
flammatory response in lean animals.?* A difference was
observed in the signaling mechanism. AT R activation
inhibited cAMP accumulation in the proximal tubules
of both lean and OZR, whereas NO/cGMP stimulation
was observed in the proximal tubules of OZR? The
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reasons for such a discrepancy in signaling and function
are unknown. However, according to a recently reported
crystal structure of AT R, the AT R’s helix VIII may be
responsible for such opposing effects. The helix VIII ren-
ders AT R in an active state and blocks the recruitment
of the G proteins and B-arrestin.'® This blocking of the
G proteins and B-arrestin and other features such as
fewer serine residues on the third intracellular loop of the
receptor may additionally explain why AT R, unlike typi-
cal GPCRs such as 3-adrenoceptor, is not desensitized,
internalized, and degraded in response to chronic agonist
exposure.”*?” Such chemical features that render AT Rs
resistant to desensitization/internalization make AT, R a
potential target of drug discovery, particularly in terms of
pharmacological activation.

BLOOD PRESSURE REGULATION

AT, R has been studied as a target to examine its role
in renovascular function, particularly in BP regulation.
AT R is widely expressed in the vasculature (particularly
endothelial cells)6?° heart (myocytes),*® various kidney
regions,® brain,?®% and immune/blood cells.?” Moreover,
AT R expression and functions are increased under patho-
logical conditions in the vasculature®® diabetes (in both
humans and animals),*9*° heart failure,*"*? and diabetic/
obese kidney (vide infra).3** Early gene knockout studies
suggest that AT_R may (a modest) or may not decrease
BP in rodents.®#6 Pharmacological studies suggest that
AT R activation alone may not be sufficient to lower BP.
However, it enhanced the BP-lowering effects of AT R
antagonist in the spontaneously hypertensive rat model.”
Conversely, blockade of the AT,R reversed the blood
pressure (BP)-lowering effects of the AT.R antagonist in
normotensive animals.*® However, these pharmacologi-
cal studies were acute and short-term. A recent article*
reviewed various mechanisms of AT, R-mediated BP regu-
lation, including peripheral and central mechanisms. In this
article, we briefly discuss the peripheral mechanisms of
BP regulation, particularly long-term BP control. Orally
active AT,R preferential agonist compound-21 (C21)
helped examine the role of AT,R in long-term BP regu-
lation. The C21 treatment administered via subcutane-
ously implanted osmotic pumps over a period of 2-weeks
completely prevented salt-induced hypertension in OZR®°
and Ang ll-induced hypertension in Sprague-Dawley
rats®' In both the studies, prevention of the increase in
BP by C21 was associated with an increase in the urinary
sodium excretion, preventing salt and water retention and
the buildup of body fluid. The Ang Il infusion hypertension
model provides more direct evidence of the role of kidney
AT,R in BP regulation as C21 was specifically delivered
to the kidney. In our studies,®? the 2 RAS axes, namely the
classical Ang II/AT.R and the protective ACE2/Ang (1-
7)/MasR, were evaluated in the kidneys of OZR who were
administered a high-salt diet (HSD) and AT_R agonist
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Figure. AT,R (Ang Il [angiotensin II] type 2 receptor) is advantageous in metabolism, organ protection, and inflammation.
This figure highlights the main signaling molecules involved in AT2R-mediated beneficial effects in blood pressure (BP) regulation, obesity
and metabolism, cardiovascular protection, renoprotection, and inflammation accompanying organ remodeling. The arrows pointing upwards
(1) indicate an increase or upregulation, the arrows pointing downward (|) indicate decrease or downregulation, and the cross (X) symbol
indicates inhibition. ACE2 indicates angiotensin-converting enzyme-2; Ang Il, angiotensin Il; AT R, Ang Il type 1 receptor; cGMP, cyclic
guanosine monophosphate; ECM, extracellular matrix; eNOS, endothelial NOS; ERK, extracellular signal-regulated kinase; HO-1, heme
oxygenase-1; LV, left ventricular; MCP-1, monocyte chemoattractant protein-1; MI, myocardial infarction; MMP-9, matrix mettaloproteinase-9;
NF«B, nuclear factor kappa B; NO, nitric oxide; PPAR, peroxisome proliferator-activated receptors; and TNF-a, tumor necrosis factor-o.

