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Preface

My encounter with the renin-angiotensin-aldosterone system (RAAS) began in 1997
when I started researching the angiotensin II type 2 (AT2) receptor at Vanderbilt
University in the United States. At that time, angiotensin-converting enzyme inhibitors
(ACEi) and angiotensin II type 1 receptor blockers (ARBs) were beginning to be used
clinically. Many basic research findings demonstrated their effectiveness in treating heart
failure—now classified as heart failure with reduced ejection fraction (HFrEF)—and
hypertension. Numerous clinical trials were conducted throughout the 21st century,
forming the foundation of modern chronic heart failure and hypertension treatment.
In a sense, I began my RAAS research at an opportune time. The field was thriving with
research on ACEi and ARBs, and as a result, significant progress was made in under-
standing the angiotensin II type 1 (AT1) receptor and its clinical applications. However,
the AT?2 receptor, which I was studying, remained enigmatic and highly complex.

At the time, published studies suggested that the AT1 receptor played a pathological
role (“heel”) while the AT2 receptor had protective effects (“babyface”). It was
hypothesized that the best therapeutic approach would involve suppressing the AT1
receptor while stimulating the AT2 receptor. As a result, ARBs were expected to be
superior to ACEi in clinical effectiveness. However, no clinical trials confirmed that
ARBs were more beneficial than ACEi, and my research did not support the idea that
the AT2 receptor functioned as a direct counterbalance to the AT1 receptor. Even
today, the role of the AT2 receptor remains unclear.

The history of RAAS dates back to 1898 when Prof. Robert Tigerstedt of the Karolinska
Institute in Stockholm, Sweden, discovered renin. He identified a substance with
hypertensive effects in rabbit kidney extracts and named it “renin” In 1967, it was
confirmed that renin converts angiotensinogen, synthesized and secreted by the liver,
into angiotensin I. That same year, it was discovered that angiotensin I is further con-
verted into angiotensin II by angiotensin-converting enzyme (ACE). In the 1980s, the
angiotensin II receptor, now known as the AT1 receptor, was identified as a receptor for
angiotensin II's physiological effects. The AT1 receptor was successfully cloned in 1984,
leading to a detailed understanding of its function and structure as a G-protein-coupled
receptor (GPCR). The AT?2 receptor was identified in 1993, nearly a decade later.

These discoveries established the classical consensus that RAAS is a crucial systemic
regulatory mechanism responsible for blood pressure and fluid balance, acting as a
substitute for salt regulation. It was also recognized that an overactive RAAS is a key
contributor to hypertension, driving the development of drugs designed to inhibit
its activity. 1979 Prof. Miguel A. Ondetti successfully synthesized captopril, the

first ACEi. However, the development of non-peptide receptor antagonists lagged
behind. The first ARB, losartan, was synthesized in 1986 and approved for use in the
United States in 1995. In the 21st century, direct renin inhibitors were introduced,
with high expectations for their pharmacological efficacy. However, due to adverse
events in clinical trials, their widespread use has been limited.



From the late 20th century onward, researchers have derived common principles from
basic and clinical studies, forming a consensus that has shaped current cardiovascular
treatment guidelines. These guidelines, established by major academic societies,
continue to guide advancements in cardiovascular medicine, with RAAS at the center
of this framework.

Over time, RAAS research has expanded. Discoveries such as the prorenin receptor,
the existence of tissue-specific RAAS, and the identification of downstream pathways
beyond angiotensin II have broadened the field. However, researchers generally

agree that the AT1 receptor remains central to disease pathology and a key target for
treatment.

Renin-Angiotensin-Aldosterone System — Latest Trends presents 5 chapters related to
RAAS:

Chapter 1 “Pathology of the Renin-Angiotensin-Aldosterone System”

Chapter 2 “The Renin-Angiotensin-Aldosterone System: Mechanisms,
Pathophysiological Impacts, and Emerging Therapeutic Strategies”

Chapter 3 “Overview of Renin, Prorenin, and the Role of (Pro)Renin Receptor across
the Organs and Potential Therapeutic Target”

Chapter 4 “Angiotensin-Converting Enzyme and Blood Basic Carboxypeptidases
CPB2 and CPN Activity is an Indicator for Serum Quality: A Quick Lab Test”

Chapter 5 “Subclinical Hypercortisolism”

I have invited many RAAS researchers to contribute to this book, providing a compre-
hensive overview of the current state of RAAS research. I extend my gratitude to all
the authors involved in this work and I hope this book will serve as a valuable guide
for future basic and clinical research on RAAS.

Takaaki Senbonmatsu, MD., PhD

Saitama Medical University,

Director of Research Administration Center,

Professor of Department of Cardiology,

Representative Director of Metropolitan Academic Research Consortium,
Saitama, Japan

Makoto Katoh

Research Administration Center,
Saitama Medical University,
Saitama, Japan
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Chapter1

Pathology of the
Renin-Angiotensin-Aldosterone
System

Aman Singh and Krishna Singh

Abstract

The proposed chapter will involve role of different mechanisms in renin-angioten-
sin system (RAS) leads to regulation of blood pressure and diseases such as hyperten-
sion, heart failure and renal disease. We will also discuss how RAS provides potentials
therapeutic target in the treatment of hypertension, kidney disease, and heart
disease. There are many drugs which affects different mechanisms of the RAS system
and accordingly being used to block different targets in different diseases. We will talk
about the success and failures of these drugs. At the end we will discuss clinical trials
and their outcomes and how an adverse outcome can be modulated.

Keywords: renin-angiotensin-aldosterone system, blood pressure regulation,
angiotensin II, hypertension, heart failure, kidney disease, diabetes, atherosclerosis

1. Introduction

The Renin-Angiotensin-Aldosterone System (RAAS) is crucial for regulating
physiology of blood pressure, fluid balance, electrolyte levels and for pathophysiol-
ogy of hypertension in the body [1]. It involves a cascade of enzymatic reactions and
hormone releases that begin with the secretion of renin from the kidneys. Renin acts
on a protein called angiotensinogen to produce angiotensin I, which is then converted
to angiotensin II by the enzyme called Angiotensin-converting enzyme (ACE). Ang
IT is a potent vasoconstrictor, meaning it narrows blood vessels, thereby increasing
blood pressure. Additionally, it stimulates the release of aldosterone from the adrenal
glands, which enhances sodium and water retention in the kidneys, further elevating
blood volume and pressure. Overall, the RAAS plays a pivotal role in maintaining
cardiovascular homeostasis and ensuring adequate organ perfusion, with dysregula-
tion contributing to conditions such as Hypertension, chronic kidney disease and
cardiovascular diseases (e.g. Heart Failure) [2].

2. Renin-angiotensin-aldosterone system (RAAS)

RAAS encompasses a complex interplay of molecules crucial for regulating BP
and electrolyte balance. Its activation begins with the release of a renin, stored in
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juxtaglomerular cells located in the walls of blood called afferent arterioles in the
kidneys. This release is triggered in response to several stimuli, such as (i) changes
in renal perfusion pressure, (ii) sodium depletion in the body, (iii) activation of the
sympathetic nervous system via beta-1 adrenergic receptors - enhancing renin secre-
tion as part of the body’s response to stress or physiological demand, and (iv) negative
feedback mediated by Ang II, marking the initial and rate-limiting step of the cascade
[2, 3]. Renin, an aspartyl protease, is initially synthesized as the proenzyme prorenin,
which undergoes proteolytic removal of 43 amino acids from its N-terminus to form
mature renin (339-343 amino acids). Additionally, prorenin can bind to the prorenin
receptor (PRR), which not only facilitates its activation but also initiates intracellular
signaling pathways that contribute to tissue remodeling and inflammation, further
linking it to the pathophysiology of RAAS. While renin primarily functioning in the
kidneys with a well-known mechanism, it is also found in various tissues includ-
ing the brain, adrenal gland, heart, and vascular tissues; however, its regulatory
mechanisms in these sites are poorly understood [1]. Renin has a unique specificity
for its substrate angiotensin (Ang), and it cleaves angiotensinogen (AGT), a precur-
sor protein produced mainly by the liver and released into the bloodstream. Liver
continuously produces AGT, to keep a stable level of AGT in the blood. However,
AGT transcript is also present in numerous tissues beyond the liver. These include the
kidney, brain, heart, blood vessels, adrenal glands, ovaries, placenta, and fat tissue.
Several factors can influence the production of AGT in these tissues. Hormones such
as glucocorticoids (like cortisol), estrogens, interleukin-1 (IL-1), and tumor necrosis
factor (TNF) can upregulate AGT production (Figure 1). This occurs in tissues out-
side the liver, which affects AGT levels in the bloodstream. This process influences BP
and fluid balance by contributing to the production of angiotensin II (Ang II), which
constricts blood vessels and raises BP. AGT is cleaved by renin to produce Ang I, a
decapeptide [Ang (I-X)] which circulates in an inactive form in the blood stream until
it encounters angiotensin-converting enzyme (ACE), a dipeptidyl carboxypeptidase,
primarily located in the lungs and endothelial cells (ECs) of blood vessels [4]. Ang I is
converted by ACE2 to Ang (I-IX), which can then be further converted to Ang (I-VII).
These peptides are part of the RAAS, where Ang (I-VII) contributes to vasodilation
and BP regulation through its action on the Mas receptor, counteracting the effects
of the vasoconstrictor Ang II, which is formed from Ang I by ACE [5]. Within a few
seconds to minutes after formation of Ang I, ACE splits two amino acids from Ang
I and converts it into octapeptide Ang II [Asp-Arg-Val-Tyr-Ile-His-Pro-Phe, Ang
(I-VIII)]—a potent vasoconstrictor and the primary active product of RAAS, and key
regulator of BP.

Ang II persists in the blood only for 1-2 minutes and further breakdown or
undergoes enzymatic action by aminopeptidase A and N resulting in production
of Angiotensin III (Ang II-VIII), and Angiotensin IV (Ang III-VIII), respectively
[2]. Ang II exerts significant effects on BP, fluid balance, and hormone release via
Angiotensin II type 1 receptor (AT1-R) and Angiotensin II type 2 receptor (AT2-R).
These specific receptors, AT1-R and AT2-R, which belong to the G protein-coupled
receptor family but signal through distinct pathways with potentially opposing
effects. AT1 receptor primarily induce vasoconstriction, while AT2 receptors are asso-
ciated with vasodilation and anti-inflammatory responses. These receptors are widely
distributed in tissues such as the kidney, brain, and adrenal gland, with AT1 predomi-
nantly expressed in adult cardiovascular tissues and AT2 more prominent during fetal
development [6]. Despite its brief half-life (<60 sec), Ang II regulates sodium and
potassium levels by promoting sodium reabsorption and potassium excretion in the
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Figure 1.

Oferview of the renin-angiotensin-aldosterone system and its role in blood pressure regulation and disease
progression. This figure illustrates the cascade initiated by decreased blood pressuve, leading to the release of PRR
from the kidneys. PRR is converted into active venin, which intevacts with AGT produced by the liver to form

Ang 1. Ang I is subsequently converted to Ang Il via ACE. Alternatively, Ang I can be cleaved directly by NEP

to form Ang-(I-VII), and through ACE2, to Ang-(I-IX), which is then converted to Ang-(I-VII). Ang-(I-VII)
exerts vasodilatory effects by binding to the Mas receptor, contributing to the counter-regulatory mechanisms
within the RAAS. In contrast, Ang II primarily intevacts with the AT1R, triggering vasoconstriction and
enhancing cardiac output. Additionally, Ang I leads to the formation of Ang III, which can then be converted

to Ang IV. Ang II also stimulates the release of aldosterone, increasing circulating blood volume and ultimately
resulting in elevated cardiac output and blood pressure. The figure illustrates these interconnected pathways,
highlighting the complexity of the regulatory system. Conversely, the AT2R is thought to mediate protective effects,
such as vasodilation and antiproliferative actions, which can counterbalance the pathological effects of AT1R
activation. This coordinated response underscores the dual roles of angiotensin peptides in vegulating vascular tone
and fluid balance, as well as the potential pathological implications of elevated Ang II levels, which may lead to
renal disease, heart failure, and hypertension. The figure also highlights the influence of pro-inflammatory factors
such as TNF-alpha, IL-1, estrogen, and glucocorticoids, demonstrating their vole in the upregulation of Ang II and
the modulation of this complex system. PRR: Provenin, Ang: Angiotensin, ACE: Angiotensin-Converting Enzyme,
NEP: Neprilysin, AGT: Angiotensinogen, RAAS: Renin-Angiotensin-Aldosterone system, AT1R: Angiotensin II
type 1 Receptor, AT2R: Angiotensin II type 2 Receptor, TNF-a: Tumor Necrosis Factor-Alpha, IL-1: Interleukin-1.

kidneys, maintaining electrolyte balance and BP. Ang II impacts various physiological
processes, including vascular constriction, renal sodium handling, and modulation
of brain and nervous system responses to stress, cardiovascular physiology [7-9].
Thus, understanding the RAAS mechanism is pivotal in comprehending hyperten-
sion (HTN), renal and other cardiovascular disorders, highlighting its significance in
clinical contexts.

2.1 Regulation and significance of angiotensin II synthesis and degradation in
physiology

The regulation of Ang II synthesis and breakdown play a pivotal role in shaping its
physiological impact. Recently, ACE2, a newly identified carboxypeptidase, has been

3



Renin-Angiotensin-Aldosterone System — Latest Trends

found to remove one amino acid from Ang I or Ang II, reducing Ang II levels while
promoting the vasodilatory effects of Ang I-VII [5]. The delicate balance between
ACE and ACE2 is crucial for regulating Ang II levels. Interestingly, while ACE is the
main enzyme responsible for producing Ang II, in the heart, chymase is the pre-
dominant converter of Ang I to Ang II [10]. Nguyen et al. revealed that activation of
the renin receptor enhances AGT conversion to Ang I, triggering mitogen-activated
protein kinases (MAPKs) [10]. Renin receptors are notably abundant in cardiac
tissue, with detections in the subendothelium of coronary and renal arteries. The
tissue-specific effects of heightened Ang II levels and increased RAAS activity hinge
on the expression and activation of AT1 receptors, pivotal in cardiovascular and renal

pathophysiology.

3. Understanding blood pressure regulation
3.1 The circulatory system

Understanding BP regulation begins with the circulatory system, a complex
network of the heart, blood vessels, and associated structures that transport blood
throughout the body. Blood is propelled through the circulatory system by the
heart’s rhythmic contractions, which are coordinated by electrical impulses from
specialized cardiac muscle cells. The sinoatrial (SA) node in the right atrium acts as
the heart’s natural pacemaker, generating signals that cause atrial contraction and
blood flow into the ventricles. The atrioventricular (AV) node delays these impulses
slightly before sending them to the ventricles, ensuring synchronized contraction
and efficient blood ejection into the pulmonary and systemic circulations. Electrical
impulses then travel along Purkinje fibers, causing coordinated ventricular contrac-
tion and ejection of blood into the pulmonary artery and aorta during systole, which
maintains systemic blood flow. Blood from the aorta flows through branching arter-
ies, arterioles, and capillaries, where gas and nutrient exchange occurs. Deoxygenated
blood returns through venules and veins to the heart for oxygenation, completing the
circulatory cycle (Figure 2).

3.2 Blood pressure fluctuation

As the blood flows in systemic circulation, BP fluctuates due to changes in vascular
resistance, vessel diameter and distance from the heart. Systolic pressure, the peak
pressure exerted during ventricular contraction (systole), is highest in the large
arteries near the heart, particularly in the aorta, due to the forceful ejection of blood
into the arterial system. As blood moves through smaller arteries, arterioles, and
eventually capillaries, resistance to blood flow increases due to the narrowing of ves-
sel lumens and increased friction against vessel walls. Diastolic pressure, the baseline
pressure in arteries during ventricular relaxation, reflects the resistance encountered
by blood flow in the peripheral circulation. Arterioles or resistance vessels, play
a critical role in regulating peripheral resistance and therefore diastolic pressure.
Arterioles, controlled by SMCs and influenced by vasoactive substances like Ang II,
arteriolar adjust their diameter to regulate peripheral resistance and distribute blood
flow according to metabolic demands. When blood pressure decrease, particularly in
the renal arteries, the kidney responds by releasing renin, initiating the RAAS cas-
cade. This leads to increased level of Ang II, further enhancing vasoconstriction and
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Overview of cardiac function and hemodynamic changes. This figure illustrates the structural components of

the heart, including its valves, and the flow of blood through the circulatory system. It begins with venous blood
entering the heart, pumped into the pulmonary artery and systemic arteries, where high systolic blood pressure

is indicated. The figure shows arterioles with bends and kinks, highlighting how disrupted blood flow can lead

to endothelial dysfunction and vascular remodeling, locally affecting blood pressure. As blood moves to the
capillaries, arterioles with dense smooth muscle cells contribute to increased peripheral resistance and blood
pressure regulation. Finally, the return pathway of blood is depicted as it moves from the capillaries into the
venules and back to the heart, underscoring the interconnectedness of cardiac function and hemodynamic changes.

elevating blood pressure. Throughout the arterial system, blood encounters anatomi-
cal features such as bends, curves, and branches, collectively known as “kinks.” These
features influence blood flow dynamics and pressure gradients. At kinks, blood flow
can experience turbulence or changes in velocity, affecting local pressure distribution
(Figure 2). This over time, chronic exposure to disturbed flow patterns at kinks may
contribute to endothelial dysfunction and vascular remodeling, affecting BP.

3.3 Cellular mechanism in blood pressure regulation

BP regulation is a multifaceted process that extends beyond the RAAS. Various
cells play pivotal roles in maintaining arterial pressure, ensuring sufficient tissue
perfusion in response to physiological needs and environmental fluctuations.

3.3.1 Smooth muscle cells (SMCs)

Smooth muscle cells (SMCs) play a vital role in blood pressure (BP) regulation
due to their specialized structure and function. These non-striated, spindle-shaped
cells, which range in diameter from 2 to 10 pm and vary in length depending on their
vascular location, are primarily found in the walls of blood vessels. By maintaining
vascular tone, SMCs directly influence BP [11]. Stimulation causes SMCs to contract,
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narrowing blood vessels and increasing BP. Their ability to contract and relax finely
controls blood vessel diameter, regulating resistance and blood flow distribution.
Contraction is triggered by rising intracellular calcium levels, promoting interac-
tions between actin and myosin filaments, while relaxation occurs as calcium levels
drop, allowing vessel dilation [12]. Research underscores SMCs’ dynamic role in BP
regulation and links their dysfunction to HTN, underscoring the need to understand
their molecular mechanisms [12, 13]. SMCs respond to various stimuli, such as
neurotransmitters and hormones, activating calcium ion (Ca’+) signaling [12]. Under
resting conditions, active transport mechanisms maintain low intracellular calcium
levels by pumping calcium out of the cell and into stores like the sarcoplasmic reticu-
lum. Stimulation, such as neurotransmitter binding (e.g., acetylcholine), induces
calcium influx from extracellular and internal sources. Elevated calcium levels
activate calmodulin, which then activates myosin light chain kinase (MLCK). MLCK
phosphorylates myosin light chains, triggering interactions between actin and myosin
filaments that result in cell contraction [14]. Importantly, Ang II from the RAAS plays
a critical role by increasing intracellular calcium levels in SMCs, promoting vaso-
constriction and elevating BP. This interaction emphasizes the essential relationship
between SMC function, RAAS activation, and overall BP regulation. RAAS activation
also stimulates SMC growth, increases collagen deposition, induces inflammation,
enhances contractility, and decreases dilation [15]. NO, released by ECs in response
to stimuli like shear stress, enters SMCs and activates guanylate cyclase, converting
guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP
activates protein kinase G (PKG), facilitating muscle relaxation by reducing intracel-
lular calcium and promoting myosin dephosphorylation (Figure 3) [16]. This dephos-
phorylation process allows myosin and actin filaments to disengage, leading to vessel
widening and reduced BP.

3.3.2 Endothelial cells

Arteries and veins are structured with sturdy connective tissue and layers of
smooth muscle cells (SMCs), lined internally by endothelial cells (ECs), which form
a vital barrier between circulating blood and the vessel wall. ECs regulate vascular
tone and blood pressure (BP) by synthesizing endothelium-derived relaxing factors
(EDRF) [17]. When stimulated by agents like acetylcholine (ACh) or oxidative stress,
ECs produce NO, promoting vasodilation and reducing peripheral resistance. The
interaction between ECs and RAAS is essential for vascular homeostasis. When BP
drops, particularly in the renal arteries, the kidneys release renin, initiating the RAAS
cascade and increasing Ang II levels. Ang II causes vasoconstriction and elevates
BP, while also stimulating ECs to produce endothelin-1 (ET-1), which counteracts
NO’s vasodilatory effects [18]. This reciprocal relationship emphasizes the role of
ECs in mediating RAAS influence on vascular tone. Additionally, compromised NO
production in conditions such as hypertension and atherosclerosis lead to reduced
vasorelaxation and elevated BP [19]. Endothelial dysfunction, including endothelial-
to-mesenchymal transition, exacerbates conditions like pulmonary arterial hyperten-
sion and atherosclerosis, further contributing to elevated mean arterial pressure [20].
Disturbed blood flow patterns, particularly at vascular kinks, induce shear stress that
worsens endothelial dysfunction and hypertension. Collectively, these interactions
underscore the critical role of ECs in regulating vascular tone and responding to
RAAS activation.
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Endothelial-smooth muscle cell interactions: regulators of vascular tone and blood pressure. Endothelial cells

and smooth muscle cells regulating blood pressure. This figure illustrates the structural components of an artery,
including the lumen, connective tissue, the inner lining of ECs, and the surrounding SMCs. It begins by depicting
the impact of oxidative stress and the neurotvansmitter acetylcholine on endothelial function. These factors
activate calcium/calmodulin pathways, stimulating NO synthase, which catalyzes the conversion of oxygen and
arginine into NO and citrulline. The generated NO diffuses into adjacent SMCs, activating guanylate cyclase.
This enzgyme facilitates the conversion of GTP to cGMP. The increase in cGMP activates PKG, resulting in smooth
muscle relaxation and a subsequent decrease in blood pressure. In parallel, the figure illustrates the velease of ET-1
from ECs. ET-1 binds to its veceptors, ETA and ETB, located on the SMCs. This interaction triggers an increase in
cytosolic calcium levels within the SMC, leading to contraction and an increase in blood pressure. The relationship
between ECs and SMCs is critical for regulating vascular tone and blood pressure; endothelial cells produce
vasodilators like NO that promote relaxation of SMC, while also releasing vasoconstrictors like ET-1 that induce
contraction. This balance is essential for maintaining proper hemodynamics and responding to physiological
changes. SMC: Smooth Muscle Cell, NO: Nitric Oxide, ET-1: Endothelin-1, ETA: Endothelin A Receptor, ETB:
Endothelin B Receptor, GTP: Guanosine Triphosphate, cGMP: Cyclic Guanosine Monophosphate, PKG: Protein
Kinase G.

3.3.3 Renal tubular cells

Renal tubular cells, integral components of the nephron within the kidney, are
essential for maintaining BP through complex mechanisms of fluid and electrolyte
handling, hormonal regulation, and neural signaling responses. These epithelial cells
line the nephron and are organized into distinct segments: proximal tubules, loops of
Henle, distal convoluted tubules, and collecting ducts. Among these, juxtaglomeru-
lar cells, located in the afferent arterioles, play a critical role by releasing renin in
response to decreased renal perfusion pressure or low sodium (Na*) levels. The ability
of renal tubular cells to participate in renal autoregulation is vital for sustaining a
constant glomerular filtration rate (GFR) and renal blood flow, even amidst fluctua-
tions in systemic pressure. This autoregulatory capacity helps stabilize BP and ensures
efficient kidney function. The prorenin receptor (PRR) pathway in renal tubular
cells is pivotal for BP regulation and sodium balance. PRR, a multifunctional protein
encoded by the ATP6AP2 gene, is expressed throughout various segments of the renal
tubules, particularly in collecting ducts [21]. PRR interacts with both prorenin and
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renin to catalyze the conversion of AGT into Ang I, which is then transformed into
Ang II. Importantly, PRR activates both Ang II-dependent and independent signal-
ing pathways [10]. When prorenin binds to PRR, it enhances the cleavage of AGT,
which is essential for Ang II production. Similarly, binding of renin to PRR boosts

its catalytic efficiency, further promoting Ang II generation. Moreover, PRR plays a
role in sodium reabsorption and fluid balance that is independent of Ang II signaling.
Studies utilizing PRR knockout models have demonstrated its crucial involvement in
modulating BP dynamics and sodium retention mechanisms. This includes influenc-
ing the activity of the epithelial Na" channel (ENaC) through protein kinase A (PKA)
and Akt pathways, highlighting the importance of PRR in electrolyte homeostasis
[22]. Beyond its interactions within the RAAS, PRR engages in several other critical
cellular processes. It is involved in autophagy and Wnt/p-catenin signaling with mul-
tiple downstream effects, including cell survival and proliferation, which are vital for
cellular development, differentiation, and metabolism. These roles indicate that PRR’s
functions extend beyond traditional BP regulation, linking it to broader physiological
and pathophysiological contexts, including hypertension and metabolic syndrome
[23]. Despite the established importance of PRR, there is ongoing debate regarding its
classification as a traditional factor within the RAAS. While it clearly interacts with
components of this system, its diverse functions suggest a more complex role that
warrants further investigation.

3.4 RAAS in regulation of blood pressure

Research on Ang II’s role in cellular growth shows its impact on BP elevation.
For instance, studies in rats have demonstrated that a two-week infusion of Ang
Il induces HTN and hypertrophy of vascular smooth muscle cells (VSMCs) [24].
Elevated BP also induces shear stress, which in turn upregulates Ang II receptors
thereby linking high BP to vascular remodeling [25]. Thus, RAAS plays a crucial role
in the regulation of BP through various mechanisms involving vasoconstriction,
sodium retention, and aldosterone secretion. This system is pivotal in maintaining
homeostasis and responding to changes in blood volume and pressure and Ang II is
a key component of the RAAS-exerts its vasoconstrictive effects primarily through
binding to AT1 receptors on VSMCs. This interaction triggers intracellular signaling
pathways that lead to smooth muscle contraction and subsequent vasoconstriction.

3.4.1 Mechanism of vasoconstriction

Ang II interacts primarily with AT1 receptors concentrated in arteries, arterioles,
and veins, triggering intracellular signaling pathways essential for vasoconstriction
and BP regulation [26]. Upon binding, Ang II activates G-protein coupled pathways,
leading to phospholipase C (PLC) activation [24]. PLC breaks down phosphatidylino-
sitol 4,5-bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol
(DAG). IP3 releases calcium ions (Ca2+) from intracellular stores, while DAG acti-
vates protein kinase C (PKC). PKC enhances contractile protein responsiveness to
Ca”™, activating myosin light chain kinase (MLCK), which phosphorylates myosin
light chains. This process causes contraction of VSMCs, particularly in arterioles,
increasing peripheral vascular resistance and systemic BP [27]. Veins, with larger
lumens and less SMCs, exhibit minimal vasoconstrictive response to Ang II, allowing
them to accommodate changes in blood volume effectively without significant tone
changes [26].
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3.4.2 Sodium retention and aldostevone secretion

Sodium retention and aldosterone secretion are crucial for blood pressure (BP)
regulation via the RAAS. Angiotensin II (Ang II) stimulates aldosterone release
from the adrenal cortex, which is essential for kidney function and fluid balance.
Aldosterone binds to mineralocorticoid receptors in the distal convoluted tubules and
collecting ducts, triggering the transcription of genes for epithelial sodium channels
(ENaC) and sodium-potassium ATPases (Na*/K* ATPase). This increases sodium
reabsorption from renal filtrate into the bloodstream, boosting blood volume, cardiac
output, and BP [28]. Aldosterone also promotes potassium and hydrogen ion excre-
tion, maintaining electrolyte balance. Additionally, Ang II enhances sodium reab-
sorption in the proximal tubule and thick ascending limb of the loop of Henle, further
elevating BP [29]. Consequently, elevated Ang II levels lead to long-term adjustments
in arterial pressure.

3.4.3 Impact of angiotensin II on cell function and blood pressure

Ang II primarily targets VSMCs but also has a profound impact on endothelial
cells, contributing to endothelial dysfunction and influencing BP regulation. In
ECs, Ang II stimulates the production of ROS, activates apoptotic pathways, and
promotes thrombosis. Initially, Ang II enhances NO production by upregulating
endothelial nitric oxide synthase (eNOS) mRNA, which supports vascular relaxation
[30]. However, elevated Ang II levels induce oxidative stress, impairing endothelial
function and contributing to endothelial dysfunction [31]. Intracellular ROS activate
nuclear factor kB (NF-kB), leading to increased expression of adhesion molecules like
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) on ECs. This promotes vascular inflammation and atherosclerosis pro-
gression. Ang II also affects the secretion of inflammatory cytokines such as TNF-a,
which exacerbates vascular inflammation and is elevated in vascular disorders. This
cytokine production is further amplified by Ang II through a PKC-dependent path-
way in macrophages [32]. Additionally, Ang II disrupts the balance between throm-
bosis and fibrinolysis by increasing plasminogen-activator inhibitor type 1 (PAI-1)
mRNA levels in both ECs and VSMCs. This inhibition of fibrinolysis, combined with
Ang II-induced upregulation of adhesion molecules and the LDL receptor in ECs,
further exacerbates atherosclerosis [33]. These mechanisms collectively highlight Ang
IT’s significant role in modulating endothelial function, contributing to endothelial
dysfunction and inflammation, and ultimately influencing BP regulation through its
effects on vascular tone and integrity. Ang II can both promote and inhibit EC apop-
tosis, with its effects modulated by factors such as oxidized low-density lipoprotein
(oxLDL). Evidence suggests that both AT1 and AT?2 receptors are involved in mediat-
ing EC apoptosis, with the balance between their expression levels being crucial in
determining Ang II’s impact on endothelial cells [34].

3.5 Hormonal/physiological regulation of blood pressure

Physical activity significantly influences BP regulation through various physi-
ological mechanisms. The initial study in 1968 revealed that men who exercised
more than 5 hrs/week had a lower risk of developing HTN later in life [35]. This
finding was further supported by Boyer and Kasch, showed that aerobic exercise
reduced BP in men with HTN [36]. BP regulation involves intricate interactions
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Hormone/ Source Receptors Actions Clinical significance
Peptide
Aldosterone Adrenal cortex Mineralocorticoid Increases Na* Regulates blood
receptor (MR) reabsorption, K* and volume and electrolyte
H* excretion balance, contributes to
hypertension [40]
Natriuretic Atria (ANP), NPR-A (ANP), Inhibit RAAS, regulate ~ Used as markers
Peptides (ANP, Ventricles (BNP) NPR-B (BNP) fluid/electrolyte for ventricular
BNP) balance, decrease hypertrophy and heart
sympathetic tone, failure severity [39]
vasodilation
Vasopressin Hypothalamus V1A, VIB, V2 Increases water Regulates water
(ADH) permeability in balance, responds to
collecting ducts, changes in plasma
vasoconstriction osmolality/volume
[41]
Substance P Intestine, CNS NK1 receptor Vasodilation, Modulates
pain transmission neuroendocrine
modulation function, role
in vascular tone
regulation [42]
Adipokines Adipose tissue AdipoR1, AdipoR2 Vasorelaxation, anti- Protects against
(Adiponectin, inflammatory effects, endothelial
Leptin) metabolic regulation dysfunction, links
obesity to BP
regulation [43]
Kallikrein-Kinin ~ Various tissues B1, B2 receptors Vasodilation via NO Interacts with
System release, BP regulation ACE inhibitors,
effect systemic

hemodynamics [43]

This table summarizes key hormones and peptides involved in blood pressuve regulation, including their production

sites, receptors, actions, and clinical relevance. Aldosterone from the adrenal cortex acts on mineralocorticoid receptors
to increase sodium reabsorption and excrete potassium and hydrogen ions, contributing to hypertension. Natriuretic
peptides (ANP and BNP), secreted from the atria and ventricles, inhibit the RAAS and promote vasodilation, serving
as markers for heart conditions. Vasopressin (ADH), produced in the hypothalamus, increases water permeability and
induces vasoconstriction, regulating water balance. Substance P, found in the intestine and CNS, promotes vasodilation
and modulates pain transmission, impacting vascular tone. Adipokines like adiponectin and leptin from adipose tissue
facilitate vasorelaxation and link obesity to blood pressure regulation. The Kallikrein-Kinin system induces vasodilation
through nitric oxide release and interacts with ACE inhibitors to affect hemodynamics. ANP: Atrial Natriuretic
Peptide, BNP: B-type Natriuvetic Peptide, BP: Blood Pressure, RAAS: Renin-Angiotensin-Aldostevone System, CNS:
Central Nervous System, NO: Nitric Oxide, MR: Mineralocorticoid Receptor, NPR: Natriuvetic Peptide Receptor, VIA/
V1B/V2: Vasopressin Receptors, NK1: Neurokinin 1 Receptor, AdipoR1/AdipoR2: Adiponectin Receptors.

Table 1.
Hormones and peptides involved in blood pressure regulation.

between hormonal systems and physiological responses, with physical activity
playing a significant role [37]. Regular aerobic exercise, such as running/swim-
ming, initially increases heart rate and cardiac output to meet metabolic demands,
temporarily elevating BP. Over time, chronic aerobic exercise leads to adaptations
that enhance cardiovascular health and contribute to BP control [38]. Exercise
stimulates RAAS, leading to the production of Ang II, temporarily raises BP
during physical activity. Regular aerobic exercise enhances the efficiency of this
system, thereby improving bp regulation over time. Additionally, physical activity
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influences the secretion of natriuretic peptides, such as atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP), which are released from the heart in
response to increased cardiac wall tension during exercise. These peptides enhance
vasodilation, increase Na + and H20O excretion, and inhibit RAAS activity, collec-
tively contributing to lower bp [39]. Table 1 provides a comprehensive overview of
key hormones and peptides crucial for maintaining BP:

4. Health risk of high blood pressure

High BP, or HTN, poses significant health risks if not properly managed. Persistent
elevation in BP strains arteries, increasing the risk of severe cardiovascular conditions
such as coronary artery disease, heart attack, and stroke [44]. This continuous pres-
sure can lead to atherosclerosis, where plaque buildup narrows arteries and restricts
blood flow, further exacerbating cardiovascular risks [45]. HTN also endangers
kidney health, potentially leading to chronic kidney disease (CKD) or failure [46].
Population studies reveal that as systolic blood pressure (SBP) rises, particularly
to levels >115 mmHg, the incidence of cardiovascular events such as stroke, heart
failure, and premature mortality increases [47]. High BP also elevates the risk of
vision impairment through retinopathy and raises the likelihood of transient ischemic
attacks (TIAs) and strokes, which can cause permanent neurological damage or death
[48, 49]. Additionally, HTN contributes to metabolic syndrome—a cluster of condi-
tions including obesity, high blood sugar, abnormal cholesterol levels, and increased
abdominal fat—which collectively heighten the risk of diabetes and cardiovascular
disease [50-52]. Understanding the role of the RAAS in BP regulation and its complex
involvement in HTN, kidney and heart failure is essential for developing effective
therapeutic strategies to manage these conditions.

4.1 Hypertension

Hypertension is characterized by persistently elevated BP levels above the normal
range, typically indicated by readings such as 120/80 mm Hg [53]. Healthy BP is below
120 mm Hg SBP and 80 mm Hg. HTN is diagnosed with SBP > 130 mm Hg and/or
DBP > 80 mm Hg, necessitating monitoring and management to mitigate associated
health risks [54]. HTN can result from a variety of factors, involving intricate interac-
tions between genetic predispositions and lifestyle choices. Atherosclerosis, charac-
terized by arterial narrowing and plaque buildup, significantly contributes to HTN
by increasing resistance to blood flow [45]. Endothelial dysfunction, characterized
by a shift in endothelial cells towards a more mesenchymal phenotype, contributes
to vascular calcification and atherosclerosis, further complicating HTN by reducing
arterial elasticity and promoting plaque formation [20]. As endothelial cells directly
contribute to atherosclerosis and other CVDs disease and its show direct and indirect
effect on HTN. Understanding whether endothelial dysfunction precedes HTN or vice
versa could provide insights into early diagnostic markers or therapeutic targets. HTN
often coexists with obesity, physical inactivity, high salt intake, excessive alcohol
consumption, and chronic stress. Additionally, it frequently accompanies conditions
such as diabetes mellitus, CKD, and sleep apnea, collectively termed comorbidities. A
Canadian study of hypertensive patients aged 35 years and older revealed significant
associations with obesity, diabetes, and hyperlipidemia, suggesting shared underlying
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factors [55]. Understanding these complex interactions is crucial in comprehensively
addressing the causes and management of HTN.

4.1.1 Diabetes, RAAS and hypertension

The RAAS in adipose tissue plays critical roles in adipogenesis, lipid and glucose
metabolism, and inflammation regulation [56]. In obesity, adipocyte hypertrophy
(enlargement of fat cells) and cellular hypoxia (low oxygen level in cells) lead to
increased oxidative stress and inflammation, prompting macrophage infiltration and
the release of inflammatory mediators, including Ang II [57]. Elevated Ang II levels
are implicated in obesity-related hypertension and insulin resistance [56]. Adipocytes
also produce AGT, further stimulating RAAS activity. In diabetes mellitus, hyper-
glycemia induces oxidative stress and endothelial dysfunction, upregulating Ang II
receptors on VSMCs. Heightened Ang II signaling exacerbates vasoconstriction and
promotes vascular remodeling, contributing to HTN. Additionally, insulin resistance
in diabetes enhances renal sodium reabsorption via increased proximal tubular
sodium-hydrogen exchanger activity, exacerbating RAAS-mediated hypertension.
Studies on cell cultures reveal adipocytes expressing aldosterone synthase, with
elevated aldosterone production in adipocytes from db/db mice, a model of diabetes-
associated obesity. Inhibiting aldosterone with eplerenone in this model improves
arterial endothelial dysfunction, indicating adipocyte-derived aldosterone’ role in
vascular stiffness and resistant hypertension [58].

4.1.2 Atherosclerosis, RAAS and hypertension

Atherosclerosis, a chronic inflammatory disease of the arteries, significantly
influences RAAS activity, contributing to the pathogenesis of HTN through intricate
mechanisms: (i) Endothelial Dysfunction: Atherosclerosis initiates with endothelial
dysfunction, marked by diminished NO availability and increased expression of
adhesion molecules, including VCAM-1 and ICAM-1. These alterations promote leu-
kocyte adhesion and infiltration into the vascular wall, triggering local inflammation
[59]. Ang II activates NF-kB in endothelial cells and other cell types, leading to the
production of monocyte chemoattractant protein-1 (MCP-1), cytokines such as IL-6,
IL-8, and TNF-a [60, 61]. Consequently, endothelial cells upregulate AT1Rs at sites
of vessel wall injury, enhancing Ang II responsiveness [62]. Ang II then stimulates
vasoconstriction, boosts aldosterone secretion, and promotes sodium reabsorption,
collectively contributing to elevated BP. (ii) Oxidative Stress and Ang II Production:
Oxidative stress, a hallmark of atherosclerosis, increases Ang II production within
the arterial wall. ROS generated by activated macrophages and ECs stimulate AGT
synthesis in VSMCs. Ang II then acts locally to promote SMCs proliferation and
vascular remodeling. In VSMCs, Ang II induces the production of MCP-1 and IL-6
through NAD(P)H oxidase activation [63, 64]. This inflammatory milieu is further
compounded by elevated levels of other inflammatory cytokines, such as IL-18, which
are prominent in human atherosclerotic plaques. Ang II enhances the effects of IL-18
by activating NF-kB and promoting STAT 3-mediated expression of IL-18« receptors,
thereby, exacerbates vascular hypertrophy, narrowing arterial lumens and increas-
ing systemic vascular resistance, which contributes to HTN. (iii). Plaque Formation
and Systemic RAAS Activation: Advanced atherosclerosis leads to plaque formation,
characterized by lipid accumulation, fibrosis, and calcification within arterial walls.
Plaque rupture or erosion exposes thrombogenic materials to the bloodstream,
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triggering platelet activation and thrombus formation. Ischemic tissue injury and
increased sympathetic nervous system activity due to atherosclerotic plaque instabil-
ity result in systemic RAAS activation [65]. Elevated plasma Ang II levels further
enhance vasoconstriction, sodium retention, and aldosterone-mediated volume
expansion, exacerbating HTN. Ang II infusion in apolipoprotein E-deficient mice
accelerates atherosclerosis and aneurysm formation demonstrating the role of Ang II
in advancing these processes [24].

4.1.3 Treatment options

According to the World Health Organization, approximately 1.28 billion adults
aged 30-79 have HTN [66]. Effective management is essential to achieve normal BP
and reduce associated risks. Treatment typically involves a combination of antihyper-
tensive medications targeting key physiological pathways. Angiotensin-converting
enzyme inhibitors (ACEis) such as enalapril and lisinopril, block the conversion of
Ang I to Ang II, a potent vasoconstrictor. Angiotensin receptor blockers (ARBs),
such as losartan and valsartan, prevent Ang II from binding to its receptors, thus
promoting vasodilation and lowering BP [52]. Calcium channel blockers (CCBs),
including amlodipine and diltiazem, inhibit calcium entry into arterial and cardiac
smooth muscle cells, aiding vasodilation and improving myocardial oxygen supply,
particularly in coronary artery disease [67]. Thiazide diuretics, like indapamide and
chlorthalidone, increase sodium and water excretion by the kidneys, reducing blood
volume and effectively lowering BP, making them a preferred first-line therapy due to
their efficacy in reducing cardiovascular morbidity and mortality [68].