C21. The BP increase in HSD-fed OZR was associated
with a remarkable increase in the Ang Il levels (pro hyper-
tensive) and a decrease in the ACE2/Ang (1-7) levels
(antihypertensive) in the kidney5? C21 treatment reversed
this trend or normalized these changes, inducing a further
reduction in AT, R expression, thus leaving open questions
whether the BP decrease was a direct consequence of
C21 treatment or secondary to the changes in the Ang Il/
AT R versus ACE2/Ang (1-7) balance or a combination
of both. Nonetheless, studies are required to further evalu-
ate the antihypertensive mechanisms of AT R.

Natriuresis

Renal function in maintaining sodium and fluid homeo-
stasis plays a critical role in long-term BP regulation.
Numerous studies have demonstrated that acute as
well as chronic AT,R activation by the AT ,R agonists
C21 and CGP42112A promotes natriuresis under nor-
mal and pathological conditions.’%?'%%%¢ AT, R-mediated
natriuresis seems to originate at the tubular level as the
renal hemodynamics involving the GFR and renal blood
flow are not affected by AT R agonists.®®*® The highest
density of AT_R is present in the proximal tubule,”” a site
of major sodium and water reabsorption. However, the
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receptor is also expressed in other parts of the nephron,
including the distal tubule, a site of fine-tuning of sodium
reabsorption. An increase in the fractional sodium and
lithium excretion in the presence and absence of distal
tubule sodium transport (NCC [Na-Cl co-transporter]
and EnaC [epithelial sodium channel]) inhibitors indi-
cated that proximal tubule may be a primary site of
AT,R action, leading to natriuresis.®® At the cellular and
molecular level, proximal tubule AT R activation inhibited
the activities of 2 major sodium transporters, namely
NaK-ATPase (sodium pump) and NaH-exchanger via
NO/cGMP pathway,?®54%€ suggesting a potential mecha-
nism of inhibition of tubular sodium transport, resulting
in natriuresis. A study in the distal tubules isolated from
K-channel knockout and wild-type (WT) mice implicated
AT R in the inhibition of NCC and K-channel (Kir4.1/5.1),
leading to an increase in Na and potassium excretion.®®
All these studies highlight the significant role of AT Rs
and the potential mechanism involved in maintaining
sodium hemostasis and long-term BP regulation. Recent
discoveries of selective peptidic AT R ligands 3-Pro’™-Ang
[, B-Tyr*-Ang I, and B-lle®>-Ang Il showed their in vitro
vasorelaxant and in vivo depressor effects in conscious
spontaneously hypertensive rat model. These observa-
tions have further strengthened the antihypertensive
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role of the AT R; however, the substituted Ang Il pep-
tides required the presence of an AT, R blocker to obtain
a decrease in mean arterial pressure.®”%? The Ang II-
derived cyclic ligands of AT R (LP2)%*¢* and MasR (cAng
[1=7])%*5 are more stable and resistant to peptidases
due to the presence of thioester linkage and are studied
for their vasorelaxant and organ protective effects.®”