4.1.4 Current and emerging RAAS-tavgeted therapies for hypertension: Clinical
efficacy and safety

Medications targeting the RAAS, such as ACE inhibitors and ARBs, manage
hypertension by blocking Ang II production or its effects on blood vessels. RAAS
antagonists and certain dihydropyridine CCBs enhance NO bioavailability, reduce
oxidative stress, and suppress inflammation, thereby improving endothelial func-
tion and vascular health [69, 70]. Aldosterone antagonists, such as spironolactone,
block aldosterone at its receptors and are critical in treating resistant hypertension,
which remains high despite the use of three antihypertensive agents, including a
diuretic [71]. Primary aldosteronism (a condition characterized by excessive production
of aldosterone from the adrenal glands, leading to hypertension and electrolyte imbal-
ances) and mild hyperaldosteronism (a less severe form of aldosteronism with slightly
elevated levels of aldosterone) often contribute to this condition [72]. The Pathway-2
trial shows spironolactone’s superior efficacy as a fourth-line treatment compared
to other antihypertensives. Spironolactone may also benefit obese patients with high
sodium intake [72]. ACE inhibitors can cause hypotension, particularly in volume-
depleted patients or those on low-sodium diets but may worsen renal function. Other
side effects include a persistent dry cough, hyperkalemia, and rare angioedema [73].
Spironolactone, a potassium-sparing diuretic, can lead to hyperkalemia, which poses
risks of cardiac arrhythmias [74]. It can also cause gynecomastia, menstrual irregu-
larities, electrolyte imbalances, and potential kidney function deterioration [75, 76].
Severe hyperkalemia occurs in less than 1% of patients after 40 weeks, but potassium
levels between 5.5-5.9 mmol/L are more common, especially in those with pre-
existing conditions [77]. Careful monitoring of potassium levels and kidney function
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is essential. Recent advancements in antihypertensive therapy have been limited,
with no major new drug targets identified. The focus has shifted to developing
combination pills and evaluating new agents like fimasartan (selective for AT1R) and
AGSCT101. Fimasartan, an Ang II receptor antagonist, has shown promise in reduc-
ing BP and atherosclerotic inflammation, while AGSCT101 is being tested against
carvedilol, though detailed information on its efficacy is sparse [78].

Additionally, the introduction of angiotensin receptor neprilysin inhibitors
(ARNIs) represents a significant advancement in the treatment landscape for
hypertension. ARNIs enhance the levels of natriuretic peptides, which are crucial
for promoting natriuresis (the excretion of sodium in urine) and vasodilation. One
notable example, LCZ696 (Entresto), demonstrates efficacy in hypertensive patients
by utilizing neprilysin to inhibit the degradation of atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP). This mechanism is particularly beneficial for
salt-sensitive patients [79]. Clinical trials have shown that LCZ696 offers significantly
superior blood pressure control compared to traditional first-line antihypertensive
agents, such as valsartan and olmesartan [80, 81]. While diuretics are effective in
lowering blood pressure in individuals consuming high-salt diets, they can also lead
to adverse effects, including low potassium levels and elevated uric acid, necessitating
careful clinical management [82].

4.2 Heart failure

HTN is a leading global risk factor for cardiovascular diseases (CVDs) and
mortality. According to the Global Burden of Disease study, HTN is the top cause of
CVD-related deaths, responsible for 10.4 million deaths and 21.8 million disability-
adjusted life years. Heart failure, resulting from the heart’s inability to meet metabolic
demands due to reduced cardiac output, often triggers the RAS as a compensatory
mechanism. Chronic RAAS activation can lead to cardiac hypertrophy, myocardial
fibrosis, ventricular arrhythmias, and ischemic lesions [83]. Elevated bp significantly
increases the risk of ischemic heart disease, with a six-fold higher likelihood of myo-
cardial infarction [84]. HTN worsens these conditions by increasing left ventricular
(LV) afterload and peripheral resistance, leading to LV hypertrophy, which may be
concentric (wall thickening) or eccentric (chamber enlargement). Prolonged hyper-
tension can progress to diastolic dysfunction and heart failure [84]. LV remodeling in
hypertension varies with conditions such as diabetes or high SBP.

4.2.1 Diabetes, RAAS and cardiovascular consequences

Type 2 diabetes significantly disrupts the RAAS, which can be categorized into
two main components: the circulating RAAS and the local RAAS. The circulating
RAAS regulates systemic blood pressure and fluid balance, while the local RAAS
operates within specific tissues, such as the heart and kidneys, and contributes to
localized pathophysiological changes [85]. In the classical circulating RAAS, ACE
converts Ang I into Ang II—which drive cardiovascular changes [86]. In diabetes,
elevated Ang II worsens insulin resistance, leading to increased oxidative stress
and inflammation. High blood glucose promotes advanced glycation end-products
(AGESs), which further exacerbate oxidative stress and stimulate RAAS components
[87, 88]. This cascade results in heightened RAAS activity, promoting hypertension
and endothelial dysfunction [89]. Moreover, Diabetes also increases the expression
of RAAS components such as ACE and AT1 receptors, intensifying Ang II’s harmful
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effects. Renal renin secretion rises, elevating Ang I and, with increased ACE activity,
Ang II levels. Oxidative stress and inflammatory cytokines further activate ACE,
increasing Ang II production. Elevated Ang II, through transcription factors NF-kB
and AP-1, enhances AT1 receptor expression, thereby intensifying vasoconstriction,
inflammation, and fibrosis.

In contrast, local RAAS activity, driven by systemic Ang II and local renin release,
contributes significantly to harmful cardiac remodeling, while sympathetic nervous
system overactivity promotes further renin release and AT1 receptor expression [88].
Here, the role of the counterregulatory axis, particularly Ang (I-VII) and ACE2,
becomes crucial. Ang (I-VII) binds to the Mas receptor, a G protein-couples receptor
that mediates various beneficial cardiovascular effects. The Mas receptor involved
in vasodilation, anti-inflammatory responses, and the inhibition of cell growth
and fibrosis, counteracting the harmful effects of Ang II. Through its activation,

Ang (I-VII) promoted cardioprotective mechanism, reducing cardiac fibrosis and
hypertrophy and ultimately providing cardiovascular protection [90, 91]. In diabetic
cardiomyopathy, excessive Ang II induces cardiac remodeling by stimulating fibro-
blast activity and collagen deposition, whereas Ang (I-VII) counteracts these effects
[89]. In vitro studies have shown that Ang (I-VII) improves cardiac hypertrophy

and diastolic dysfunction while reducing oxidative stress [92]. Additionally, mice
lacking ACE2 show reduced systolic function [5]. Studies such as the Micro-HOPE
trial, highlight that ACE inhibitors can lower cardiovascular risks in diabetic patients,
emphasizing the need to target RAAS dysregulation [93]. Despite these findings, the
existing literature lacks a critical perspective on the balance between Ang Il and Ang
(I-VIII), particularly in how local RAAS activity can be leveraged for therapeutic
interventions. While ACE inhibitors and Ang II receptor blockers have been estab-
lished as effective treatments, exploring the therapeutic potential of targeting local
RAAS components and enhancing Mas receptor signaling could offer novel strategies
for managing cardiovascular complications in diabetes. Overall, the intricate relation-
ship between circulating and local RAAS in diabetes establishes a feedback loop of
increased Ang II and AT1 receptor activity, raising cardiovascular risk and contribut-
ing to hypertension, heart failure, and related complications.

4.2.2 Atherosclerosis, RAAS and heart failure

Cardiac remodeling, as defined by Cohn et al., involves genetic, molecular, cel-
lular, and interstitial changes that significantly impact the heart’s size, shape, and
function following cardiac injury [94]. This process includes left ventricular hyper-
trophy (LVH), which is particularly relevant in atherosclerosis as myocardial infarc-
tion (MI) often follows atherosclerotic plaque rupture and subsequent thrombotic
events [95]. Atherosclerosis reduces coronary blood flow due to plaque accumulation,
leading to MI and is a primary cause of cardiovascular diseases [96-98]. When
myocardial cells are damaged by inadequate blood supply, a repair process involving
cardiac remodeling and LVH is triggered, driven by hemodynamic stress and the
activation of the RAAS [94]. Ang II, a key RAAS mediator, exacerbates myocardial
hypertrophy through AT1R, increasing cardiomyocyte size and altering gene expres-
sion to favor protein synthesis [99]. Studies show that AT1R antagonists can mitigate
Ang II-induced hypertrophy, highlighting the RAAS’s role in atherosclerosis and
cardiac remodeling [24]. In atherosclerotic plaques, the RAAS is notably active with
elevated ACE, Ang I, and AT1R levels [24, 100]. This interplay demonstrates how
atherosclerosis-induced RAAS activation leads to significant cardiac alterations,
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contributing to heart failure. Cardiac fibrosis, marked by excessive extracellular
matrix (ECM) protein deposition, exacerbates heart failure and is closely linked

with atherosclerosis, as MI from plaque rupture can initiate fibrosis [95, 101]. Ang II
interacts with AT1Rs on cardiac fibroblasts, activating fibrogenic pathways such as
upregulation of Transforming Growth Factor-p (TGF-f) and myofibroblast activation
[102-104]. These processes involve Smad-dependent and Smad-independent path-
ways, regulated by microRNAs. Additionally, Ang II activates STAT3, enhancing ECM
production and promoting fibrosis through collagen synthesis and myofibroblast dif-
ferentiation [105]. RAAS activation following atherosclerotic plaque rupture not only
drives myocardial fibrosis but also impairs cardiac function, underscoring its critical
role in cardiovascular disease progression. Elevated BP from atherosclerosis leads to
chronic RAAS activation, promoting excessive extracellular matrix (ECM) deposition
and myocardial stiffness [106]. This stiffness impairs myocardial relaxation, contrib-
uting to diastolic dysfunction and reduced cardiac output. Atherosclerosis-induced
hypertension accelerates fibrosis, replacing functional myocardium with non-con-
tractile scar tissue and leading to heart failure. Additionally, fibrosis disrupts normal
electrical conduction, increasing susceptibility to arrhythmias, which are common in
advanced heart failure.

4.2.3 Mechanisms of RAAS overactivity in heart failure and its clinical management

The overactivation of RAAS is central to the progression of heart failure, with
ACE inhibitors (ACE-I), ARBs, and MRAs forming essential components of cur-
rent HF treatment strategies [8]. Importantly, systemic RAAS and local angiotensin
pathways in tissues operate independently, as changes in systemic and tissue-derived
angiotensin during HF often do not align. Notably, cardiac Ang II levels are approxi-
mately 100 times higher than plasma levels, likely due to intrinsic cardiac Ang I
production, which constitutes a significant portion of cardiac Ang II synthesis [107].
In HF, the balance is further disrupted by heightened ACE/ACE2 ratios and intracel-
lular chymase activity, both of which contribute to increased Ang II production
via both ACE-dependent and chymase-dependent pathways within the heart [108,
109]. Intracellular sources of Ang (I-XII) and chymase, found in various cell types
including mast cells and cardiac fibroblasts, further enhance Ang II generation in HF,
potentially exacerbating cardiac dysfunction and remodeling [110, 111]. Conversely,
ACE2 exerts cardioprotective effects by counteracting Ang II actions, with its activ-
ity regulated by sheddases such as ADAM 17, which are located near ACE2 in the
cellular membrane and their activation results in the secretion of a soluble form of
tissue ACE2 into the circulation and decreases its activity in the heart [112, 113]. This
intricate interplay between circulating and local RAAS components highlights critical
therapeutic targets for mitigating HF progression. Future research should aim to
further elucidate these mechanisms, explore novel treatment approaches, and address
the complex relationships between systemic and local RAAS activities in heart failure.

4.2.4 Advancements in RAAS-targeted therapy for cardiovascular disorders: Clinical
evidence and future directions

Clinical trials have shown that RAAS-targeting drugs, including ACE inhibitors
(ACEIs) and angiotensin receptor blockers (ARBs), are effective in managing car-
diovascular conditions beyond hypertension. ACElIs, such as enalapril and lisinopril,
reduce morbidity and mortality in heart failure and post-myocardial infarction
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patients by decreasing afterload, preload, and systolic wall stress, thereby improving
cardiac output without affecting heart rate [114]. Randomized trials consistently dem-
onstrate their significant impact on reducing mortality in heart failure patients with
reduced ejection fraction and asymptomatic left ventricular dysfunction, establishing
them as the preferred initial therapy [115]. The SOLVD trial highlighted that ACEIs
alleviate symptoms, reduce hospitalizations, and lower mortality rates in heart failure
patients [116]. However, ACEIs can cause transient renal function decline, dry cough,
and hyperkalemia, particularly in patients with kidney issues or diabetes [116-119].

Calcium channel blockers (CCBs), such as amlodipine and verapamil, also signifi-
cantly affect left ventricular hypertrophy (LVH) beyond their BP-lowering effects.
CCBs reduce LVH by inhibiting calcium influx into myocardial cells, while ACEIs and
ARBs prevent hypertrophic effects by blocking Ang II formation or its receptor [120].
These medications may lead to complications like peripheral edema and hypotension,
necessitating careful monitoring [121]. RAAS activation contributes to vasoconstric-
tion, cardiac and vascular hypertrophy, and fibrosis, leading to cardiovascular and
renal complications. While RAAS blockade with ACEIs and ARBs is effective in
hypertension, acute myocardial infarction, and heart failure, combining these drugs
can increase the risk of hypotension and hyperkalemia, with studies like ONTARGET
showing conflicting outcomes [65]. Recent research challenges the notion that LVH
is irreversible, indicating that ACEIs, ARBs, and CCBs can improve LVH, with ARBs
particularly effective in regression [122, 123].

Advancements in RAAS-targeted therapy include ARNIs, which combine an
ARB with a neprilysin inhibitor, such as valsartan and sacubitril. ARNIs increase
natriuretic peptide levels, promoting natriuresis, vasodilation, and improved cardiac
function. Landmark trials, including PARADIGM-HF and PARAGON-HF, demon-
strate that ARNIs significantly reduce cardiovascular mortality and hospitalizations
for heart failure by 25-30% compared to traditional ACEIs or ARBs [124, 125].

Research shows that LVH regression is more common in younger patients and
correlates with reductions in systolic blood pressure (SBP). However, reversing LVH
becomes more challenging with prolonged hypertension due to fibrous remodeling
[126-128]. Early detection and effective treatment of hypertension are essential, as
LVH may become irreversible over time [128]. RAAS modulators, including ACEIs,
ARBs, mineralocorticoid receptor blockers (MRBs), and newer direct renin inhibi-
tors, remain central to managing various cardiovascular disorders. Evidence suggests
that dual inhibition of neprilysin and the AT1 receptor using ARNIs can effectively
reduce SBP and prevent the development of LV hypertrophy, fibrosis, and both sys-
tolic and diastolic dysfunction [129]. While ARNIs are primarily indicated for heart
failure patients with reduced ejection fraction (HF-REF), their application in chronic
kidney disease (CKD) remains a topic of ongoing debate [130]. Continued research
and personalized treatment approaches are vital for optimizing outcomes for patients
at risk of cardiac remodeling and dysfunction.

4.3 Renal dysfunction

Chronic kidney disease (CKD) has emerged as a significant global public health
concern, with prevalence rates increasing to 8-16% among adults worldwide over the
past two decades [131]. CKD is characterized by a persistent decline in glomerular
filtration rate (GFR), which measures the volume of fluid filtered from the glo-
merular capillaries into Bowman’s capsule. A GFR below 0.06 L/min for more than 3
months indicates impaired kidney function. This decline is associated with reduced
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renal blood flow, activating stretch receptors in the arteriolar arteries and dense
plaques, which initiates increased renin secretion and triggers the renin-angiotensin-
aldosterone system (RAAS) [132]. The RAAS plays a crucial role in maintaining renal
blood flow and GFR through the actions of angiotensin IT (Ang II) and angiotensin III
(Ang III), which induce vasoconstriction and stimulate aldosterone secretion, leading
to sodium and water retention. This accumulation of toxins and elevation in hemo-
dynamic load exacerbates CKD progression and fosters cardiovascular complications
related to fluid overload and electrolyte imbalance [133].

Elevated BP is both a cause and consequence of CKD. The interplay between
hypertension and CKD is complex, involving multiple pathways that contribute to
renal damage and disease progression. Epidemiological studies consistently dem-
onstrate a direct relationship between elevated BP and the incidence of CKD across
various populations [9]. The kidneys regulate BP through sodium and water balance,
renin secretion, and modulation of vascular tone. When BP is chronically elevated,
these regulatory mechanisms are disrupted, leading to structural and functional
changes in the kidneys.

4.3.1 Mechanisms of hypertension-induced kidney damage

The pathophysiology of hypertension-induced kidney damage involves several
interconnected mechanisms. Firstly, systemic hypertension imposes increased pres-
sure on the glomerular capillaries, a condition referred to as glomerular hypertension.
In a healthy kidney, the glomerular capillaries are uniquely designed to filter blood
under regulated pressure. However, sustained elevation in systemic BP disrupts this
delicate balance, leading to increased intraglomerular pressure [134]. This elevated
pressure directly stresses the glomerular filtration barrier, composed of endothelial
cells, the glomerular basement membrane, and podocytes. Over time, this mechani-
cal strain induces structural changes such as thickening of the glomerular basement
membrane and podocyte injury, compromising their function in maintaining glo-
merular filtration. Secondly, hypertension-induced kidney damage is exacerbated by
endothelial dysfunction and impaired autoregulation within the kidney vasculature
[135]. Endothelial dysfunction refers to a state where the endothelial cells lining
the blood vessels lose their normal function, leading to impaired vasodilation and
increased vascular permeability. In the context of hypertension, endothelial dysfunc-
tion occurs due to oxidative stress, inflammation, and reduced nitric oxide bioavail-
ability. These factors not only impair vasodilation but also promote vasoconstriction
and endothelial cell activation, further contributing to increased vascular resistance
and elevated systemic BP [135].

4.3.2 Diabetes, RAAS and kidney disease

Diabetic nephropathy (DN) is a prevalent complication of diabetes mellitus,
leading to significant structural and functional disruptions in the kidneys. Research
indicates that glucose stimulates growth factors like Ang II and transforming growth
factor-beta (TGF-p) in tubular and glomerular cells, likely through oxidative stress
[136]. Initial manifestations of diabetic kidney damage include glomerular enlarge-
ment and basement membrane abnormalities, which progress to various nonspecific
changes such as arteriolar hyalinization, glomerulosclerosis, tubular atrophy, intersti-
tial inflammation, and fibrosis [136]. Chronic hyperglycemia promotes the produc-
tion of humoral mediators and cytokines in renal cells, accelerating the formation
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of advanced glycation end-products (AGEs), a key contributor to atherosclerosis in
diabetics. This process impairs cell growth and exacerbates glomerular and tubular
damage, advancing kidney disease [137].

Ang II, synthesized in the kidneys, plays a crucial role in DN progression.
Although the activation of the RAAS is well-documented in diabetes, the specific
effects of hyperglycemia on RAAS components remain contentious. Day et al.
reported increased intrarenal Ang I and Ang II, alongside elevated levels of AT1R and
AT2R in diabetic mice kidneys [136], while Xue et al. observed heightened angio-
tensinogen (AGT) mRNA but reduced ACE and AT1R mRNA in diabetic rat kidneys
[137]. Hyperglycemia activates the RAAS by increasing AGT expression, enhancing
renin release, and decreasing ACE2 activity, leading to elevated Ang II levels [138].
Elevated Ang II contributes to glomerular hypertension, oxidative stress, and inflam-
mation, promoting podocyte injury, mesangial expansion, and tubulointerstitial
fibrosis. Additionally, hyperglycemia induces epithelial-mesenchymal transition
(EMT) in renal epithelial cells, which is crucial for renal fibrosis and DN progression.

These findings highlight the intricate relationship between hyperglycemia, RAAS
activation, and EMT in diabetic kidney disease, suggesting potential therapeutic
targets [138]. AGEs also modify low-density lipoprotein (LDL), causing cholesterol
accumulation in macrophages and foam cell formation, which aggravates endothelial
dysfunction and inflammation, thereby accelerating atherogenesis. The interaction
between renal function and atherosclerosis in diabetes is reciprocal: diabetes acceler-
ates both atherosclerosis and CKD, while impaired renal function further exacerbates
atherosclerosis, establishing CKD as a significant, independent risk factor for athero-
genesis [139].

4.3.3 Atherosclerosis, RAAS and kidney disease

End-stage renal disease (ESRD) is a significant concern due to its progression
being linked to cardiovascular diseases (CVDs), particularly atherosclerosis, a leading
cause of morbidity and mortality in chronic kidney disease (CKD) [140]. Up to 30%
of CKD patients have atherosclerotic plaques, with atherosclerotic renal vascular
disease (ARVD) being a common cause in Western societies [141, 142]. Additionally,
50% of those with atherosclerosis exhibit renal artery changes, and 6.8% of adults
over 65 experience significant renal artery stenosis (>60%) [143].

Atherosclerosis develops through complex cellular and molecular responses to
various insults, with early events resembling those in CKD. Glomerular cells share
features with vascular wall cells, suggesting a similarity between atherosclerosis and
glomerulosclerosis [144, 145]. Atherogenic lipoproteins, such as oxidized low-density
lipoprotein (ox-LDL), induce dysfunction in endothelial and epithelial cells, infiltrate
the mesangium and blood vessels, and stimulate growth factor release. This cascade
results in glomerular and vascular hypercellularity and extracellular matrix (ECM)
proliferation, key pathological features of both conditions [144].

Hypertension affects most CKD patients, with prevalence increasing as glomeru-
lar filtration rate declines [146]. Even mild-to-moderate hypertension significantly
accelerates CKD progression, and the prehypertensive state correlates with elevated
inflammatory markers associated with atherosclerosis [147]. The renin-angiotensin-
aldosterone system (RAAS), particularly through angiotensin II (Ang II), playsa
crucial role in atherosclerosis. Ang II initiates cellular signaling that exacerbates
endothelial dysfunction and oxidative stress via NADPH oxidase, generating reac-
tive oxygen species (ROS) such as superoxide anions (O,") [148]. Increased Nox5
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expression further amplifies oxidative and inflammatory responses in vascular cells
and macrophages [149].

Activation of the RhoA/ROCK pathway and subsequent MAPK activation lead to
nuclear factor kappa B (NF-kB) activation, orchestrating pro-inflammatory cytokine
expression and adhesion molecule upregulation, which drive mononuclear leukocyte
migration and vascular inflammation [148]. Ang II also enhances LOX-1 receptor
expression, increasing oxLDL uptake and foam cell formation, worsening endothe-
lial dysfunction and vascular inflammation [150]. Increased blood pressure causes
mechanical stretching in arterial walls, triggering Ang II production, ROS formation,
growth factor activation, and ECM proliferation, all vital in vascular remodeling
and atherogenesis [151]. Collectively, these mechanisms highlight the critical need to
target the RAAS in therapeutic strategies for managing both cardiovascular and renal
diseases [106].

4.3.4 Renal function and CKD progression: Insights into RAAS inhibition and
innovative thevapies

The progression of chronic renal insufficiency is driven by complex mechanisms
affecting glomerular filtration rate (GFR) and renal perfusion pressure. Moderate
reductions in perfusion pressure and blood flow can decrease GFR, but early adapta-
tions in kidney oxygenation can mitigate severe hypoxia and prevent irreversible
damage [152]. Early intervention is beneficial in preserving renal function and
delaying fibrosis. A significant advancement in managing chronic kidney disease
(CKD) was the identification of the renin-angiotensin-aldosterone system (RAAS)
in the early 1990s. Clinical trials have shown that ACE inhibitors and angiotensin II
AT1 receptor blockers can slow CKD progression, though they do not completely halt
it [153]. In diabetic kidney disease, medications like captopril and losartan have been
shown to slow functional decline compared to placebo, but this decline remains faster
than age-related loss alone [154]. Current management of renal artery stenosis often
favors observation over revascularization for moderate cases with negative scintigra-
phy results, focusing on monitoring and addressing dyslipidemia and hypertension
with ACE inhibitors or ARBs [155]. However, these treatments can lead to elevated
serum creatinine and hyperkalemia, necessitating alternatives like calcium channel
blockers [156].

Studies have highlighted the potential benefits of angiotensin receptor-neprilysin
inhibitors (ARNIs) in managing kidney health alongside heart failure. In the
PARADIGM-HF trial, sacubitril/valsartan demonstrated a smaller decline in esti-
mated GFR and reduced composite kidney events compared to traditional therapies
[157]. Similarly, PARAGON-HF showed that ARNIs could mitigate adverse kidney
outcomes without affecting the progression to end-stage renal disease (ESRD)

[158]. However, some studies found no significant differences in kidney function
between ARNI and ARB treatments in CKD patients, suggesting that ARNIs may

not provide additional benefits over ACE inhibitors or ARBs in this population [159].
Nevertheless, ARNIs are recognized as a promising first-line therapy for heart failure
patients, particularly those with reduced ejection fraction (HF-REF) and concurrent
CKD, emphasizing the importance of personalized treatment approaches and careful
monitoring for side effects.

Future CKD management aims to explore enzymatic processes affecting angio-
tensin metabolism in the kidneys, with recent studies highlighting potential targets
like chymase inhibitors to rebalance angiotensin levels and reduce renal damage [153].
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Proteinuria, a key marker of nephropathy, independently predicts CKD progres-
sion and cardiovascular risk. Targeting the RAAS has been effective in reducing
proteinuria and slowing CKD progression, particularly in diabetic patients and those
with mild to moderate CKD [160]. Trials such as RENAAL and IDNT demonstrated
significant reductions in proteinuria and renal risk outcomes with losartan and irbe-
sartan, establishing them as first-line therapies for proteinuric CKD [161]. However,
as CKD advances, patients face diminished quality of life and increased risks of
renal-replacement therapy, cardiovascular events, and mortality [162-164]. Limited
evidence suggests that discontinuing RAAS inhibitors may improve estimated GFR
in these patients [165]. Ongoing research and clinical trials are crucial for enhancing
understanding of CKD pathophysiology and optimizing treatment strategies, with
future efforts focused on uncovering additional mechanisms and new therapeutic
targets to improve patient outcomes.

5. Future perspective and conclusion(s)

This chapter highlights the critical role of the renin-angiotensin-aldosterone
system (RAAS) in maintaining cardiovascular and renal health. By regulating blood
pressure, cardiac function, and kidney performance, RAAS is integral to conditions
such as hypertension, heart failure, and chronic kidney disease (CKD). Clinical trials
have demonstrated that RAAS inhibitors, including ACE inhibitors and angiotensin
receptor blockers (ARBs), effectively reduce morbidity and mortality associated with
these diseases, marking significant advancements in nephrology [166, 167].

However, excessive RAAS inhibition—especially through combinations of
multiple agents—can compromise renal autoregulation and elevate the risk of acute
kidney injury, particularly in older CKD patients [168]. Identifying the optimal level
of RAAS inhibition is crucial to maximizing antialbuminuric effects without sacrific-
ing renal perfusion. Adding a second RAAS inhibitor for patients unresponsive to the
first has often proven ineffective, underscoring the need for novel nephroprotective
therapies like SGLT2 inhibitors and endothelin receptor antagonists, which operate
through different mechanisms [169].

Research shows that combining SGLT?2 inhibitors with RAAS inhibitors—such as
ARNIs and ACE inhibitors—can significantly reduce CKD progression and cardiovas-
cular events while also mitigating the hyperkalemia risk associated with RAAS inhibi-
tion [130]. Future strategies must focus on effectively combining these therapies for
optimal renal and cardiovascular protection, minimizing side effects. While current
combinations show promise, they may still pose risks for some patients, highlighting
the importance of personalized treatment approaches.

Understanding the mechanisms of kidney damage in CKD is vital for tailored care.
Biomarkers indicating tubular and glomerular injury could aid in predicting therapy
responses [170]. Given RAAS’s widespread presence across the brain, kidneys, heart,
and vascular system, further exploration of its roles in health and disease is war-
ranted. For example, the ARB losartan has shown potential in inhibiting glioblastoma
growth through Ang II/AGTR1 signaling pathways [171].

Recent evidence underscores the importance of endothelial function in peripheral
arterial physiology. Impaired flow and oxidative stress can lead to endothelial dys-
function, increasing cardiovascular risk. Targeting vascular inflammation through
RAAS blockers and other antihypertensive therapies has proven effective in improv-
ing vascular function. Additionally, extracellular vesicles (EVs) offer promising
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Impact of dysregulated RAAS on cardiovascular and renal health: current treatments and future divections. This
summary figure illustrates the complex interactions within the RAAS and its contributions to hypertension and
related complications. It begins with the dysregulation of RAAS, leading to increased production of Ang II. This
peptide triggers several inflammatory pathways, including the activation of NF-kB and the release of pro-
inflammatory cytokines such as TNF-a, as well as VCAM-1 and ICAM-1. Additionally, Ang II increases levels of
low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL). These events increase oxidative stress,
mediated in part by NADPH oxidase, contributing to endothelial dysfunction and resulting in the contraction of
smooth muscle cells. This cascade ultimately leads to elevated blood pressure, which is associated with hypertension
and subsequent cardiac and venal dysfunction. The figure emphasizes the bidivectional relationship between
hypertension, cardiac, and renal dysfunction, highlighting potential treatment strategies including ARBs, chymase
inhibitors, ARNIs, and ACEIs. It concludes with a forward-looking perspective on future divections in vesearch
aimed at classical/local RAAS system and targeting endothelial dysfunction and addressing the need to develop
personalized treatment. RAAS: Renin-Angiotensin-Aldosterone System, NF-xB: Nuclear Factor Kappa B, TNF-a:
Tumor Necrosis Factor-alpha, VCAM-1: Vascular Cell Adhesion Molecule 1, ICAM-1: Intercellular Adhesion
Molecule 1, SMC, ARBs Angiotensin Receptor Blockers, ARNIs: Angiotensin Receptor Neprilysin Inhibitors, ACE:
Angiotensin-Converting Enzyme, NADPH: Nicotinamide Adenine Dinucleotide Phosphate, LDL: Low Density
Lipoprotein, VLDL: Very Low-Density Lipoprotein.

opportunities for enhancing endothelial health by delivering bioactive molecules,
such as miRNA and drugs that interact with RAAS [135]. Future research should
investigate both classical and local RAAS systems, as the latter may provide new
therapeutic targets to enhance protective mechanisms or mitigate harmful effects
[172]. Furthermore, studying how endothelial dysfunction exacerbates cardiovas-
cular disease in hypertensive patients could reveal potential biomarkers for therapy,
guiding more effective treatment strategies (Figure 4).
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Pathophysiological Impacts, and
Emerging Therapeutic Strategies
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Abstract

The renin-angiotensin-aldosterone system (RAAS) is a pivotal hormonal mecha-
nism integral to cardiovascular and renal homeostasis. This comprehensive review
delineates the intricate pathways of RAAS, highlighting its classical and newer axes
and their multifaceted roles in physiological and pathological states. We explore the
foundational research that has expanded our understanding of RAAS beyond its tra-
ditional scope, emphasizing the critical balance between the ACE/Ang II/AT1 axis and
the protective ACE2/Ang 1-7/Mas axis. The manuscript delves into RAAS’s impact on
various organ systems, particularly the cardiovascular and renal, and underscores the
system’s significance in hypertension, diabetes, and kidney diseases. The review also
scrutinizes the therapeutic interventions targeting RAAS, including pharmacological
advancements and potential novel approaches. Furthermore, it outlines the chal-
lenges and future directions in RAAS-related research, such as personalized medi-
cine, combination therapies, and the development of agonists for the Mas receptor.
The evolving landscape of RAAS modulation offers promising avenues for managing
complex diseases and emphasizes the need for continued investigation to harness its
full therapeutic potential.

Keywords: renin-angiotensin-aldosterone system, angiotensin II, angiotensin-
converting enzyme 2, mas receptor, RAAS inhibition, hypertension, cardiovascular
protection, diabetic nephropathy, therapeutic targets

1. Introduction

The renin-angiotensin-aldosterone system (RAAS) is a pivotal hormonal system
in the human body. Discovered over a century ago, renin was first identified in
1836 when Richard Bright noted the correlation between cardiovascular and renal
diseases in his writings, stating, “Cardiac hypertrophy seems to keep pace, to some
extent, with the progress of renal disease” [1]. In 1898, Tigerstedt and Bergmann
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isolated the enzyme renin from the kidneys. Skeggs and colleagues were the first to
obtain pure angiotensin. Building on the knowledge provided by these researchers,
the study of the role of the renin-angiotensin-aldosterone system in normal and
pathological states began, leading to the definition of the classical RAAS pathway

in 1961. However, research in this field continues, and studies in the 1990s have
proven that the main effector of the RAAS is angiotensin II, which is derived from the
progressive proteolysis of angiotensinogen. In addition, angiotensin and aldosterone
are also upstream regulatory factors [2]. Over the past few decades, we have seen a
considerable expansion of the RAAS. Although it involves multiple organ functions,
its primary function seems to have remained largely unchanged. The systemic RAAS
cascade begins with angiotensinogen (AGT) produced by the liver, which is converted
to angiotensin I (ANG I) by renin secreted by the juxtaglomerular cells of the kidney.
Angiotensin-converting enzyme (ACE) secreted by the lungs and kidneys then trans-
forms ANG I into ANG II, while angiotensin-converting enzyme 2 (ACE2) further
breaks down ANG II into ANG 1-7 [3].

The primary function of RAAS in altering arterial blood pressure is to regulate
peripheral vascular resistance. Angiotensin II exerts its effects through two recep-
tor subtypes, AT1R and AT2R. AT1R mediates the classic actions of ANG II, with
AT1 receptors activating neurons in the paraventricular nucleus (PVN), supraoptic
nucleus (SON), and medial preoptic area (MnPO) of the hypothalamus, increasing
the release of antidiuretic hormone and directly inducing thirst, thereby regulating
fluid balance and thirst sensation [4]. Additionally, in terms of excretion, angioten-
sin, synthesized by Bumpus, Schwarz, and Page in 1957, triggered an in-depth study
of the chemistry of angiotensin. Angiotensin II regulates the metabolism of water and
sodium by the kidney through direct and indirect effects [5]. Its direct effects include
changes in glomerular filtration rate (GFR) and regulation of sodium reabsorption
in the renal tubules. By constricting the efferent arterioles, Ang II helps maintain the
relative stability of GFR under conditions of hypotension. However, long-term high
concentrations of Ang II induce the expression of pro-inflammatory cytokines, such
as tumor necrosis factor-o (TNF-a) and interleukin-6 (IL-6), through the activation
of signaling pathways like nuclear factor-kappa B (NF-kB). These inflammatory
factors can lead to renal tubulointerstitial fibrosis and a decline in renal function,
resulting in glomerulosclerosis and a decrease in function [6]. The regulation of
sodium reabsorption is achieved by stimulating the sodium-hydrogen exchanger and
the sodium-phosphate cotransporter. Ang II stimulates the adrenal cortex to secrete
aldosterone, which increases the reabsorption of Na + and the secretion of K+ by
promoting the exchange of Na + -K+ in the distal tubules and collecting ducts. Thus,
the body maintains a dynamic balance of Na + and K+ concentrations. Vascular resis-
tance is the second factor affecting arterial blood pressure, and angiotensin II itself
is one of the most potent vasoconstrictors, activating a series of signaling pathways,
including phospholipase C (PLC) and protein kinase C (PKC), leading to an increase
in intracellular calcium ion concentration in vascular smooth muscle cells (VSMCs)
and activating NADPH oxidase to increase the production of reactive oxygen spe-
cies (ROS) [7]. ROS promote smooth muscle cell contraction and cause endothelial
dysfunction; Ang II can also induce the expression of pro-inflammatory cytokines
such as TNF-qa, IL-6, monocyte chemoattractant protein 1 (MCP-1), interleukin-1p
(IL-1B), and intercellular adhesion molecule 1 (ICAM-1) through the activation of
inflammatory signaling pathways, such as the NF-«kB pathway [8]. These inflamma-
tory factors can promote the migration of inflammatory cells, exacerbate inflamma-
tory responses, and the proliferation of vascular wall cells; induce the synthesis and
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secretion of extracellular matrix collagen and fibronectin by vascular smooth muscle
cells and fibroblasts, leading to thickening and hardening of the vascular wall, thus
causing vasoconstriction.

Angiotensin II (Ang II) exerts various biological effects through its binding to the
angiotensin II type 2 receptor (AT2R). Contrary to the proliferative and pro-inflam-
matory responses mediated by the classic AT1R, the activation of AT2R is generally
considered to have a protective effect. The activation of AT2R can cause the relaxation
of vascular smooth muscle cells, leading to vasodilation and a reduction in blood pres-
sure. This contrasts with the vasoconstrictive effect mediated by AT1R, inhibiting the
production of various pro-inflammatory cytokines, such as TNF-a and IL-6, thereby
reducing inflammatory responses; it can inhibit fibrotic reactions, reducing tissue
damage and functional loss; it has neuroprotective effects in the nervous system,
including reducing neuroinflammation and promoting neurogenesis; in some cases,
it has an anti-nociceptive effect, reducing chronic pain by inhibiting neuroinflamma-
tion and reducing oxidative stress [8]. The activation of AT2R is generally considered
beneficial, and capable of counteracting the harmful effects of Ang Il induced by
AT1R. These protective effects make AT2R a potential target for the treatment of
cardiovascular diseases, kidney diseases, and neurological disorders [9].

The RASS system mainly has two types. One is the ACE/Ang II/AT1 axis, and the
other is the ACE2/Angl1-7/Mas axis. They have a significant impact on the cardiovascu-
lar system and other physiological systems. This axis consists of angiotensin-converting
enzyme 2 (ACE2), angiotensin-(1-7) [Ang-(1-7)], and the Mas receptor (MasR) [9].
Ten years ago, Donoghue et al. [10] discovered ACE’s homologous compound ACE2 in
the ventricles of patients with heart failure, which has 42% homology in the sequence
of the active site with ACE. ACE2 is a zinc-dependent metalloproteinase containing
805 amino acids and is a type 1 transmembrane protein (N-terminus outside the cell,
C-terminus inside the cell). It is mainly expressed in vascular endothelial cells and is
highly limited to 23 types of tissues, such as the heart, kidney, and intestine [11]. In
brain tissue, it can act as a central regulator of cardiovascular function and is mainly
distributed in vascular endothelial cells, type I and type II alveolar epithelial cells,
pulmonary vascular smooth muscle cells, and bronchial epithelial cells in the lung [12].
ACE2 is also a single carboxypeptidase, removing a single amino acid from the carboxyl
terminus of the substrate. Its main substrate is Ang II, and ACE2 can efficiently cata-
lyze the transformation of Ang II into Angl-7, which is about 400 times more active
than hydrolyzing Ang I [13]. When the concentration of Ang I is high, ACE2 can also
convert Ang I into Angl-9, which can be further degraded into Angl-7 by ACE or other
enzymes [14]. Other hydrolysis substrates include Apelin-13, Apelin 36, Neurotensin
1-8, Dynorphin A(1-13), [des-Arg9]-Bradykinin, and [Lys-des-Arg9]-Bradykinin.
Angl-7 is a vasodilatory peptide that, through the Mas receptor, can promote the activa-
tion of endothelial nitric oxide synthase (eNOS), increase the concentration of nitric
oxide (NO), improve endothelial cell function, reduce pulmonary inflammation, and
protect the heart and lungs. This axis is generally considered an antagonistic mechanism
of the classical RAS system because of its anti-inflammatory, anti-fibrotic, and anti-
proliferative protective effects. ACE2 reduces the level of Ang II by converting Ang II
into Ang-(1-7), thus playing a protective role. The Mas receptor is a G protein-coupled
receptor that mainly mediates the biological effects of Ang-1-7, causing vasodilation,
anti-inflammatory, and antiproliferative effects through the activation of signaling
pathways. In recent years, more and more studies have shown that the mutual regula-
tion of the two sub-axes is like the concept of “complementarity of yin and yang, mutual
assistance” in Tai Chi (Figure1).
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Figure 1.
The Renin-Angiotensin System (RAS) Pathway.

2. The renin-angiotensin-aldosterone system (RAAS) exerts a profound
influence on multiple physiological systems, affecting their regulation
and balance

This section delves into the multifaceted impacts of RAAS, particularly focusing
on its role in the respiratory, circulatory, endocrine, and renal systems.

2.1 Respiratory system

Pulmonary arterial hypertension (PAH) is a critical cause of right heart failure.
During the disease process, excessive proliferation and remodeling of pulmonary
arterial smooth muscle cells, endothelial dysfunction, imbalance of vasoactive sub-
stances, accumulation of perivascular inflammatory cells, and intraluminal throm-
bosis lead to a gradual increase in pulmonary arterial pressure, inducing right heart
failure and functional decline [12, 13, 15]. Damage to pulmonary vascular endothelial
cells is considered the initiating link and a necessary condition for pulmonary vas-
cular remodeling [16]. The renin-angiotensin system (RAAS) plays a crucial role in
endothelial dysfunction and vascular remodeling. Ang II, through the AT1 receptor,
mediates a series of inflammatory reactions, inducing the release of inflammatory
cytokines such as IL-6 and TNF-a from vascular endothelial cells and smooth muscle
cells. Studies have shown that Ang II also promotes the expression of cell adhesion
molecules and chemokines through the activation of the nuclear factor-kappa B (NF-
kB) signaling pathway, thereby facilitating the aggregation of inflammatory cells and
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vascular remodeling [17]. Ang II can also activate the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway and transforming growth factor-
beta (TGF-p) pathway through oxidative stress and vascular smooth muscle cell
proliferation, further promoting myocardial cell hypertrophy and interstitial fibrosis,
leading to right ventricular remodeling [18].