Sex-Specific Differences and Pregnancy

Sex-specific differences in various RAS components in
terms of their expression and function have been docu-
mented. Numerous studies suggest a positive feedback
regulation between levels of estrogen, its receptors, and
AT,R expression.?™ Female rodent kidneys expressed
higher AT, R which was decreased in ovariectomized
mice. Estrogen supplementation restored the ATR
expression to normal,f8%° likely via the activation of ERa,
as demonstrated by the ERa-knockout mice model
and AT,R antagonist treatment™’ In contrast, ERf
(not ERa) is upregulated in pregnancy and binds with
and transactivates ER-responsive elements in the AT_R
promoter in the uterine arteries of pregnant mice; this
effect was mediated by ERa in nonpregnant mice.” This
finding suggests a shift towards ERB/AT R-mediated
BP regulation in pregnancy. In contrast, AT R activation
increased 17-B-estradiol levels, as shown in ovary cells
in vitro”" and HFD-fed mice treated with AT R agonist
C21.° The enhanced AT, R expression may be respon-
sible for higher BP-lowering effects under the conditions
of preeclampsia.® The Denton group has particularly
reported sex-specific differences in the role of AT,R in
BP-regulating mechanisms such as pressure-natriuresis
and tubuloglomerular feedback.”®" In Ang ll=induced
hypertension developed in WT and AT,R-knockout mice,
AT,R-mediated protection against BP increase was only
found in females and not in males.”” The study showed
that WT (28 mmHg) and AT,R-knockout (26 mmHg)
males showed a similar increase in mean arterial pres-
sure in response to Ang Il infusion. However, WT females
demonstrated only a 12 mmHg rise in BP compared with
26 mmHg in AT R-knockout females. In another study,”
rise in mean arterial pressure was lower (9 mmHg) in
females than that in males. However, this difference
was lost in AT R-knockout mice, demonstrating more
potent effects of AT R in protection against BP increase
in females. Moreover, chronic pressure-natriuresis in
female WT mice was shifted leftward compared with
AT,R-knockout mice. However, this shift was lost with
age; female aging mice demonstrated lower renal AT R
expression, indicating an association between reduced
AT,R expression and loss in pressure-natriuresis shift.”
Ovariectomy of aged mice did not result in a further dif-
ference in AT R expression or pressure-natriuresis in
females. This study highlights the fact that AT R expres-
sion and function are dependent on changes in estrogen
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levels, which are reduced with age. However, it would be
interesting to treat aged mice with an AT R agonist or
supplement with estrogen to examine whether positive
feedback comes into play between AT R and estrogen
and improves pressure-natriuresis in these animals.

Augmented AT,R expression during pregnancy is
responsible for an increase in the uterine blood flow
induced by elevated Ang Il levels. Estradiol exposure
leads to the upregulation of AT R expression, which is
inhibited by the ERa antagonist.™ This study suggests
that AT R expression and function are increased during
pregnancy and may play a role in attenuating BP-related
complications. A similar conclusion was revealed by
another study in an AT a knockout mouse model.®? This
study showed mid-gestation systolic BP decline, which
was abolished by treatment with the AT R antagonist
PD123319, suggesting that mid-gestation decline in BP
is an outcome of AT R activation mediated by Ang Il.

OBESITY, METABOLISM, AND INSULIN
SENSITIVITY

Obesity is a major cause of metabolic dysfunction, lead-
ing to hyperinsulinemia, hyperglycemia (diabetes), and
dyslipidemia, which show inflammation and cell and
organ injury, thereby affecting organ function. Other stud-
ies have revealed that AT R expression in adipose and
nonadipose tissues such as kidney and blood vessels
is increased in obesity and diabetes'®°8% indicating
an enhanced role in these pathologies. Hyperglycemia
is one of the factors that lead to an increase in AT,R
expression.®® Therefore, understanding the role of AT R
in obesity, metabolism, insulin sensitivity, and renal-car-
diovascular function associated with these pathologies is
crucial and currently being studied.

Insulin Resistance

Several studies have implicated AT,R activation in
reducing adiposity/obesity and improving metabolism,
resulting in improvement in insulin sensitivity, glucose
disposal, and blood lipid profile.'*7987%0 |nsulin sensitiv-
ity/resistance and pancreatic function in relation to the
role of AT,R have been a major focus in both normal
and diabetic conditions. Chronic and acute blockade of
AT,R with the antagonist PD123319 reduced glucose
uptake in the muscles® and insulin receptor signaling
in terms of PI3K/Akt activation in the liver and adipose
tissue,®” suggesting a physiological role of AT,R. The
physiological role of AT R was also confirmed by a study
in AT R-knockout mice, which showed that streptozoto-
cin-induced glycemia was higher in AT,R-knockout mice
coupled with lower pancreatic insulin levels.®”