In contrast, the ACE2/Angl-7/Mas axis has a protective role in pulmonary arterial
hypertension (PAH). Angl-7, mediated by the Mas receptor, exerts anti-inflam-
matory and antiproliferative effects, inhibiting the proliferation and migration of vas-
cular smooth muscle cells, thereby alleviating vascular remodeling. Studies indicate
that Angl-7 can downregulate the expression of inflammatory cytokines (such as
IL-6 and TNF-a), suppress the activation of the NF-kB signaling pathway, and reduce
inflammatory responses [19]. Additionally, Angl-7 can alleviate the pathological
process of PAH through antioxidant stress and improvement of endothelial function.
Other studies have shown that ACE2-transfected human adipose-derived mesenchy-
mal stem cells (ACE2-hAMSCs) significantly enhance migration and angiogenesis
capabilities [20]. In a rat model of monocrotaline-induced pulmonary arterial hyper-
tension, transplantation of ACE2-overexpressing hAMSCs resulted in overexpression
of ACE2 in lung tissue and downregulation of Ang II expression [9]. ACE2 enhanced
the paracrine effects of hAMSCs and promoted blood vessel growth. The expression
of factors such as VEGF-a, bFGF, Ang-1, and TGF-p reduced inflammatory factors.
At the same time, other studies have shown that Angl-7 can inhibit myocardial cell
hypertrophy and fibrosis through the activation of the Cyclic AMP/Protein Kinase A
(cAMP/PKA) signaling pathway [21].

Furthermore, Angl-7 can alleviate pathological changes by improving myocardial
blood flow and oxygen supply. These studies suggest that enhancing the activity
of the ACE2/Ang-(1-7)/Mas axis may provide new ideas for the treatment of PAH
and right ventricular hypertrophy (RVH). However, further clinical studies are still
needed to verify the safety and efficacy of these therapies in humans.

2.2 Circulatory system
2.2.1 Hypertension and heart failure

Hypertension is a common cardiovascular disease caused by the abnormal
activation of the RAAS. In hypertension, Ang II activates multiple signaling path-
ways through the AT1 receptor on myocardial cells, including the extracellular
signal-regulated kinases (ERK1/2), Janus kinase/signal transducer and activator
of transcription (JAK/STAT), and phosphatidylinositol-3-kinase/protein kinase B
(PI3K/AKT) pathways. The activation of these pathways leads to myocardial cell
hypertrophy, an increase in cell volume. Ang II can also promote the activation
and proliferation of fibroblasts, increasing the deposition of extracellular matrix
(ECM), such as collagen, leading to cardiac fibrosis and increased stiffness [22].
These changes can lead to a decrease in cardiac compliance and further promote
the progression of myocardial hypertrophy. Ang II regulates the contractility of
myocardial cells by affecting intracellular calcium ion concentrations. Abnormal
calcium regulation can lead to functional changes in myocardial cells and promote
hypertrophy, exacerbating myocardial remodeling [23]. AT1R induces the upregula-
tion of TGF-p through oxidative modification of proteins, lipids, and DNA, destroy-
ing cell structures and causing cell death. In particular, NOX2 and NOX4 are highly
expressed in myocardial cells and exacerbate myocardial hypertrophy and fibrosis
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by activating the MAPK and NF-kB signaling pathways, ultimately leading to left
ventricular hypertrophy [9].

Studies have shown that ACE inhibitors and Ang II receptor blockers can sig-
nificantly reduce the levels of inflammatory markers in patients with hypertension,
thereby reducing vascular inflammation and remodeling [24]. However, in recent
years, a new type of drug, angiotensin receptor-neprilysin inhibitors (ARNIs), has
been developed to exert multiple effects by combining angiotensin II receptor blockers
(ARBs) and neprilysin inhibitors [25]. The representative drug Sacubitril/Valsartan
has shown superior efficacy in the treatment of cardiovascular diseases such as heart
failure and left ventricular hypertrophy [26]. In addition to the Valsartan part acting
as an ARB, selectively blocking the binding of Angiotensin II to its AT1 receptor, the
Sacubitril part also inhibits neprilysin, preventing the degradation of various benefi-
cial peptides (such as natriuretic peptides, vasodilatory peptides, and endorphins)
[27]. These peptides help improve heart function through vasodilation, diuresis,
reduction of cardiac load, and anti-fibrotic effects. At the same time, these peptides
also have antiproliferative and anti-fibrotic effects, preventing myocardial fibrosis and
ventricular remodeling. Compared with traditional ARB drugs, the multi-mechanism
action on the heart more effectively inhibits myocardial fibrosis, promotes the reversal
of myocardial remodeling, and reduces the incidence of cardiac events [28]. Clinical
studies, such as the Prospective Comparison of Angiotensin Receptor Neprilysin
Inhibitors (ARNI) with Angiotensin-Converting Enzyme Inhibitors (ACEI) to
Determine Global Mortality and Morbidity in Heart Failure (PARADIGM-HF) trial,
aimed to determine the prognostic performance of B-type natriuretic peptide (BNP)
measurements before and during treatment with sacubitril/valsartan. The results of
the trial indicated that ARNI significantly outperformed traditional angiotensin II
receptor blockers (ARBs) in reducing heart failure hospitalization rates and cardio-
vascular mortality. In addition to ARNI, other new drugs, such as sodium-glucose
cotransporter 2 (SGLT?2) inhibitors, have protective effects on the cardiovascular
system, especially in hypertension and left ventricular hypertrophy, which has
gradually been discovered and studied [29]. The therapeutic mechanism of SGLT2
inhibitors was initially to reduce the reabsorption of glucose in the proximal tubules
of the kidney by inhibiting the function of the SGLT2 protein, thereby lowering blood
glucose levels. However, in addition to its blood sugar-lowering effect, the protective
effects of SGLT2 inhibitors in the cardiovascular system, especially in hypertension
and left ventricular hypertrophy, have also been discovered and studied [28]. SGLT2
inhibitors reduce sodium reabsorption in the kidney and increase the excretion of
urinary sodium and water retention, leading to a decrease in blood volume, thereby
lowering blood pressure. After reducing blood volume and blood pressure, it can
reduce the afterload of the left ventricle and alleviate the progression of left ventricu-
lar hypertrophy. SGLT2 inhibitors can also increase fatty acid oxidation and ketone
body utilization under conditions of limited myocardial oxygen supply, reducing glu-
cose dependence, and placing myocardial cells in a more favorable position in energy
metabolism. SGLT2 inhibitors inhibit fibrosis-related signaling pathways (such as
the TGF-p pathway) as well as reduce oxidative stress, thereby protecting myocardial
structure and function [29]. In addition to these two types of drugs, there are non-
steroidal selective mineralocorticoid receptor antagonists and new anti-fibrotic drugs
that can reverse myocardial fibrosis and left ventricular hypertrophy [30].

The protective role of the ACE2/Angl-7/Mas axis in hypertension has been widely
studied. Angl-7 can promote the release of nitric oxide (NO) by endothelial cells,
which is a potent vasodilator. NO binds to soluble guanylate cyclase (sGC), activating
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the enzyme. Activated sGC catalyzes the conversion of guanosine triphosphate (GTP)
to cyclic guanosine monophosphate (cGMP) [24]. cGMP activates protein kinase G
(PKG), which further promotes calcium pump activity in the sarcoplasmic reticulum,
reducing intracellular calcium concentration and causing smooth muscle relaxation
[17, 18, 20]. cGMP can also reduce the sensitivity of smooth muscle cells to calcium
through other signaling pathways, further promoting relaxation [26]. In addition,

it can increase the production of prostacyclin, further promoting vasodilation and
lowering blood pressure. Angl-7 regulates kidney function through the Mas receptor,
inhibiting sodium reabsorption in the renal tubules and promoting the excretion of
sodium and water, thereby reducing body blood volume and lowering blood pressure.
In the renal tubules, it inhibits the activity of sodium-hydrogen exchanger 3 (NHE3)
and sodium-chloride cotransporter (NCC), which are important transport proteins
responsible for sodium ion (Na+) reabsorption [22]. When their activity is inhibited,
sodium reabsorption in the renal tubules is reduced, and more sodium stays in the
tubular lumen to be excreted. It can also reduce the secretion of aldosterone, further
inhibiting the reabsorption of sodium by the distal renal tubules and collecting ducts.
Angl-7 inhibits inflammatory reactions by reducing the release of pro-inflammatory
cytokines (such as IL-6 and TNF-a), inhibiting myocardial hypertrophy and fibrosis,
improving the survival environment of myocardial cells, and protecting myocardial
function [22]. Studies have shown that the activation of the ACE2/Angl-7/Mas axis
can significantly reduce the levels of inflammatory markers in patients with hyper-
tension, thereby improving vascular function and structure, reducing left ventricular
hypertrophy, and reducing inflammatory reactions and ventricular remodeling.

2.2.2 Coronary atherosclerotic heart disease

In the study of coronary atherosclerosis, the classical RAAS ACE/Ang II/AT1R axis
plays a crucial role. This axis promotes the occurrence and development of atheroscle-
rosis through various mechanisms, including oxidative stress, inflammatory reac-
tions, smooth muscle cell proliferation, and extracellular matrix remodeling [31].

Firstly, Ang II is the core effector molecule of the ACE/Ang II/AT1R axis, which
activates multiple downstream signaling pathways by binding to its receptor, the
angiotensin II type 1 receptor (AT1R). The most critical of these is the oxidative stress
response mediated by NADPH oxidase. After binding with AT1R, Ang II activates
NADPH oxidase through G protein signal transduction, increasing the production
of reactive oxygen species (ROS). ROS further causes endothelial cell dysfunction,
increases the permeability of endothelial cells, promotes the oxidation of low-density
lipoprotein (LDL), and thus accelerates the formation of atherosclerotic plaques
[32]. Secondly, Ang II significantly enhances inflammatory reactions through the
NF-«B signaling pathway activated by AT1R. NF-kB is a key transcription factor that
plays a central role in inflammation and immune responses. Ang II stimulates the
activation of NF-kB, leading to an increase in the expression of inflammatory factors
such as IL-6, TNF-a, and MCP-1 [33]. These inflammatory factors further promote
the recruitment and adhesion of monocytes, promoting the formation of foam cells
and accelerating plaque instability. In addition, Ang II can promote the proliferation
and migration of vascular smooth muscle cells (VSMCs) through AT1R. The specific
mechanism includes activating the ERK1/2 and p38 MAPK signaling pathways, as
well as inducing the expression of early response genes such as Egr-1 and Fos, ulti-
mately leading to the phenotypic transformation of VSMCs from the contractile type
to the secretory type. Secretory VSMCs secrete cytokines and growth factors (such as
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TGF-p) that can further stimulate the synthesis and deposition of the extracellular
matrix, leading to thickening and hardening of the arterial wall. In addition, the ACE/
Ang II/AT1R axis also stimulates the secretion of matrix metalloproteinases (MMPs)
by endothelial cells and macrophages, causing matrix degradation and vascular
remodeling. This process increases the vulnerability of atherosclerotic plaques,
making them prone to rupture and thrombosis, thereby inducing acute coronary
syndrome [34].

It is worth noting that in addition to the classic AT1R-mediated effects, thereisa
complex interaction between the ACE2/Ang-(1-7)/Mas axis. The ACE2/Ang-(1-7)/
Mas axis plays a role in coronary atherosclerosis through several main mechanisms:

1. Anti-inflammatory effect: Studies have shown that Ang-(1-7) can inhibit the
activation of the NF-kB pathway through the Mas receptor, reducing the expression
of pro-inflammatory factors such as TNF-a and IL-6, thereby reducing inflammatory
reactions. In addition, Ang-(1-7) can also reduce the infiltration of inflammatory
cells in the plaque by inhibiting the activation and recruitment of macrophages to the
plaque site, thereby lowering the inflammatory state of the plaque. 2. Antioxidant
stress: Oxidative stress is an important factor in the occurrence and development

of coronary atherosclerosis. Ang-(1-7) can promote the expression of antioxidant
enzymes, such as superoxide dismutase (SOD) and catalase, through the Mas
receptor-mediated pathway, thereby clearing free radicals and reducing the damage
of oxidative stress to vascular endothelial cells and vascular smooth muscle cells. 3.
Antiproliferation and anti-fibrotic effects: Ang-(1-7) can inhibit the proliferation
and migration of vascular smooth muscle cells through the Mas receptor-mediated
signaling pathway, thereby reducing vascular remodeling and plaque formation.

In addition, Ang-(1-7) can also reduce the generation and fibrosis of the extracel-
lular matrix by inhibiting the transforming growth factor-beta (TGF-f) and its
downstream signaling pathways, thus playing a potential role in the prevention and
treatment of coronary atherosclerosis. 4. Vasodilation and improvement of endothe-
lial function: Ang-(1-7) can promote the release of nitric oxide (NO) through the Mas
receptor, leading to the relaxation of vascular smooth muscle and improving blood
flow dynamics, reducing vascular resistance. In addition, Ang-(1-7) can also improve
endothelial cell function, promoting vascular repair and regeneration, thus playing a
protective role in coronary atherosclerosis [35].

Although the role of the ACE2/Ang-(1-7)/Mas axis in coronary atherosclerosis has
been widely studied, it still faces challenges in clinical application. Currently, several
treatment strategies are being explored, including: 1. Ang-(1-7) analogs: The develop-
ment of stable analogs or receptor agonists of Ang-(1-7) to enhance the protective
effect of the ACE2/Ang-(1-7)/Mas axis and delay or reverse the progression of coronary
atherosclerosis. These analogs can be delivered through subcutaneous injection, oral
administration, or other methods, and research results show that these analogs have
good efficacy in animal models. 2. ACE2 enhancers: Increasing the expression or
activity of ACE2 through gene therapy or drug intervention to enhance the generation
of Ang-(1-7) and play an anti-atherosclerotic role. Recent studies have shown that the
exogenous delivery of the ACE2 gene can significantly reduce plaque area and inflam-
matory reactions in animal models of atherosclerosis. 3. Mas receptor agonists: The
development of selective agonists for the Mas receptor to directly activate the down-
stream signaling pathway of Ang-(1-7), thereby playing an anti-inflammatory, anti-
fibrotic, and vascular function improvement role. Several Mas receptor agonists are
currently in preclinical research and show potential therapeutic effects. 4. Combined
therapy: Considering the opposing roles of the ACE/Ang II/AT1R axis and the ACE2/
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Ang-(1-7)/Mas axis in regulating vascular function, some studies have proposed the use
of ACE inhibitors or Ang II receptor blockers (ARBs) in combination with ACE2/Ang-
(1-7)/Mas axis-related drugs to further enhance the anti-atherosclerotic effect. This
combined therapy strategy has shown a certain synergistic effect in clinical research.

In summary, the ACE2/Ang-(1-7)/Mas axis, as a potential therapeutic target for
coronary atherosclerosis, has a broad application prospect. However, research on
its specific molecular mechanisms and treatment plans still needs further in-depth,
especially in large-scale clinical trials.

2.3 Endocrine system

Endocrine system diseases, such as diabetes, Cushing’s syndrome, pheochromocy-
toma, and primary aldosteronism, play a crucial role in the renin-angiotensin system
(RAS), especially the molecular mechanisms of the ACE/Ang II/AT1R axis and the
ACE2/Ang-(1-7)/Mas axis and their impact on disease progression. With in-depth
research on these diseases, people are increasingly recognizing that these two axes
represent the pathogenic and protective pathways of the RAS, and their mechanisms
of action and potential treatment strategies in various endocrine disorders have
become hot topics of current research.

2.3.1 Diabetes

Diabetes is a chronic metabolic disease characterized by hyperglycemia. The ACE/
Ang II/AT1R axis plays a key role in the pathogenesis of diabetes. Studies have shown
that Ang II interacts with the insulin signaling pathway through AT1R, and lead-
ing to the exacerbation of insulin resistance and the apoptosis of pancreatic p-cells.
Specifically, Ang II inhibits the IRS-1/PI3K/AKkt signaling pathway, disrupting insulin-
mediated glucose transport, leading to increased blood glucose levels. In addition, Ang
II can also promote the functional decline of p-cells by promoting oxidative stress and
inflammatory reactions within f-cells, thereby exacerbating the condition of diabetes.
In diabetic nephropathy (DKD), the overactivation of the ACE/Ang II/AT1R axis is the
main cause of glomerulosclerosis and interstitial fibrosis of the kidney. Ang II stimu-
lates the proliferation of mesangial cells and the synthesis of extracellular matrix,
leading to the occurrence of glomerulosclerosis. In addition, Ang II also promotes the
expression of transforming growth factor-beta (TGF-p), promoting the process of
interstitial fibrosis. These pathological changes ultimately lead to a decrease in glo-
merular filtration function, and severe cases can develop into end-stage renal disease
(ESRD) [36]. In diabetes, the protective role of the ACE2/Ang-(1-7)/Mas axis is
particularly important. Studies have shown that Ang-(1-7) can improve insulin signal
transduction through the Mas receptor-mediated effect, reducing insulin resistance. In
addition, Ang-(1-7) promotes the generation of nitric oxide (NO), improves endo-
thelial function, and reduces oxidative stress and inflammatory reactions, thereby
reducing vascular damage and complications related to diabetes. In diabetic nephropa-
thy, the activity of the ACE2/Ang-(1-7)/Mas axis counteracts the glomerulosclerosis
and interstitial fibrosis caused by the ACE/Ang II/AT1R axis. The specific mechanism
includes inhibiting the expression of TGF-p, reducing the deposition of extracellular
matrix, and maintaining the integrity of kidney structure by inhibiting the prolifera-
tion of mesangial cells [37]. Increasing the expression of ACE2 or directly applying
Ang-(1-7) analogs is considered a potential strategy for treating diabetic nephropathy.
In drug treatment, ACE inhibitors and AT1R antagonists can significantly improve the
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metabolic state and kidney function of patients by improving insulin sensitivity and
slowing the progression of diabetic nephropathy. Especially in patients with diabetic
nephropathy, these drugs have become part of the standard treatment to delay the
decline of kidney function and reduce proteinuria. In addition to traditional drugs,
Dapagliflozin is a selective SGLT?2 inhibitor that reduces the reabsorption of glucose
by the kidney, thereby lowering blood glucose levels. In addition to its blood-lowering
effect, Dapagliflozin also shows a protective effect on the cardiovascular system,
especially in diabetic patients. The cardiovascular protective effect of Dapagliflozin is
partly related to its regulation of the RAS [35]. Studies have shown that Dapagliflozin
can balance the ACE/Ang II/AT1R axis and the ACE2/Ang-(1-7)/Mas axis by reduc-
ing the generation of Ang II or enhancing the expression of ACE2, thereby reducing
inflammatory reactions, oxidative stress, and fibrosis. These effects are important for
preventing cardiovascular complications in diabetic patients, especially heart failure
and kidney damage [38]. In clinical practice, Dapagliflozin has been proven to sig-
nificantly reduce the incidence of cardiovascular events in diabetic patients and delay
the progression of diabetic nephropathy. Due to its multiple mechanisms of action,
Dapagliflozin is considered a very promising drug for the treatment of diabetes and its
complications. In addition to ACE inhibitors, AT1R antagonists, and SGLT?2 inhibitors,
other drugs targeting the RAS are also showing potential in the treatment of endocrine
diseases. For example, direct renin inhibitors (such as Aliskiren) inhibit the activity of
renin, reducing the generation of Ang I and Ang II, thereby inhibiting the activity of
the RAS. Although the clinical application of these drugs is still being explored, their
potential therapeutic value should not be overlooked.

2.3.2 Cushing’s syndrome

Cushing’s syndrome is an endocrine disease caused by excessive secretion of gluco-
corticoids. The role of the ACE/Ang II/AT1R axis in Cushing’s syndrome is increas-
ingly being paid attention to. Glucocorticoids enhance the activity of the RAAS,
especially the activity of the ACE/Ang II/AT1R axis, by upregulating the expression
of ACE, increasing the generation of Ang II, and causing a series of adverse reac-
tions through AT1R, including hypertension, insulin resistance, lipid metabolism
disorders, and cardiovascular complications. Excessive secretion of glucocorticoids
can enhance the activity of the RAAS, especially the activity of the ACE/Ang II/

AT1R axis. Ang II causes hypertension in patients with Cushing’s syndrome mainly
through the vasoconstriction and sodium retention effects mediated by AT1R. In
addition, Ang II can also accelerate the progression of atherosclerosis and the increase
of cardiovascular events through the oxidative stress pathway. At the metabolic level,
Ang II can promote the ectopic deposition of fat by disrupting the function of adipose
tissue, thereby exacerbating insulin resistance and glucose metabolism disorders [39].
There is limited research on the ACE2/Ang-(1-7)/Mas axis in Cushing’s syndrome,
but existing evidence suggests that this axis may play a role in alleviating metabolic
disorders and cardiovascular complications caused by excessive glucocorticoids

[40]. Ang-(1-7) may counteract the pathogenic effects of the ACE/Ang II/AT1R axis
in Cushing’s syndrome through its anti-inflammatory and antioxidant effects. In
Cushing’s syndrome, the expression of ACE is upregulated by glucocorticoids, leading
to increased activity of the ACE/Ang II/AT1R axis. Therefore, regulating the activity
of the ACE2/Ang-(1-7)/Mas axis to restore the balance of the RAAS may be a promis-
ing direction for treatment [41]. Future research needs to further explore the specific
mechanisms of this axis in Cushing’s syndrome and its therapeutic potential.
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2.3.3 Pheochromocytoma and primary aldostevonism

Pheochromocytoma and primary aldosteronism are two common causes of
endocrine hypertension. The ACE/Ang II/AT1R axis shows significant activation in
these diseases, leading to a marked increase in blood pressure. In pheochromocytoma,
due to the secretion of a large amount of catecholamines by tumor cells, the overacti-
vation of the sympathetic nervous system leads to an enhancement of RAAS activity,
especially the activity of the ACE/Ang II/AT1R axis. Ang II further exacerbates vaso-
constriction and blood pressure increase through the effects of AT1R. In addition,
Ang II can also promote the secretion of aldosterone, leading to sodium retention and
excessive body fluid, aggravating the degree of hypertension.

Primary aldosteronism is a disease caused by the overproduction of aldosterone
by the adrenal cortex. Its main features are refractory hypertension and hypokalemia.
Aldosterone leads to an increase in blood volume and elevated blood pressure by
increasing sodium reabsorption by the kidney. At the same time, aldosterone can also
enhance the activity of the ACE/Ang II/AT1R axis by upregulating the expression
of ACE. Ang II, through the vasoconstrictive effects mediated by AT1R as well as by
promoting fibrosis and oxidative stress, further exacerbates cardiovascular complica-
tions, such as left ventricular hypertrophy and arteriosclerosis. In pheochromocytoma
and primary aldosteronism, the role of the ACE2/Ang-(1-7)/Mas axis is also of inter-
est. Studies have shown that Ang-(1-7) can lower blood pressure and reduce cardio-
vascular complications associated with hypertension through the Mas receptor [42].
In pheochromocytoma, Ang-(1-7) reduces hypertension and cardiovascular compli-
cations caused by excessive secretion of catecholamines by inhibiting the pathogenic
effects of the ACE/Ang II/AT1R axis. In addition, Ang-(1-7) can also reduce cardiac
remodeling and heart failure commonly seen in patients with pheochromocytoma
through its anti-fibrotic effects. Studies have found that enhancing the expression of
ACE2 or directly applying Ang-(1-7) analogs can significantly improve blood pressure
control and cardiovascular prognosis in patients with primary aldosteronism [43].
ACE inhibitors and AT1R antagonists are widely used to control hypertension. By
inhibiting the effects of Ang II, these drugs not only effectively lower blood pressure
but also reduce the incidence of cardiovascular complications. Especially for patients
who cannot undergo surgery, these drugs provide an important noninvasive treatment
option. Surgical removal is the preferred method for treating pheochromocytoma,
which can usually cure hypertension and other related symptoms completely. Before
surgery, patients usually need to control blood pressure with medication to prevent
perioperative crises caused by excessive release of catecholamines. Preoperative
preparation usually includes the use of alpha-blockers (such as phenoxybenzamine)
and beta-blockers (such as propranolol) to stabilize blood pressure and heart rate.

In addition, emotional excitement and other factors that may induce the release of
catecholamines should be avoided before surgery. After the tumor is removed, most
patients’ hypertension can be significantly improved or even completely resolved.
However, blood pressure and catecholamine levels still need to be monitored after
surgery to prevent tumor recurrence or residue [44]. In addition, long-term follow-up
after surgery is also crucial for assessing cardiovascular health and preventing com-
plications [45]. Primary aldosteronism is a disease caused by the overproduction of
aldosterone by the adrenal cortex, and its main features are refractory hypertension
and hypokalemia. Surgical treatment is usually aimed at adrenal cortical adenomas or
hyperplasia, and it can restore normal aldosterone levels by removing the affected tis-
sue [36]. For patients with unilateral adrenal adenomas, laparoscopic adrenalectomy
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is the preferred method. This minimally invasive surgery has a small trauma and

fast recovery, and can significantly improve patients’ blood pressure and potassium
metabolism [46]. Before surgery, patients usually need to control blood pressure and
electrolyte balance with medication to reduce complications during and after surgery
[47]. For patients with bilateral adrenal hyperplasia, the choice of surgical treatment
is more complex and may require individualized treatment based on the patient’s
specific situation. Long-term follow-up is still needed after surgery to monitor blood
pressure and aldosterone levels and adjust drug treatment plans as needed.

2.4 Renal system

Diseases of the renal system are a common group of chronic diseases, among
which glomerular diseases, diabetic nephropathy (DN), hypertensive nephropathy
(HN), and others are the main types of diseases. The pathogenesis of these diseases
is complex and closely related to multiple molecular signaling pathways. The renin-
angiotensin system is an important system for regulating renal hemodynamics, salt
and water balance, and blood pressure, and its dysregulation plays a key role in the
pathological process of kidney diseases.

2.4.1 Diabetic nephropathy

Clinically, acute kidney injury (AKI) is considered a catastrophic disease with high
incidence and mortality rates. One of the main risk factors for AKI is diabetes mellitus
(DM). Compared with non-diabetic patients, diabetic patients are still at a higher risk
of developing AKI [48]. The poor renal outcomes of DM and AKI are mainly attrib-
uted to apoptosis, inflammation mediated by NF-kB, and oxidative stress promoted
by the renin-angiotensin system (RAS) through mitogen-activated protein kinase
(MAPK) [49]. Therefore, inhibiting the RAS with angiotensin II receptor blockers
(ARBs) or angiotensin-converting enzyme inhibitors (ACEi) is considered to prevent
AKI. Surprisingly, when ARBs and ACEi are used to treat AKI patients, they increase
the severity of AKI. This highlights the need for new treatment methods for AKI
[35]. The ACE/Ang II/AT1 axis has been deeply explored in the pathophysiology and
drug treatment of renal complications, including AKI. However, to date, the role of
the ACE2/Ang-(1-7)/Mas axis in the pathogenesis of AKI-DM comorbidity has been
little studied. The ACE2/Ang-(1-7)/Mas axis establishes compensatory mechanisms
by sensing increased cellular stress and pathological signals, which are beneficial to
the renal system. Mice with distal renal injury induced by tourniquet show a disorder
of ACE and ACE2 activity, which can lead to kidney damage. Interestingly, restoring
the ACE/ACE2 balance by upregulating ACE2 can prevent renal injury. Studies have
shown that lipopolysaccharide-induced endotoxemia significantly reduces ACE2
mRNA levels: subsequently, the levels of Ang II and inducible nitric oxide synthase in
the kidney are increased, while restoring ACE2 levels can maintain endothelial pore
size, glomerular filtration rate, and proximal renal tubular function, ultimately pro-
tecting the kidney from AKI. Ruiz-Ortega and others have demonstrated that AT2R
is overexpressed in Balb/c renal tubular cells under treatment with folic acid-induced
AKI and have put forward the potential role of AT2R in protecting kidney damage
[38]. Subsequently, overexpression of AT2R and activation of ACE2 activity signifi-
cantly improved renal function in these models of mice. Recently, Nisha Sharma and
others have shown that inhibiting the ACE2/Ang-(1-7)/Mas axis can induce ischemic
AKI in non-diabetic (ND) and streptozotocin-induced diabetic (DM) rats and found
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that the severity of ischemic AKI is widespread in DM rats, which may be due to

the presence of hyperglycemia damage [50]. A new combined therapy targeting

the RAAS protective axis with AT2R agonists and ACE2 activators can significantly
alleviate systemic and renal RAS changes and prevent renal tubular injury related to
IRI in ND and DM rats [51]. Therefore, targeting the ACE2/Ang-(1-7)/Mas axis may
be a new therapeutic option for AKI.

2.4.2 Hypertensive nephropathy

Hypertension affects about 30% of the general population. Hypertensive nephropa-
thy is considered one of the complications of long-term and poorly controlled hyperten-
sion. Hypertensive nephropathy is the second leading cause of end-stage renal disease
(ESRD) after diabetes. Most patients with hypertension will develop mild to moderate
hypertensive nephrosclerosis [52]. However, when blood pressure (BP) values are not
controlled for a long time or when there is a pre-existing kidney disease, the propor-
tion of patients developing ESRD will increase sharply [53]. For a long time, attention
has been paid to renal fibrosis and hyaline degeneration caused by the injury to the
glomerular tuft, as well as the activity of the RAS system. However, recently, molecular
mechanisms and other histological aspects have been included in the pathophysiology
of hypertensive nephropathy, including renal tubular cell injury leading to epithelial-
mesenchymal transition (EMT) and renal interstitial fibrosis. Angiotensin II promotes
renal oxidative stress and mediates epithelial-mesenchymal transition through the
AT1-ERK/mitogen-activated protein kinase (MAP) kinase, TGF-f/Smad2/3, and NF-xB
pathways. One of the protective mechanisms of cells against oxidative stress is the pro-
duction of highly conserved proteins called heat shock proteins (Hsps). Hsps are intra-
cellular proteins that respond to cellular stress and act as chaperon proteins for other
“client” peptides, binding to these peptides to prevent their irreversible aggregation and
promoting their correct folding, physiological assembly, and intracellular transport. In
addition to traditional ACE inhibitors and Ang II receptor blockers (ARBs), treatment
strategies based on the ACE2/Ang-(1-7)/Mas axis mainly focus on the development of
ACE2 and Mas receptor agonists. ACE2 agonists can inhibit the pathogenic effects of
Ang I by increasing the generation of Ang-(1-7) [54]. Currently, ACE2 agonists have
shown good renal protective effects in animal models, but their clinical application still
needs further verification. Mas receptor agonists play an anti-inflammatory, anti-
fibrotic, and antioxidant stress role by directly activating the Mas receptor. The thera-
peutic potential of these drugs in kidney diseases is also being widely studied. The ACE/
Ang II/AT1 axis and the ACE2/Ang-(1-7)/Mas axis play a pathogenic and protective role
in hypertensive nephropathy, respectively. With an in-depth understanding of these
two signaling axes, more effective treatment strategies can be developed. At present,
ACE inhibitors and ARBs have been widely used in clinical practice, and ACE2 and Mas
receptor agonists represent a new direction for the treatment of kidney diseases in the
future. With in-depth research, these emerging therapies are expected to provide better
treatment options for patients with kidney system diseases [55].

2.4.3 Invasive treatment of ACE/Ang II/AT1 axis and ACE2/Ang-(1: 7)/mas axis

The ACE/Ang II/AT1 axis and the ACE2/Ang-(1-7)/Mas axis play a key role in the
invasive treatment of the renal system. These axes not only affect the pathological
process of the disease but also guide the implementation of certain invasive treat-
ments and their postoperative management.
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Renal artery stenosis (RAS) is one of the main causes of renal hypertension and renal
insufficiency. The activation of the ACE/Ang II/AT1 axis in RAS leads to a reduction in
renal blood flow, which in turn triggers systemic hypertension and renal damage. In this
case, renal artery interventional treatment (such as percutaneous renal artery angioplasty
or stent implantation) is a commonly used invasive treatment method. This treatment
reduces Ang II levels by improving renal artery blood flow, and reducing the pathogenic
effects of AT1 receptor-mediated vasoconstriction, inflammation, and fibrosis [56].
Before and after surgery, ACE inhibitors or Ang II receptor blockers (ARBs) are often
used in the clinic to further control the activity of the ACE/Ang II/AT1 axis, preventing
postoperative hypertension rebound and renal function deterioration. For patients who
fail to effectively control blood pressure after surgery, ACE2 agonists and Mas receptor
agonists may become potential adjuvant treatment options, further counteracting the
harmful effects of Ang II by enhancing the activity of the ACE2/Ang-(1-7)/Mas axis [57].

In patients with end-stage renal disease (ESRD), renal transplantation is the most
effective invasive treatment method. However, the transplanted kidney often suffers
from acute injury and rejection reactions during reperfusion, and the overactivation of
the ACE/Ang II/AT1 axis often exacerbates the damage to the transplanted kidney [58].
Ang II can lead to acute injury and long-term fibrosis of the transplanted kidney by
promoting vasoconstriction and inflammation. To reduce these adverse reactions, ACE
inhibitors or ARBs are usually required after transplantation to inhibit the activity of
the ACE/Ang II/AT1 axis, thereby protecting the function of the transplanted kidney.
In addition, the ACE2/Ang-(1-7)/Mas axis also has potential effects in protecting the
transplanted kidney after transplantation. ACE2 may help reduce reperfusion injury
and inflammatory reactions by reducing the generation of Ang II and increasing the
generation of Ang-(1-7). Mas receptor agonists, as a new treatment strategy, may
improve the long-term prognosis of the transplanted kidney by activating protec-
tive pathways [59]. Hemodialysis treatment, is an important treatment for end-stage
renal disease, although not a direct invasive treatment for the kidney, the balance of
the ACE/Ang II/AT1 axis and the ACE2/Ang-(1-7)/Mas axis is still crucial during the
maintenance of hemodialysis [60]. Hemodialysis patients often have hypertension and
cardiovascular diseases, which are closely related to the abnormal activity of the ACE/
Ang II/AT1 axis. The use of ACE inhibitors or ARBs can effectively control blood pres-
sure in hemodialysis patients and reduce the incidence of cardiovascular complications.

In summary, the regulation of the ACE/Ang II/AT1 axis and the ACE2/Ang-(1-7)/
Mas axis in the invasive treatment of the renal system is of great significance. These
axes not only affect the pathological process of the disease but also play a key role
in postoperative management and long-term prognosis. In the future, more precise
treatment strategies targeting these two signaling axes will further improve the treat-
ment effects for patients with renal diseases.

3. Conclusions

As our understanding of the RAAS system deepens, there is potential for the
development of more targeted drugs with fewer side effects. For instance, medica-
tions targeting the ACE2/Ang-(1-7)/Mas axis may aid in the treatment of hyperten-
sion and diabetic nephropathy. Personalized treatment plans could also be provided
based on a patient’s genotype and phenotype. For example, the selection of the most
appropriate medication could be based on the patient’s RAAS gene polymorphisms.
Combined therapies that utilize drugs targeting different axes of the RAAS might
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produce synergistic effects, enhancing therapeutic outcomes. An example of this is
the combined use of ACE inhibitors or ARBs with ACE2 agonists.

Despite current advancements in RAAS system research, the long-term use of RAAS
inhibitors may lead to the development of tolerance in patients, and certain drugs may
cause side effects such as coughing and hyperkalemia. Additionally, there are variations in
patient responses to RAAS inhibitors that require further research to elucidate the causes
of this heterogeneity. The high cost of new drug development poses a significant chal-
lenge in balancing the efficacy, safety, and economic cost of medications. Particularly, the
interactions among the various components within the RAAS system are highly complex,
making it difficult for a single drug to regulate the entire system comprehensively.

In summary, research and development of therapeutic strategies for the RAAS
system is a field replete with challenges and opportunities. Future research needs to
build upon a profound understanding of the RAAS system to develop novel treat-
ment methods while addressing the limitations of existing therapeutic approaches.
Through interdisciplinary collaboration, personalized medicine, and consideration of
social ethics, more effective and safer treatment options can be provided for patients.
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Chapter 3

Overview of Renin, Prorenin, and
the Role of (Pro)Renin Receptor
across the Organs and Potential
Therapeutic Target

Lana Kourieh and Ola Arab

Abstract

The term renin can relate to either renin and prorenin enzymes. Both of these have
been established to have a vital role in physiology, especially after discovering the (pro)
renin receptor ((P)RR) that can bind to and activate both enzymes. Since binding to
this receptor by renin/prorenin leads to angiotensin production and intracellular signal-
ing cascades, (P)RR exhibits crucial roles in both physiological and pathophysiological
processes across various organs including the kidneys, heart, and brain. Also, a cleaved
form of (P)RR, known as soluble (pro)renin receptor (s(P)RR), has been identified.
Current evidence suggests that both (P)RR and s(P)RR are crucial for the normal devel-
opment and maintenance of vital organs. Dysfunction in these receptors is associated
with diseases characterized by disrupted physiological homeostasis. This highlights the
potential of (P)RR and s(P)RR as promising diagnostic and therapeutic targets.

Keywords: renin, prorenin, (pro)renin receptor, renin-angiotensin system,
physiological, pathophysiological, therapeutic target

1. Introduction

The discovery of a specific receptor for renin and its precursor, prorenin, has
changed our understanding of renin as merely an enzyme that cleaves angiotensino-
gen (AGT) and prorenin as just an “inactive” proenzyme. This receptor, known as
(pro)renin receptor ((P)RR), binds renin and prorenin. When these enzymes attach
to the receptor, their activity on the cell surface is enhanced, initiating intracellular
signaling that modifies gene expression. This indicates that renin can also function as
a hormone and that prorenin has a specific role [1].

Recent findings suggest that (P)RR plays a role in organ damage by contributing
to high blood pressure, insulin resistance, fibrosis, cardiac remodeling, and cancer.
Interestingly, blocking the interaction between prorenin and (P)RR with a potential
blocker known as “handle region peptide” (HRP) has been reported to improve glucose
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tolerance and enhance insulin sensitivity. Additionally, a monoclonal antibody targeting
the extracellular domain of (P)RR has been tested on human colorectal cancer cells. If
these findings are accurate, (P)RR could become a significant therapeutic target [1, 2].
In 2009, researchers identified a 28-kDa soluble (pro)renin receptor (s(P)RR)
in plasma [3]. This cleaved form of the full-length (P)RR can activate the renin-
angiotensin system (RAS) independently of the full-length receptor, influencing
physiological and pathophysiological processes through different mechanisms. The
s(P)RR hormone, as part of the RAS, has been recognized as a plasma biomarker for
hypertension and cardiovascular diseases in humans [4].

2. Renin and prorenin

2.1 Renin

Renin, which is also known as the active renin, is an aspartyl protease that consists
of two main lobes with a split in between containing two aspartic residues, where the
active site is localized. AGT is the only recognized substrate for renin. Renin splits AGT to
produce angiotensin I (Ang I) which is later transformed into Ang II via the angiotensin-
converting enzyme. Not only renin is substrate specific to AGT, it is also a species-specific
enzyme; meaning that it is only active on AGT of the same species. Juxtaglomular appara-
tus (JGA) is the location of renin producing cells and the secretory granules where renin is
stored in and released from after acute stimulation of the JGA [5].

Mainly renin is released into bloodstream in conditions that result in lower renal
perfusion and decreased tubular sodium content, and its activity half-life in plasma is up
to 15 minutes [6]. Triggering of renin release happens through four main stimuli [7-9]:

* Different levels of renal perfusion stimulate the pressure transducer mechanism
in afferent arterioles.

* Levels of NaCl in the distal convoluted tubule which are detected by the JGA
chemoreceptors.

* Increased stimulation of beta-1 adrenergic receptors.

* Low levels of angiotensin I, arterial natriuretic peptide (ANP), and potassium
(negative feedback).

2.2 Prorenin

As the precursor of renin, prorenin is also identified as the inactive renin.
Nevertheless, prorenin is equal to 70-90% of total renin in human plasma. The reason of
enzymatic inactivity of prorenin is due to a pro-segment of 43-amino acid N-terminal that
covers the split of the active site [5]. Unlike renin, prorenin is not exclusively synthesized
in the JGA but also in many other tissues such as the Miiller cells in the eye, the collecting
duct, adrenal zona glomerulosa, mast cells, thecal cells in the ovary, myometrium and
decidual cells in the uterus, chorionic cells in the placenta, Leydig cells in the testis, and
submandibular gland [10]. Under normal circumstances, prorenin levels in plasma are
10 times of renin levels [11]. A recent study using a polyclonal antibody specified to the
N-terminal of the pro-segment reported prorenin plasma levels in healthy human of
3-13.4 pg/mL, which are 100-1000 times higher than previous reports [12].
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2.2.1 Activation of prorenin

While other proenzymes are autoactivated in the plasma such as trypsin, prorenin
activation takes place under two conditions (Figure 1).

* Proteolytic activation: This activation is irreversible and happens in-vivo through
the removal of the pro-segment by activation protease enzymes such as procon-
vertase 1 and cathepsin B leading to the active renin form. This process takes
place in the renin producing cells of the JGA [5, 13, 14].

* Non-proteolytic activation: A reversible in vitro process happens by applying
low pH (<0.3) which is called acid activation or low temperature (4°C) which
is known as cryoactivation. Those methods, respectively, lead to complete
activation and partial activation of prorenin. Non-proteolytic activation can be
basically assumed as unfolding of the pro-segment away from the active site split
leading to the open active form of prorenin. Approximately only 2% of prorenin
is in the open, active form in the plasma (physiological conditions) [5, 14-17].

2.3 The (pro)renin receptor ((P)RR)

(P)RR is a single transmembrane protein receptor that consists of 350 amino acids
with the N-terminal on the extracellular side, encoded on the X chromosome by the
ATP6AP2 gene and was first cloned in 2002. The extracellular domain is large and can
be cleaved to give a s(P)RR (Figure 2) [19, 20]. The cleavage takes place in the trans-
Golgi by recognizing a specific amino acid sequence R”’KTR*®, hence giving a 10-kd
cytoplasmic/transmembrane fragment (M8.9) that is associated with V-ATPase and a
28-kd domain secreted extracellularly, which represents the s(P)RR (Figure 3) [20].
The (P)RR cleavage has been first reported to happen by furin. However, a later study
published that s(P)RR production is increased by a disintegrin and metalloproteinase
19 (ADAM19) and does not decrease by furin inhibition [3, 21]. Two more recent
studies established the necessity of site-1-protease S1P for s(P)RR production upon
recognition of amino acid sequence R”*TIL*' [22, 23].