Studies examining the pharmacological activation
of AT R with C21 have been particularly helpful to test
the therapeutic potential of AT,R in improving insulin
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resistance and metabolism. A recent study in normal
mice suggested that C21 treatment for 12 weeks
reduced adipocyte size and enhanced insulin receptor
signaling in terms of Akt activity in the liver and adipose
tissues.?® Several studies performed in animal models of
diabetes and insulin resistance indicated the relevance
of /—\TQR in these pathologies. For instance, C21 adminis-
tration promoted adipocyte differentiation and improved
adipose insulin sensitivity in high-fat/high-fructose diet-
induced insulin resistance in rats.'”® These changes were
associated with PISBK/Akt-mediated increase in peroxi-
some proliferator-activated receptor-y expression,”® a
transcription factor known to improve insulin sensitivity
by altering the expression of various genes associated
with insulin receptor signaling. Another study performed
in type 2 diabetic mice shows that AT R activation with
C21 enhanced PPARY activation and ameliorated insu-
lin resistance, partly due to adipocyte differentiation and
protection of pancreatic B-cells.®® Previously, the role
of AT,R in PPARY activation has been shown under in
vitro conditions in PC12W cells.®* Antioxidative stress,
antiapoptosis, improved microvascular perfusion, and
efficient delivery of insulin to tissues, such as muscles,
and increase in adiponectin demonstrated by various
studies may also be linked to AT R-mediated improve-
ment in insulin resistance, glycemia, and pancreatic func-
tion. 38899597 AT R activation also reduced the levels of
inflammatory cytokines, such as TNF-q, in these afore-
mentioned studies. Since inflammation is a causative
factor for insulin resistance,?® anti-inflammatory activity
of AT R is likely another mechanism contributing to an
improvement in insulin sensitivity and metabolism.

Obesity

As insulin resistance is associated with obesity, the role
of AT,R in obesity and adiposity has been documented
in animals treated with AT,R agonist and AT R-knock-
out mice.'®"%? Qverall AT,R-knockout models have
shown inconclusive results. For example, deletion of
AT, R-knockout protected against HFD-induced obesity
and insulin resistance, which involves altered lipogenic
and lipolytic enzymes, increased total energy expen-
diture, whole-body lipid oxidation, and decreased food
intake.'®?1% In contrast, AT, R deletion in ApoE-null mice
did not impact weight gain, per se, but increased adi-
pose tissue mass, decreased the number of adipocytes
and insulin receptor substrate-1 levels, increased plasma
cholesterol levels and free fatty acids upon intake of
high cholesterol diet and worsened oxidative stress and
atherosclerotic lesions.® Our study in male and female
AT, R-knockout mice showed that males had higher calo-
rie intake but less weight gain and gonadal adiposity as
compared with females, suggesting decreased metabolic
capacity in females.’®" Nonetheless, these genetic stud-
ies show the involvement of AT R in both preadipocytes
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differentiation and mature adipocyte metabolism and
glucose utilization.'® However, recent pharmacologi-
cal studies have explicitly suggested that AT R activa-
tion reduces adiposity and obesity. For example, we have
reported that C21 administration in male mice attenu-
ated adiposity and improved lipid metabolism, likely by
decreasing lipid synthesis and enhancing lipid degrada-
tion.* Moreover, in vitro studies in freshly isolated adipo-
cytes from mice suggested that AT R activation inhibits
fatty acid uptake via the NO/cGMP pathway.' However,
as we know that AT R agonist treatment lowers free fatty
acids and triglyceride levels in the plasma,'* the fate of
free fatty acids, which are not internalized by the adipose
tissue and are not circulating needs to be investigated.

Sex-Specific Differences in Obesity
We have reported that AT, null mice were protected
against HFD-induced weight gain for 16 weeks. How-
ever, this observation was only recorded in males;
females, in contrast, gained more weight than WT, sug-
gesting a sex-specific difference.’®" The antiobesity role
of AT R was also confirmed in our pharmacological stud-
ies.™® We have reported that HFD-induced (16-weeks)
weight gain and adiposity in female mice were attenu-
ated by treatment with systemic AT R agonist C21, which
was associated with reduced adipocyte size, plasma
insulin, and plasma fatty acids, and improved glucose
tolerance.”™ Similar improvements in metabolic changes
were observed after treatment of HFD-fed ovary-intact
as well as ovariectomized mice with C21 for 2 weeks,°
suggesting an estrogen-independent role of AT R. How-
ever, estrogen supplementation of ovariectomized mice
treated with the AT,R agonist C21 caused a remarkable
improvement in the metabolic indices. Since the estro-
gen dose administered to these mice was high, a definite
conclusion regarding the synergism between AT,R acti-
vation and estrogen could not be established in this study.
Consistent with knockout and pharmacological studies
in females, female diabetic db/db mice treated with C21
for 1 month demonstrated improvements in the glucose/
pyruvate tolerance and fatty liver via the NO pathway.*”
Overall, we conclude that while AT, R-knockout stud-
ies are inconclusive in males but show a sex-specific
difference. Pharmacological activation of AT,R improves
metabolic dysfunction in various animal models irre-
spective of sex. However, the cellular signaling pathway
responsible for the various beneficial effects of AT R
activation remains to be elucidated.

ORGAN PROTECTION
Cardiovascular Protection

Hypertension, myocardial ischemia, and metabolic dys-
function, including obesity and diabetes, are known risk
factors for cardiac hypertrophy, leading to cardiac remod-
eling and heart disease. Numerous studies have explored
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the protective role of AT R in cardiac hypertrophy/remod-
eling using pharmacological and genetic approaches in
various animal models of myocardial infarction (MI), obe-
sity, hypertension, and HSD feeding.'%%1°

Pharmacological Studies

The first study to analyze the effect of direct stimulation
of AT,R by C21 on cardiac function and molecular events
was performed in Wistar rats subjected to left coronary
artery ligation for the induction of ML'® The results
revealed that C21 treatment (for 7 days) reduced the
scar size and improved systolic and diastolic ventricular
functions. These changes were associated with reduced
inflammation and apoptosis in C21 treated groups (par-
ticularly, reduction in the expressions of Fas ligand and
caspase-3 in the peri-infarct area), and components of
the mechanism associated with the regulation of cell sur-
vival (a rescue in MI-induced decrease in phosphorylation
of p44/42 and p38 mitogen-activated protein kinase) in
C21 treated animals. In another similar study, long-term
(6 weeks) treatment of rats with Ml showed improve-
ments in arterial stiffness parameters and reduced col-
lagen content in peri-infarct myocardium associated with
improved heart function in terms of ejection fraction and
fractional shortening. These results suggest a long-term
beneficial effect of AT R activation in preventing car-
diac remodeling.""" Similar cardiac remodeling protec-
tive effects were reported in stroke-prone spontaneously
hypertensive rat model and HSD-fed animals.’®®'"® C21
treatment administered for 6 weeks showed a reduc-
tion in myocardial fibrosis, as evidenced by a decrease in
myocardial interstitial collagen content and the expres-
sion of cardiac hypertrophy-related genes, namely, myo-
sin heavy chain B, and a-SMA (a-skeletal muscle actin).
In addition to cardiac protection, vascular injury, indicated
by a reduction in vascular stiffness, collagen content, and
fibronectin, was reduced by C21 treatment. In addition,
C21 prevented the development of cardiac hypertrophy
in HSD-fed animals.'®

Genetic Studies

Genetic studies also support the cardioprotective effects
associated with AT R. For instance, lack of AT R during
acute MI exacerbated heart failure and decreased the
survival of mice compared with that in WT within 7 days
post-MI.'% Lack of AT R was associated with increased
expression of myocardial inflammatory prostaglandins
and reduced collagen deposition, which chronically
resulted in cardiac rupture.’”” In contrast, AT R overex-
pressing transgenic mice showed improved baseline LV
systolic function and preservation of systolic function
after Ml compared with WT mice."™ This conclusion is
further supported by another study showing that the
moderate overexpression of AT,R in the myocardium
either before or after induction of Ml protected against
ischemic injury by attenuating the decrease in fractional
shortening and increase in LV end-diastolic pressure.’™ In
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contrast, chronic expression of AT R reduced myocardial
contractility'™ and high ventricular-specific expression
of AT,R caused heart failure and dilated cardiomyopa-
thy compared with that observed with low levels of AT,R
expression and that in WT mice."'* Hence, it seems that
the level of AT R overexpression may be important to
mediate protective versus opposing effects on cardiac
function after Ml.