Both prorenin and renin bind to (P)RR, with renin having less affinity to bind
to this receptor than prorenin [24]. When it binds to (P)RR, renin goes through a
configuration change, which allows the substrate AGT to attach. Through this attach-
ment, renin catalytic efficiency is increased by four-fold to turn AGT to Ang I [19].

non-proteolytic proteolytic

inactive prorenin

Aog Angl Aog Angl
I 4 I 4
; ;
) !y
1, . . L) ;
~ open: active prorenin ~ renin

Figure 1.
Proteolytic and non-proteolytic activation of prorenin.
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sPRR Extracellular domain
Full length PRR

M8.9 Trans membrane domain

Intercellular domain

Figure 2.
Simplified illustration of the prorenin\renin receptor [18].

Figure 3.

(P)RR before and after cleavage. 1: nucleus, 2: trans golgi, 3: cleavage enzyme, 4: cytoplasmic domain of PRR,
5: V-ATPase complexed to full length PRR, 6: V-ATPase complexed to truncated length PRR/M8.9, 7: full length
PRR, 8: renin, 9: soluble PRR, 10: PRO-renin.

As a matter of a fact, prorenin activation is possible when binding to this receptor
as prorenin goes through configurational change at the pro-segment part, and hence,
the active site is exposed and available for the substrate (nonproteolytic activation)
[19, 25, 26].

Besides the renal glomeruli arteries, (P)RR has been detected in many tissues,
such as the sub-endothelium of coronary arteries, the pituitary gland, the placenta,
and the frontal lobes in the brain [27].

Recent studies indicate that similar to full length (P)RR, s(P)RR plays an impor-
tant role in multiple physiopathologic processes, including tissue RAS activation
[28] kidney injury [29], water balance regulation [30], and disease progress such as
hypertension [31].

2.4 Renin/prorenin binding to (P)RR

Besides angiotensin II production, the (P)RR exhibits other angiotensin II inde-
pendent functions (Figure 4). The binding of renin/prorenin to the (P)RR initiates
an intracellular signaling pathway and activates the mitogen-activated protein (MAP)
kinases ERK1/ERK2 and p38-heat shock protein, which leads to an upregulation
of collagen, fibronectin (FN), transforming growth factor Beta 1 (TGFp1), cyclo-
oxygenase-2, and plasminogen activator inhibitor 1 (PAI1) [32-36]. Another worth
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Figure 4.
Consequences of renin/prorenin binding to (P)RR.

mentioning pathway triggered by this binding is the phosphatidylinositol 3-kinase
(PI3K-p85) pathway, which leads to nuclear translocation of the promyelocytic zinc
finger transcription factor that is responsible for downregulation of the expression of
(P)RR, meaning that high levels of renin/prorenin have a negative feedback effect on
(P)RR expression, hence avoiding over activation [37, 38].

Irrelevant to renin/prorenin binding to (P)RR, the M8.9 domain is important for
the vacuolar ATPase (V-ATPase) function which is involved in lysosomal acidification
[39, 40]. (P)RR also functions as an adaptor between V-ATPase and low-density lipopro-
tein-related receptors 5 and 6 (LRP6/5), thereby activating the Wnt/f-catenin signaling
pathway. This pathway plays a crucial role in metabolism, embryonic development, and
cell differentiation [41]. Notably, this function is also exhibited by the s(P)RR [42].

3. (P)RR role in both physiological and pathophysiological processes
across the organs

3.1 The physiological role of (P)RR

3.1.1 Cell cycle

Under normal conditions, a high concentration of (P)RR is found in the human
heart, kidney, brain, and colon [42]. Numerous studies have confirmed the significant
role of (P)RR in cell proliferation and cell cycle progression [43-45]. This crucial role
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may be attributed to (P)RR being a member of the Wnt receptor complex, which
plays an essential role in cell survival and proliferation, cell fate, and movement [43—
46]. A study conducted by Bracke et al. demonstrated an increase in cell proliferation
when (P)RR was overexpressed [44]. Additionally, Wanka et al., found that knocking
down (P)RR arrested the cell cycle in the GO/G1 phase and reduced cell proliferation
[45]. Interestingly, this effect was independent of V-ATPase activity, as no differences
in lysosomal acidification were observed [45]. Therefore, it can be concluded that this
receptor is critically important for cellular health and development.

3.1.2 Acid-base balance

(V-) ATPases are proton pumps that acidify intracellular compartments and facili-
tate proton transport across the plasma membrane using ATP as their energy source
[47]. Consequently, they help maintain the acidic environment within lysosomes. The
truncated form of (P)RR, termed M8.9, not only serves as an important accessory
protein of V-ATPase but also functions as a pH sensor, detecting pH levels within
intracellular compartments and adjusting V-ATPase activity accordingly [48-50].

Two clinical studies have confirmed these findings. Zima et al., reported a
decrease in the acidity of the intestinal lumen in Caenorhabditis elegans when (P)

RR homologs were knocked down [51]. Additionally, Kinouchi et al. demonstrated a
decrease in the expression of VO subunits of V-ATPase, resulting in V-ATPase function
impairment when (P)RR was ablated [48]. Interestingly, further study by Kinouchi
etal., showed that the cleavage of ATP6AP2/(P)RR by furin is not necessary for the
biogenesis of active V-ATPase, and M8.9 might simply be a residue after the cleavage
of full-length (P)RR [49].

These results underscore the crucial role of (P)RR in maintaining the normal
environment within lysosomes, and any disruption in its function can lead to cell
death due to lysosomal acidification disorders.

3.1.3 Autophagy

Autophagy well known as a process where cells degrade and recycle their own
components, which is essential for maintaining cellular health. This mechanism
eliminates senescent cells and prevents the accumulation of damaged proteins, fats,
and organelles, thus preserving protein quality and cellular balance. The rate of
autophagy varies among different cell types; for instance, neurons exhibit higher
autophagy levels compared to other cells [52]. Under normal physiological conditions,
the body maintains a regulated rate of autophagy, which is crucial for protecting cel-
lular function [53]. However, as people age, the rate of autophagy decreases, leading
to the accumulation of damaged proteins. This decline contributes to the increased
susceptibility of the elderly to heart attacks and neurological diseases [54, 55].

Autophagy is crucial during cellular nutrient deprivation or starvation, as it breaks
down proteins and organelles to generate amino acids, replenishing nutrients and
preventing cell death. Due to its vital role in cellular homeostasis, autophagy is tightly
regulated [56]. Also, the regulation of autophagy is managed by the mammalian
target of rapamycin (mTOR) pathway. Under nutrient-rich conditions, active mTOR
inhibits autophagy. In contrast, during nutrient deprivation or stress, reduced mTOR
activity initiates autophagy [56]. A regulatory network between mTOR and V-ATPase
subunit expression has also been identified. In cells with abnormally high mTOR
activity, V-ATPase subunit expression, including (P)RR/ATP6AP2, was increased.
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This indicates mTOR regulates V-ATPase subunit expression, creating a positive
feedback loop where V-ATPase subunits are essential for maintaining mTOR activity
and vice versa (Figure 5) [57].

The addition of V-ATPase inhibitors to HEK293 cell cultures inhibited mTOR
activity. Inmunoprecipitation studies revealed interactions between V-ATPase sub-
units and the Rag-Regulator complex, crucial for forming the active mTOR signaling
complex 1 (mTORC1). This suggests V-ATPase is vital for mTOR activity by sensing
cellular nutrient states and modulating mTORC1 and Rag-Regulator interactions [50].

Autophagy was dysfunction in the hearts of mice with cardiomyocyte-specific (P)
RR knockout [48], as well as in (P)RR-ablated cardiomyocytes, podocytes [58, 59],
and vascular smooth muscle cells [60]. Specifically, loss of the VO subunit of the
V-ATPase due to (P)RR suppression leads to impaired autophagy. Consequently, (P)
RR-dependent V-ATPase activity might affect autophagy by altering mTOR function.
The impact of increased (P)RR expression on autophagy remains complex, as it could
either enhance autophagic flux through vesicular acidification or suppress autophagy
via mTOR signaling.

3.2 The pathophysiological role of (P)RR
3.2.1 Hypertension

High blood pressure (BP) is commonly associated with (P)RR, which influences
BP through its effects on various organs.

3.2.1.1 The brain

(P)RR is primarily expressed in neurons within key cardiovascular regulatory
areas in the brain, including the subfornical organ (SFO), paraventricular nucleus
(PVN), rostral ventral lateral medulla (RVLM), nucleus tractus solitarii (NTS), and
area postrema (AP) [61]. (P)RR is also found in astrocytes of the lateral cortex [62]
and hypothalamic microglia, where its activation can lead to the release of pro-
inflammatory cytokines through the NF-«xB pathway [61]. In the supraoptic nucleus
(SON) and subfornical organ (SFO), (P)RR appears to be prohypertensive [61, 63],
as Shan et al. showed that reducing (P)RR expression in the SON of spontaneously
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. . -~ expression
mTOR sagn:lllng active (including PRR)
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Diagram of autophagy regulation mechanisms.
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hypertensive rats (SHRs) lowered BP and heart rate [63]. Similarly, (P)RR knock-
down in the SFO of hypertensive mice reduced BP and improved baroreceptor reflex
sensitivity [61]. Conversely, in the nucleus tractus solitarii (NTS), (P)RR has an
antihypertensive role, as Zubcevic et al., demonstrated that (P)RR knockdown in the
NTS increased mean arterial pressure [64].

Also, Shan et al., showed that (P)RR overexpression stimulated vasopressin
(AVP) secretion in normotensive rats without affecting BP [63]. (P)RR’s ability to
facilitate Ang II generation was confirmed by co-incubation studies. Further research
demonstrated that (P)RR knockdown decreased BP and angiotensin II type 1 recep-
tor (AT1R) and AVP levels in Ang II-dependent hypertensive mice [61, 65]. (P)RR
knockout in salt-sensitive hypertensive mice prevented brain Ang II generation,
highlighting (P)RR’ role in brain RAS regulation and water balance via AVP [66].
Villar-Cheda et al., found that Ang II treatment increased (P)RR mRNA expression
in dopaminergic neurons, reversible by losartan, suggesting (P)RR’s role in Ang
[I-dependent hypertension [67].

The autonomic nervous system, particularly central sympathetic activity, plays a
crucial role in raising BP. Studies have shown that (P)RR influences BP by increasing
NADPH oxidase (NOX) 2 and NOX4 mRNA levels via the MAPK/ERK1/2 pathway,
leading to reactive oxygen species (ROS) production [68] and the NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammasomes activation [69]. These
mechanisms highlight (P)RR’s role in BP regulation, offering new avenues for treating
neurological hypertension.

3.2.1.2 The kidney

Kidney plays a crucial role in BP regulation, with (P)RR being a significant factor.
(P)RR enhances the activation of the local RAS in the renal medulla and collecting
duct [70, 71], which is essential for managing extracellular fluid volume and salt
reabsorption. Additionally, (P)RR impacts kidney function and BP through several
other mechanisms:

* Cyclooxygenase 2 (COX2) interaction: COX2 as a key enzyme in prostaglandin
production is a significant therapeutic target and increases renin activity in
the kidney [72, 73]. Gonzalez et al., have indicated that (P)RR enhances COX2
expression independently of Ang II in rat renal medullary cells via ERK1/2
activation [74]. Also, (P)RR and COX2 expression both increase in the renal
medulla, contributing to BP elevation in Ang II-dependent hypertensive mice.
COX2 inhibitors can partially reduce BP in these cases [75]. Some studies sug-
gest that COX2 elevates (P)RR expression through its product prostaglandin E2
(PGE2), with the e-prostanoid 4 (EP4) receptor playing a crucial role [76, 77].
This indicates a positive feedback loop between (P)RR and COX2, important in
Ang II-dependent hypertension [78].

* Sodium reabsorption: (P)RR’s role in inducing the expression and activation of
a-epithelial sodium channels (a-ENaC) and other ion transporters is critical for
sodium reabsorption and vascular volume homeostasis [79].

* V-ATPase function: As an accessory protein of V-ATPase, (P)RR affects the
acidification of intracellular compartments, which is vital for various cellular
processes, including ion transporter function. Its absence severely impairs
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V-ATPase function, leading to the downregulation of important ion transporters,
renal concentration defects, and distal renal tubular acidosis [48, 80].

* Aquaporin-2 (AQP2) regulation: (P)RR might influence water retention and
urine concentration through AQP2 activation [81], which is a water channel
regulated by vasopressin, and govern the water permeability of the luminal
membrane in the collecting duct [82].

These mechanisms collectively highlight (P)RR’s multifaceted role in kidney func-
tion and BP regulation. It is a complex but fascinating interplay that underscores the
importance of (P)RR in maintaining overall health.

3.2.2 Fibrosis

Fibrosis is characterized by the excessive growth, hardening, and scarring of tis-
sues due to the accumulation of extracellular matrix (ECM) components like collagen
and fibronectin (FN). This excessive buildup, often triggered by chronic inflam-
matory reactions from various stimuli such as persistent infections, autoimmune
responses, allergic reactions, chemical exposures, radiation, and tissue injury, can
lead to organ dysfunction in the heart, lungs, liver, kidneys, and more [83, 84].

(P)RR plays a significant role in fibrosis through various pathways, independent
of prorenin. In research done by He et al. (P)RR signaling was shown to stimulate cell
proliferation and increases the buildup of type IV collagen and TGFf1 expression via the
ERK pathways in mesangial cells [85]. Also in heart, Ichihara et al., demonstrated that
nonproteolytic activation of prorenin in tissue RAS leading to cardiac fibrosis in genetic
hypertension [86]. (P)RR’s involvement extends to several other organs, such as vascular
smooth muscle cells [25], lungs [87], and eyes [88]. It also activates Wnt/f-catenin
signaling, contributing to renal fibrosis, with elevated (P)RR expression observed in
chronic kidney disease and related conditions [89]. Interestingly, (P)RR’s activation of
Wnt/f-catenin occurs independently of prorenin [89]. However, prorenin can enhance
(P)RR expression and related fibrosis markers in renal tubular cells, suggesting a com-
plex interplay between (P)RR, prorenin, and fibrosis pathways [90]. While the exact
mechanisms are not fully understood, (P)RR appears to play a multifaceted role in pro-
moting fibrosis under certain conditions. This highlights the need for further research to
fully elucidate (P)RR’s functions and potential as a therapeutic target in fibrotic diseases.

3.2.3 Cardiovascular disease (CVD)

(P)RR plays a role in cardiac remodeling, a process involving cardiomyocyte
hypertrophy, apoptosis, and fibrosis, influenced by both RAS-dependent and
independent pathways [91]. Increased (P)RR expression has been observed post-
myocardial infarction and in conditions like dilated cardiomyopathy [92]. Studies
suggest that (P)RR activation, through various mechanisms, contributes to cardiac
remodeling and heart failure pathophysiology [93-95].

In 2012, research found that (P)RR blockade using HRP in sheep with heart failure
decreased atrial pressure and Ang II levels, improving renal function [93]. Another
study done by Yoshida et al., demonstrated that (P)RR blockade reduced fibrosis and
hypertrophy by decreasing ERK1/2 activation and TGF-f expression, without affect-
ing autophagy [94]. Recent studies by Zhang et al., demonstrated that (P)RR decoy
inhibitor, PRO20, effectively reduces ROS generation and endoplasmic reticulum
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(ER) stress, increasing cAMP levels and mitigating cardiac remodeling in heart
failure [95]. These findings highlight the potential therapeutic benefits of PRO20 in
addressing cardiac remodeling and related conditions. However, gene silencing of (P)
RR in mice with heart failure induced by transverse aortic constriction (TAC) surgery
led to autophagic flux blockade, causing an imbalance in ROS production and cardiac
dysfunction [96]. Despite this, the therapeutic effects of (P)RR blockade in heart
failure are significant, indicating a need to block (P)RR function without decreas-
ing its gene expression. Additionally, two studies explore the role of the (P)RR in
myocardial ischemia/reperfusion injury (IRI) by examining its effects on apoptosis
and autophagy. Using a hypoxia/reoxygenation model in H9c2 cells, the researches
investigate (P)RR-mediated pathways through both the p38 MAPK and f-catenin
signaling pathways. The first study done by Liu et al., reveals that (P)RR activation
significantly contributes to apoptosis via the p38 MAPK/caspase 3 pathway, indepen-
dent of angiotensin II [97]. As for the second study by GAO et al., showed that (P)RR
overexpression increases autophagy and promotes p-catenin pathway activity, which
exacerbates cell death during IRI [98]. These findings highlight (P)RR as a potential
therapeutic target for preventing myocardial IRI. Further in vivo studies are necessary
to validate these results and explore (P)RR’s therapeutic potential in clinical settings.

3.2.4 Lipid metabolism and atherosclerosis

Atherosclerosis, also known as coronary artery disease (CAD), is the most preva-
lent form of CVD. It primarily involves the accumulation of lipids and inflammation
in the large arteries, which can ultimately lead to serious clinical complications such
as myocardial infarction (MI) and stroke [99]. The disease’s pathogenesis involves
lipid metabolism disorders, with lipid deposition and lipid-phagocytosed macrophage
accumulation playing vital roles in plaque formation [100]. Clinical evidence strongly
associates dyslipidemia with atherosclerosis risk, particularly low-density lipoprotein
(LDL), an independent predictor of CVD [101]. Recent studies suggest that the (P)
RR is a component of lipid metabolism pathways, potentially contributing to athero-
sclerosis [102, 103]. (P)RR gene silencing reduces sortilin (SORT) 1 and LDL receptor
abundance, impairing LDL uptake [102]. Additionally, (P)RR inhibition lowers
plasma LDL-C and triglycerides, improving diet-induced obesity and liver steatosis
by reducing lipid synthesis enzymes acetyl-CoA carboxylase (ACC) and pyruvate
dehydrogenase (PDH) [104].

Atherosclerosis and vascular remodeling involve key events such as the migration
and proliferation of vascular smooth muscle cells (VSMCs). (P)RR plays a crucial role
in these processes. Studies have shown that prorenin binds to (P)RR in smooth muscle
cells, promoting VSMC migration and proliferation by regulating plasminogen activa-
tor inhibitor-1 (PAI-1) expression [25, 105]. Further research identified prorenin as a
chemotactic factor that, when combined with (P)RR, activates RhoA-GTP and Racl-
GTP, leading to cytoskeleton reorganization and VSMC migration [106]. Despite
some conflicting evidence regarding the required concentration of prorenin, recent
studies found that (P)RR overexpression facilitated Ang II-induced abdominal aortic
aneurysm formation in apolipoprotein E-knockout mice [107]. This indicates that (P)
RR can be activated by prorenin, renin, Ang II, or other factors.

In conclusion, (P)RR represents a promising therapeutic target for managing
atherosclerosis and vascular remodeling. However, given the mixed findings and the
intricate nature of its activation mechanisms, further research is essential to eluci-
date (P)RR’s full range of actions and develop effective therapeutic strategies. The
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potential to modulate (P)RR activity to treat vascular diseases could lead to signifi-
cant advancements in cardiovascular health.

3.2.5 Diabetic nephropathy

A study by Li et al., reported that in cultured podocytes, high glucose levels
increase mRNA and protein (P)RR levels which clearly suggests that hyperglycemia in
diabetic patients is related to (P)RR upregulation in podocytes, and hence, prorenin is
also increased [108].

Under conditions of sustained hyperglycemia, in injured podocytes lysosomes and
autophagosomes are formed in order to degrade degenerated proteins, which requires
V-ATPase that is necessary for intracellular vesicles acidification. As mentioned
before V-ATPase overexpress is correlated with (P)RR expression which is essential
for V-ATPase activation. High prorenin levels in these diabetic patients binds to (P)
RR resulting in RAS system enhancement and (P)RR-mediated mitogen-activated
protein kinase signals expression, increasing harmful molecules involved in diabetic
nephropathy progression such as COX2, interleukin-1p (IL-1p), TGFp1, and tumor
necrosis factor-a (TNF-a) [109].

3.2.6 Diabetic mellitus/glucose intolevance pathogenesis

As the stimulation of MAPK and TGFp1-dependent pathways is induced by insu-
lin, these pathways are assumed to have a contribution in the pathogenesis of insulin
resistance [110, 111]. Also, MAPK p38 cascade is considered to have a role in p-cell
function regulation. All together with the data of (P)RR-dependent stimulation of the
mentioned intracellular pathways, it can be assumed that (P)RR may also contribute
to the pathogenesis of glucose intolerance [112-115].