Role of Immune and Stem Cells
Chronic inflammation is an important biological pro-
cess that triggers tissue injury, resulting in tissue/organ
remodeling. AT,R is expressed in immune cells, particu-
larly T lymphocytes. In a rat model of M, the infarcted
myocardium was infiltrated with CD,*AT,R* T cells and
CDg*AT,R* T cells, which were characterized by fork-
head box protein P3 expression, upregulated IL (inter-
leukin) 10 levels and downregulated IL-2 and interferon
v expression.''®''® These T cells have been implicated in
the improvements in cardiac function post-MI by reduc-
ing ischemic injury, thus offering a promising approach for
regenerative cardiac therapy via myocardial transplanta-
tion of these cells. A study focusing on mesenteric arter-
ies reported that AT R activation resulted in a release
of IL-17 by memory T cells surrounding the high-flow
arteries, suggesting that AT R could play a possible ther-
apeutic role in ischemic disorders by allowing flow-medi-
ated outward remodeling of resistance arteries that are
involved in revascularization."'” The experimental proof
of this effect on the outward remodeling of coronary
vessels is still lacking. Evidence also indicates the role
of stem cells and their modulation by AT,Rs in cardiac
repair. The preconditioning of bone marrow mononuclear
cells by AT, R stimulation either by agonist CGP42112A
or a combination of the Ang Il and AT,R antagonist val-
sartan increased the activation of ERK and endothelial
NOS expression, thereby enhancing the generation of
NO. This increase in NO enhanced cardiomyocyte func-
tion in vitro as well as improved survival of transplanted
heart tissue in the ischemic region after intramyocardial
transplantation of preconditioned bone marrow mononu-
clear cells. This suggests a new therapeutic strategy for
the efficient utilization of stem cells in cardiac repair.''®
Furthermore, ATQR stimulation of CD117+ stem cells
showed improvements of cardiac cell morphology in vitro,
but it did not translate to the beneficial effect of CD117+
stem cells.'®

In contrast to the antihypertrophic effect of AT,R in
cardioprotection, some studies have shown that ATQR
may be responsible for or may not have any effect on
cardiac hypertrophy and fibrosis. AT,R agonism medi-
ated by 0.3 mg/kg per day C21 and receptor upregula-
tion in Ml mouse models was not beneficial against LV
remodeling, but rather increased the LV end-systolic and
diastolic volume, suggesting an adverse effect of direct
AT2R stimulation post-ML™° AT R deletion prevented
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HFD-induced hypertrophy in mice. This observation
was further supported by an in vitro study showing that
blocking AT,R with the antagonist PD123319 prevented
leptin-induced cardiomyocyte hypertrophy.'' This study
is consistent with the finding that AT R deletion protects
against obesity.

Overall, only a few studies indicate no effect or
adverse effects related to AT R during Ml or cardiac tis-
sue remodeling. However, an overwhelming number of
studies, both genetic and pharmacological, suggest that
AT,R exerts cardiovascular protective effects in various
animal models. However, an explanation of the opposing
role of AT R in cardiovascular protection would be help-
ful to ascertain what experimental conditions, if any, are
responsible for the diverse effects.

Renoprotection

Obesity, hypertension, and diabetes are independent
major risk factors for chronic kidney injury/disease.'??
AT R activation reduces adiposity/obesity, improves insu-
lin resistance and glycemia, and lowers BP, as discussed
in the previous sections of this review. Recent evidence
suggests that AT R activation protects the kidneys against
injury in various animal models. Our group has shown
that treatment of HSD-fed OZR with C21 improved the
kidney conditions, including glomerulosclerosis, visceral
epithelial cell hypertrophy, tubular atrophy, and interstitial
fibrosis, along with a reduction in protein-to-creatinine
ratio, as well as fractional excretion of protein and albu-
min in these animals. In addition to improvements in pro-
teinuria, a decline in GFR, a hallmark of chronic kidney
diseases, was prevented by C21 treatment®® Another
study performed in younger OZR (7 weeks old) without
HSD administration showed that AT R protective effects
were independent of BP changes.'® In this study, C21
protected the kidney from early renal damage caused by
obesity-linked renal pathology associated with enhanced
mesangial matrix expansion in these animals. In addi-
tion, AT, R-knockout mice exhibited increased mesangial
matrix expansion and albuminuria, which worsened upon
HFD feeding for 16 weeks,'?* suggesting a protective
role of AT R against HFD-induced kidney injury.

In models of type 1 diabetes, AT R plays a protec-
tive role under various experimental conditions. For
instance, C21 treatment of ApoE™~ mice with type 1
diabetic nephropathy demonstrated protection effects by
decreasing the mesangial area, glomerular injury, a-SMA
expression, and collagen content in the ECM.'?® C21
treatment was effective in lowering albuminuria in mouse
models of diabetic nephropathy at 15 weeks of age; this
effect was lost around 20 weeks of age. However, C21
in combination with losartan was more efficacious in
attenuating tubulointerstitial fibrosis and albuminuria dur-
ing the progression of diabetic nephropathy.?® In addition
to pharmacological studies, genetic studies also support
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the protective effects of AT,R in diabetic nephropathy.
For example, transgenic overexpression of mitochondrial
AT,R in the renal tubular cells of streptozotocin-induced
diabetic rats resulted in renoprotection in the early stages
of diabetes by inhibiting the decrease in mitochondrial
bioenergetics efficiency, increase in superoxide produc-
tion, and increased cell proliferation.”?” In contrast, mice
lacking AT, R showed features of early diabetic nephropa-
thy, including renal hypertrophy, tubular apoptosis, pro-
gressive ECM protein accumulation, and decreased GFR,
indicating impaired kidney structure and function.'?®

Renal Anti-Inflammation Effects

Similar to the anti-inflammatory activity of AT,Rs in
cardiac hypertrophy, several reports have shown the
anti-inflammatory role of AT_R in various kidney injury
models, including obesity and diabetes. The activation
of AT,R by C21 treatment attenuated albuminuria and
early inflammation by decreasing renal TNF-a and IL-6
levels and increasing NO and cGMP levels in renovascu-
lar hypertension and diabetes, independent of BR.129130
In our 2 studies, treatment of OZR with the AT R ago-
nist C21 or CGP42112A for 2 weeks reduced the
levels of proinflammatory cytokines TNF-a, IL-6, and
chemokine monocyte chemoattractant protein-1 but
increased the levels of anti-inflammatory cytokine IL-10
in the kidney and plasma along with a reduction in oxida-
tive stress (heme oxygenase-1, gp-91°") markers.?+123
These changes in cytokine levels were associated with
a reduction in the renal infiltration of CD68* cells, which
may also differentiate into macrophages.’® Further in
vitro studies performed in human kidney proximal tubule
epithelial cells and monocytes confirmed that C21
decreased the LPS-induced increase in [L-6 and TNF-
a; however, it increased the levels of IL-10. Furthermore,
the studies revealed that the NO/IL-10 pathway may
mediate the anti-inflammatory effect of AT,R activation
on the production of TNF-a and IL-6. In support of this,
neutralizing IL-10 antibody or the NO synthase inhibi-
tor L-arginine methyl ester abrogated the C21-mediated
reduction in TNF-a and IL-6 production.'® However, the
involvement of the NO/IL-10 pathway in AT,-mediated
anti-inflammatory effects in animals is still unknown.
The mechanism might be more complex as ATR is
expressed in various cell types, including immune and
nonimmune cells, which are involved in an interplay to
mediate a net anti-inflammatory response.

In light of the monocytes studies,'® we performed an
acute study in an LPS-induced acute kidney injury mouse
model.’3' We have observed that prior, not concomitant,
treatment with C21 prevented the LPS-induced renal
infiltration of CD11b* immune cells and ameliorated
the increased levels of cytokines IL-6 and monocyte
chemoattractant protein-1, while preserving IL-10 lev-
els, indicating that AT,R exerts prophylactic effects in
preventing renal injury and dysfunction. The changes
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in cytokine profile occurred in parallel with the changes
in kidney structure and function. Hence, C21 treatment
prevented LPS-induced vacuolization and reduction in
blood urea nitrogen and albuminuria.'’

Overall, it is clear that the aforementioned pharma-
cological and genetic studies suggest that AT R plays
a renoprotective role under conditions of obesity, salt-
induced injury, diabetic injury, and 5/6 kidney model
of chronic kidney diseases'?'3® as well as in a mouse
model of acute kidney injury.’®' These renoprotective
effects are associated with the anti-inflammatory activ-
ity of AT,R activation. However, significant research is
required to understand the initial steps of immune cell
infiltration and repair mechanisms associated with AT,R
activation in immune and kidney cells.

AT,R-MASR INTERACTION AND SEVERE
ACUTE RESPIRATORY SYNDROME-
CORONAVIRUS-2 (SARS-CoV-2)

As mentioned earlier, AT R is a GPCR with low expres-
sion. However, its pharmacological activation significantly
affects various pathophysiological processes, some
of which are reviewed in this article. Recently, we pub-
lished a review®” showing that AT R interacts with MasR
and other GPCRs, namely bradykinin BK1, dopamine
D1, and angiotensin AT, receptors, and proposed that
such an interaction could constitute a potential mech-
anism by which AT, amplifies its cellular signaling and
biological responses. AT, and MasR are components
of the protective arm of RAS and demonstrate similar
beneficial effects in various renal-cardiovascular condi-
tions, such as vasodilatation, natriuresis, and lowering of
BP37 Our group®¥"and others'* have shown that AT R
and MasR are colocalized, dimerized, and functionally
interdependent. The AT,R antagonist abolishes the Ang
(1-7) activation of MasR and vice versa. This AT ,R-MasR
functional interdependence is relevant to SARS-CoV-2
virus infection, which has been recently reviewed thor-
oughly.'® The pharmacological activation of AT,R via
interaction with MasR may compensate for Ang (1-7)
deficiency induced by the inhibition of ACE2 mediated
by binding to SARS-CoV-2. Currently, it is known that
ACEZ2 is a receptor for SARS-CoV-2 for its entry into
the cell, leading to an attenuation of ACE2 activity.'3%197

ACEZ2 is a major enzyme that converts Ang Il into Ang
(1=7), and the inhibition/attenuation of ACE2 leads to
an increase in the Ang Il accumulation and reduction in
Ang (1-7), which is an endogenous ligand for MasR. This
change shifts the balance between deleterious effects
associated with Ang II/AT R and beneficial effects of
Ang (1-7)/MasR."*¢ We have reported that chronic treat-
ment of OZR with AT R agonist C21 caused changes in
various components of the kidney RAS, such as a reduc-
tion in AT, R expression and increase in MasR expression
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and ACE2 activity, with a net decrease in Ang Il levels
and increase in Ang (1=7) levels in the kidney.>? More-
over, despite the reduced production of Ang (1=7) dur-
ing SARS-CoV-2-mediated downregulation of ACE2,
the AT,R may activate MasR and sustain MasR signal-
ing without the need of Ang (1-7) owing to its physical
dimerization and functional interdependence with MasR.
AT,R also exerts beneficial effects by reducing Ang II/
AT, R signaling. Based on this rationale, the AT R agonist
C21 has been used in double-blind, randomized, placebo-
controlled phase 2 clinical trials conducted in patients with
COVID-19. The outcome of this study demonstrated that
oral doses of 100 mg of C21 administered twice daily
for 7 days reduced the requirement of supplemental oxy-
gen by 90% on day 14 after the start of treatment. One
patient in the C21 group required mechanical ventilation
as compared with 4 in the placebo group, and 1 death was
observed in the C21 group compared with 3 deaths in the
placebo group.'®® This may indicate a scope of C21 in the
potential treatment strategies for patients with COVID-19.

CONCLUSIONS

Sufficient reports suggest that the pharmacological acti-
vation of AT R shows significant therapeutic benefits in
natriuresis, vasorelaxation, insulin sensitivity, and inflam-
mation, which results in antihypertensive, antiobesity,
and organ protective effects in various preclinical mod-
els. Moreover, the modulation of immune cells and stem
cells by AT R shows further promise for tissue repair and
regeneration. The long-term and sex-specific responses
to direct AT R stimulation and whether estrogen therapy is
amenable to enhance AT R-mediated benefits in the post-
menopausal period require further examination to reveal
AT R's therapeutic potential. Since AT,R signaling is still
understudied, it is important to explore how various path-
ways linked to AT R may lead to various protective effects
and, in some cases, opposite effects. The crystal structure
of AT,R and its conformation in the presence of various
agonists and antagonists could provide a lead to harness
the full potential of AT, R activation in various pathologies.
The beneficial effects of the AT R agonist C21 in patients
with COVID-19 provide a direct rationale for further explo-
ration of the therapeutic effects of receptor agonism.
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