A specific type of V-ATPase, known as the a3 isoform, has been identified to play
arole in the release of insulin from pancreatic p-cells [116]. In 3T3-F442A adipocytes,
V-ATPase was shown to be engaged in insulin stimulated glucose transport [117].
Considering the connection between (P)RR and V-ATPase activation, it suggests
another significant role of (P)RR in glucose intolerance, highlighting its diverse
contributions to diabetes development [115]. Furthermore, there are indications from
other studies suggesting an increase in renal medullary (P)RR expression in insulin
resistance. Regarding gestational diabetes mellitus (GDM), a recent study suggested
a potential link between elevated plasma levels of s(P)RR in pregnant women during
the first trimester and the onset of GDM later in the third trimester [118].

3.2.7 Cancer

As mentioned earlier, (P)RR is expressed in various organs, including the brain,
heart, liver, pancreas, placenta, and kidney. Beyond its role in enhancing the RAS,
studies have confirmed that (P)RR is involved in numerous physiological and
pathological processes, such as V-ATPase function, the MAPK/ERK pathway, and
the Wnt/p-catenin signaling pathway. Recent research indicates that these pathways
contribute to cancer initiation and progression, highlighting (P)RR’s significant
involvement.

Several studies demonstrated significantly an increase in (P)RR expression in
cancers such as colorectal cancer [119], pancreatic ductal adenocarcinoma (PDAC)
[120], glioma [121], breast carcinoma [122], and aldosterone-producing adenoma
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[123], compared to normal tissues. (P)RR induces oncogenesis via Wnt signaling in
pancreatic [124], colorectal [119], and brain [121] cancers and promotes endometrial
cancer [125] and glioblastoma [126] through RAS. V-ATPase present on cancer cell
membranes facilitates growth and invasion by engaging pathways like mTOR and
TGFp. Notably, elevated expression of (P)RR is associated with increased cell pro-
liferation in breast carcinoma [122] and correlates with a poorer prognosis in glioma
[121]. Additionally, higher levels of s(P)RR are observed in patients with PDAC [124].
Both studies by Koushi et al., and Shibayama et al., confirmed that when (P)RR
expression is silenced using small interfering RNA (siRNA), cancer cell proliferation
is reduced due to the inhibition of the Wnt/p-catenin signaling pathway [121, 124].
These findings suggest that (P)RR serves as a valuable prognostic marker and holds
promise as a therapeutic target in various cancers.

4. s(P)RR relation with BPand CVD

Recent studies have highlighted the role of s(P)RR in hypertension and heart
failure. Clinical research by Morimoto et al., showed a positive correlation between
serum s(P)RR and serum creatinine levels in essential hypertension patients, but
no correlation with BP [127]. Wang et al., suggested that sphingosine-1-phosphate
(S1P), a cleavage site of full-length (P)RR, plays a role in hypertension, as blocking
S1P improved Ang II-induced hypertension by reducing ENaC and AQP?2 activation
in the kidney. This effect was reversed by administration of recombinant s(P)RR
[128]. Other studies found that recombinant s(P)RR impaired baroreflex sensitivity
and increased BP in high-fat-fed mice due to enhanced sympathetic outflow [31].
Ramkumar et al., used CRISPR-Cas9 to mutate the (P)RR cleavage site, resulting
in undetectable plasma s(P)RR levels, which reduced BP and renal injury in Ang
II-induced hypertensive mice [129]. Additionally, s(P)RR might directly bind and
activate the AT1R, leading to increased BP and endothelial dysfunction in obesity-
related hypertensive mice [130]. These findings suggest that s(P)RR is a potential
diagnostic and therapeutic tool in hypertension.

Regarding heart failure, studies are limited but revealing. In 2020, a clinical study
by Obradovic et al., showed elevated s(P)RR levels in heart failure patients, with
higher levels associated with lower left ventricular ejection fractions and greater left
ventricular dilation in elderly heart failure patients. Recent studies suggest that s(P)
RR, by activating AT1R, might contribute to heart disease pathogenesis [131]. Some
researchers propose that s(P)RR induces tissue fibrosis via the PI3K-AKT pathway
and oxidative stress via NOX4 in renal cells, but its effects on the myocardium are
still unclear [132]. Clinical research found a correlation between high plasma s(P)RR
levels and left ventricular remodeling, especially in chronic heart failure patients with
reduced ejection fraction and renal dysfunction [133]. These findings suggest that
s(P)RR could be a biomarker for chronic heart failure severity, warranting further
research.

5. The relation of (P)RR & s(P)RR with preeclampsia

The maternal circulating RAAS, placental RAS, and intrarenal renin-angiotensin
system (iRAS) play crucial roles in maternal cardiovascular and renal adaptations
during pregnancy [134-136]. Dysregulation of these systems can significantly impact
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maternal and fetal health, leading to hypertensive disorders such as preeclampsia.
Preeclampsia, a severe form of pregnancy-induced hypertension, involves wide-
spread vascular endothelial dysfunction and can result in maternal and/or fetal death
[137]. Elevated levels of (P)RR and s(P)RR are observed in preeclamptic pregnan-
cies, potentially disrupting the regulation of RAS pathways and contributing to the
pathogenesis of preeclampsia [138]. Interestingly, elevated s(P)RR during the first
trimester predicts subsequent BP elevation [139] and increased rates of GDM [118], as
mentioned before.

Despite no correlation existing between placental (P)RR expression and plasma
s(P)RR levels, both are elevated in preeclampsia, indicating independent regulation
[140]. Elevated (P)RR levels and oxidative stress in preeclamptic placentas enhance
local RAS signaling [141]. Although RAS activity is increased, the functional implica-
tions in preeclampsia remain unclear, necessitating further research. Studies indicate
elevated AT1R protein levels and increased renin expression in preeclamptic placentas
[141, 142], emphasizing the need for more exploration to understand the roles of (P)
RR and s(P)RR in preeclampsia.

Studies suggest that elevated levels of s(P)RR in preeclamptic pregnancies may
contribute to the condition by impairing renal function and causing endothelial dys-
function, leading to hypertension [130, 140]. Despite variations in findings, Schofield
etal., confirmed that increased levels of s(P)RR are associated with higher BP and
reduced fetal growth [143]. Additionally, preeclamptic pregnancies show altered
maternal circulating RAS components [144], including elevated prorenin levels [139]
and enhanced (P)RR activity, which promote the formation of Ang I [145]. Elevated
s(P)RR levels in preeclamptic patients can increase the activity of the circulating
and iRAS. Despite reduced circulating levels of renin, ACE, Ang I, and Ang II,
preeclampsia patients exhibit heightened sensitivity to Ang II/AT1R signaling, likely
due to AT1R heterodimerization with the bradykinin receptor and elevated AT1R
autoantibodies [144, 146, 147]. Enhanced s(P)RR/AT1R signaling may significantly
increase AT1R activity, exacerbating hypertension and influencing maternal BP [138].
Understanding these mechanisms is essential for improving the management of
preeclampsia.

Ang II signaling is crucial for iRAS activation. In vivo rat studies have shown that
elevated intrarenal Ang II levels, resulting from AT1R-mediated uptake, stimulate
iRAS, leading to increased intratubular Ang II production, distal sodium reabsorp-
tion, and renal damage [148, 149]. Additionally, elevated serum s(P)RR levels in
preeclamptic pregnancies may enhance AT1R stimulation, similarly affecting iRAS
[130]. In a 5/6 nephrectomy mouse model, increased urinary/renal levels of renin,
AGT, and Ang II were observed [150]. Treatment with a (P)RR antagonist, PRO20,
reduced these levels and impaired active-B-catenin in the renal cortex, indicating that
(P)RR may mediate renal injuries through iRAS activation and/or -catenin signaling,
potentially contributing to renal injury in preeclampsia [150]. Understanding the
mechanisms of s(P)RR in preeclampsia could improve diagnostic and therapeutic
approaches for managing hypertensive disorders and renal injury during pregnancy.

6. Future perspectives: Applications in diagnosis and targeting

Given the close correlation between (P)RR expression levels in tumor tissues and
the grades and stages of various cancers, (P)RR expression could serve as an adjunct
marker alongside existing cancer-related protein markers. This combination could
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aid in diagnosis, assess disease severity, and predict prognosis for different cancers
[151]. An s(P)RR ELISA kit has been developed to measure s(P)RR in blood and urine
samples [152], revealing increased serum s(P)RR levels in patients with congestive
heart failure (CHF) [153], kidney disease [154], hypertension [155], and preeclampsia
[139]. These findings suggest that plasma s(P)RR could serve as a predictive bio-
marker not only in certain cancer contexts but also in several disorders.

Shibayama et al., demonstrated that plasma s(P)RR levels in patients with PDAC
are significantly higher than in healthy controls [124]. Human PDAC cell lines also
secreted much higher levels of s(P)RR compared to normal pancreatic epithelial cells,
suggesting that plasma s(P)RR could serve as a promising predictive biomarker for
PDAC. Additionally, Larrinaga et al., using tissue microarrays, suggested that PRR
is a prognostic marker in invasive urothelial cancer of the bladder [156]. However,
recent studies highlight that s(P)RR’s predictive value in colorectal cancer (CRC) and
primary epithelial ovarian cancer (EOC) is unclear. Maider et al. found no significant
difference in s(P)RR levels between CRC patients and healthy controls [157], and
Katrin et al. observed no correlation between s(P)RR levels and clinicopathological
outcomes in EOC patients [158]. These findings suggest that s(P)RR is not a reliable
predictive, prognostic, or diagnostic marker for EOC.

In a previous study, researchers developed a monoclonal antibody targeting the
extracellular domain of (P)RR, specifically the amino acids 200 to 213. This antibody
was tested on human colorectal cancer cells (DLD-1 and HCT116). The results dem-
onstrated that the (P)RR antibody significantly inhibited cell proliferation compared
to a negative control (human IgG). These findings indicate a promising potential for
the (P)RR antibody as a therapy for colon cancer, and ongoing studies are further
exploring its effectiveness [151].
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Chapter 4

Angiotensin-Converting Enzyme
and Blood Basic Carboxypeptidases
CPB2 and CPN Activity is an
Indicator for Serum Quality:

A Quick Lab Test

Vivien Osterhus and Simone Konig

Abstract

The vasoactive neuropeptide bradykinin (BK) is involved in major pathophysio-
logical pathways such as the kinin-kallikrein system (KKS) and the renin-angiotensin
system (RAS). It is a substrate of important enzymes, namely angiotensin-converting
enzyme (ACE) and basic carboxypeptidases N (CPN) and B2 (CPB2). We use its
dabsylated form (DBK) as a reporter substance to monitor the serum activity of
these proteases. The activity of the enzymes is responsible for the formation of two
DBK fragments, which can be detected with this neuropeptide reporter assay (NRA)
to elucidate disease-related changes in RAS and KKS. The assay is also sensitive to
serum quality. Hemolytic serum shows significantly reduced serum protease activity
in the NRA, but it can already be visually identified by its colour. With the NRA, we
detected samples from healthy controls, which were not visibly hemolytic and still
exhibited the same poor results. This observation was traced back to lax use of the
sampling protocol in the clinic. The incorporation of such samples of poor serum
quality in biochemical studies would impact on their outcome and reproducibility.
Thus, we have simplified the NRA workflow in order to generate a quick test, which
can help to weed out samples of poor quality.

Keywords: neuropeptide reporter assay, dabsylated bradykinin, serum protease
activity, ACE, COVID-19

1. Introduction
1.1 Bradykinin as reporter substance

The neuropeptide bradykinin (BK, sequence RPPGFSPFR) is important in blood
pressure homeostasis and it is associated with the inflammatory response and vascu-
lar permeability functions including thrombosis and blood coagulation [1]. BK is a
substrate of angiotensin-converting enzyme (ACE) [2] and basic carboxypeptidases
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N (CPN) [3] and B2 (CPB2, also known as thrombin activatable fibrinolysis inhibitor
(TAFI), CPU and pCPB [4-7]). These enzymes are interconnected in the major physi-
ological pathways kinin-kallikrein system (KKS), renin-angiotensin system (RAS)
and fibrinolysis (Figure1) [2, 3, 8].

In the KKS, vasoactive BK is formed from kininogen by the action of kallikrein.
ACE deactivates BK and cleaves angiotensin (Ang) I to Ang II. In the classical RAS,
Ang II binds to its receptors type 1 and 2 (AT1R, AT2R) with opposite effects on,
among other functions, blood pressure and inflammation. The main antagonist to the
classical RAS is ACE2, which removes Ang II by cleavage to Ang(1-7); this peptide
binds to the Mas receptor, thereby reducing blood pressure [2]. ACE2 became also of
interest as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) receptor in
the recent COVID-19 pandemic [8, 14, 15].

BK acts via receptors Bl and B2. Cleavage of BK by carboxypeptidases changes
receptor specificity from B2R to B1R [9-12]. CPN and CPB2 degrade BK to des-
Arg9-BK [3, 12], which is deactivated by ACE2. CPB2 reduces fibrinolysis by fibrin

Kallikrein- Renin-
kinin system ! angiotensin

¥

system
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- ) y —
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Figure 1.

Inferplay of the KKS, RAS and fibrinolysis with regard to BK, the reporter peptide in the NRA [2, 3, 8].
Vasoactive BK is formed from kininogen by the action of kallikrein. The latter needs the Hageman factor to be
cleaved from its precursor, and it also influences the RAS by catalyzing the cleavage of provenin to venin, which,

in turn, assists the formation of Ang I from angiotensinogen. The generation of Ang II ensures blood pressure
homeostasis and is counter-balanced by ACE2, which cleaves Ang II and acts also as a SARS-CoV2 receptor. KKS
and RAS are further connected by the action of ACE, which deactivates BK and cleaves Ang I to Ang II. In the
classical RAS, Ang II binds to its veceptors AT1R and AT2R with opposite effects on, among other functions, blood
pressure and inflammation. The main antagonist to the classical RAS is ACE2, which removes Ang II by cleavage
to Ang (1-7); this peptide binds to the Mas receptor, thereby reducing blood pressure. BK acts via receptors B1 and
B2. Cleavage of BK by carboxypeptidases changes veceptor specificity from B2R to B1iR [9—12]. CPN and CPB2
degrade BK to des-Arg9-BK, which is deactivated by ACE2. CPBz2 circulates in the plasma as plasminogen-bound
gymogen and is activated by proteolysis by the thrombin/thrombomodulin complex. CPB2 reduces fibrinolysis by
removing the fibrin C-terminal vesidues that are important for the binding and activation of plasminogen [4, 12].
Plasmin is generated from plasminogens; it is present in blood and degrades many proteins including fibrin clots
(fibrinolysis) [13]. Molecules of interest for the NRA (BK, ACE, CPN, CPB2) are colored in red.
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cleavage [4, 12]. Looking at these complex relationships, it is not surprising that
this enzyme network is a research target in many cardiovascular and inflammatory
diseases [10, 11, 16].

1.2 Neuropeptide reporter assay

We have been interested in BK in the context of pain and have used its dabsyl-
ated form (DBK) as a reporter substance to monitor patient serum protease activ-
ity in Complex-Regional Pain Syndrome (CRPS) [17-19]. The dabsyl-label at the
N-terminus of the peptide introduces an orange color to the molecule so that all cleav-
age fragments carrying the label are visible to the naked eye. They can be separated
by the low-tech robust analytical technique thin-layer chromatography (TLC) and be
used to study enzyme activity.

In our neuropeptide reporter assay (NRA) [17], we incubate DBK with serum
and separate the generated peptide fragments by TLC (for workflow and exemplary
results, see Figure 2). Thereby, ACE cleaves DBK (also called DBK1-9 for indication
of the peptide length) at position 5-6, leading to the formation of fragment DBK1-5,
while CPN and CPB2 are responsible for the generation of fragment DBK1-8. Using
this tool, we have shown that the ACE serum activity was compromised in patients
with CRPS, a disease where symptoms develop locally [18].

We have also studied hospitalized and convalescent COVID-19 patients and found
that DBK cleavage was generally impaired in hospitalized patients. Carboxypeptidase
activity was significantly reduced [20-22]. The DBK cleavage product generated by
ACE, fragment 1-5 (DBK1-5), was increased in critically ill patients and strongly cor-
related with clinical heart and liver parameters. Experimental values returned to nor-
mal levels during convalescence in the majority of patients, but a number of probands
showed similar results as measured in hospitalized patients so that we hypothesized
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Figure 2.

(A) Structure of BK and enzyme cleavage sites. (B) Workflow of the NRA using DBK (DBK1-9, for details on
incubation and TLC separation, see [17]). (C) Exemplary TLC plate showing a 1 hour time course for DBK
degradation by serum of a healthy control.
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that dysregulated CPN/CPB2 and ACE serum activity could be an indication for the
development of Long COVID [22].

Currently, we are using the NRA in a study of the RAS in inflammatory skin dis-
eases. The assay is a great tool in any investigation that targets enzymes such as ACE
and CPN specifically, or complex systems like RAS and KKS generally. It is valuable in
clinical research, but not yet implemented in diagnostics.

In addition, we found the NRA useful for a completely different purpose, namely
an activity test for snake venom proteases when studying the inhibitory properties of
plant material [23]. Venom metalloproteinases degraded DBK in a few minutes.

1.3 Serum quality control

Serum is normally clear and straw colored [24]. Occasionally, we are supplied with
orange-red or turbid-opaque (or a combination of both) sera. The lysis of red blood
cells is responsible for the coloring, while lipemia causes the milky white appearance.
The most common cause of lipemia is food intake shortly before the blood draw, but
there are also medical conditions such as hypertriglyceridemia causing the effect
[24]. Hemolysis is mostly (50-70% of cases [24]) associated with the phlebotomy
technique and the skill of the medical personnel (use of narrow gauge needles, force-
ful use of syringe, overly vigorous shaking of blood tube, delays in processing, etc.
[24, 25]), but there are rare cases of in vivo hemolysis to be considered (2% [26]).

We observed in different projects that the NRA was sensitive to serum quality. It
was not surprising that hemolytic sera did not exhibit the same protease activity in
the NRA compared to serum of good quality; DBK was hardly cleaved and the inten-
sity of the DBK fragments was significantly lower than expected. Clearly, erythrocyte
lysis and the release of the cell content including proteases into the blood changes the
serum composition drastically and impacts on laboratory testing and biochemical
measurements such as our enzyme activity experiments. This phenomenon is a major
challenge when selecting or rejecting samples for testing [24, 26]. It is well docu-
mented that standard protein lab tests such as lactate dehydrogenase and aspartate
aminotransferase are affected by hemolysis, but even minerals like potassium cannot
be correctly determined [26-32]. The Centers for Disease Control and Prevention
(CDC) [33] and other authors [34] published hemolysis charts according to which
deep orange to red serum samples are not fit for analysis. Visual inspection is however
subjective [35] and larger labs thus ressort to spectrophotometric analysis for evalua-
tion of the degree of hemolysis [24, 36-38] or even deep learning [39].

Interestingly and even more importantly, using the NRA, we also noted lower
protease activity in some visually non-hemolytic sera obtained from our clinic for the
COVID-19 study [21]. Measurements for healthy controls did not agree with earlier
results and were, in fact, way off, similar to hemolytic samples. On our insistence that
something must have gone wrong during sampling, the results were eventually traced
back to the random use of different collection tubes by the medical staff and new
samples were obtained. This was not a single event; a batch of low-performing non-
hemolytic serum samples was also identified from one group in a large multi-center
study (unpublished). In that case, it was even more surprising, because all involved
collaborators were aware of the need for standardization of collection procedures. The
reason for the discrepancy remains unknown. We found it subsequently very helpful
to use our NRA as a tool to evaluate the quality of the sera given to us. It is a quick and
low-cost method to avoid the inclusion of samples of poor quality as a result of human
error in more expensive studies such as omics experiments [40, 41]. Data obtained
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from such samples would influence the study outcome by generating unreproducible
results. In contrast to hemolytic samples, the NRA was not sensitive to lipemic serum;
the results for DBK cleavage fell into the expected ranges.

1.4 Aim

The above-mentioned clinical studies have shown the usefulness of our protease
activity test using DBK degradation as a signal in biochemical research. Soon, the idea
was born to simplify the NRA workflow and design an easy, robust, and quick assay
for wide applicability. It was nurtured by the observation that the NRA can weed out
poor quality, non-hemolytic serum samples from study cohorts. For quality control, it
is even more important to have a fast and simple way of testing. Therefore, we evalu-
ated, if we can simplify the NRA workflow using as little as possible of any laboratory
equipment.

2. Experimental

Blood was obtained from healthy volunteers observing the declaration of Helsinki.
Ethical permission for the study [18] was granted from the IRB of the Rhineland-
Palatinate Medical Association (registration number 4208). The standard NRA work-
flow has been described in Ref. [17] (Figure 2). Briefly, 3 ul serum was incubated with
dried DBK at 37°C for a desired time period, typically 1 hour. The process was stopped
by adding ice-cold acetone and freezing for min—3 hours. Then, the solution was
centrifuged and the supernatant dried. For TLC, the supernatant was resuspended in
methanol. TLC silica gel 60 sheets (20 x 20 cm) as used in Ref. [17] were purchased
from Merck Millipore (Darmstadt, Germany) and so were the TLC aluminum sheets

with concentration zone (silica gel 60, 20 x 2.5 cm). This protocol was simplified as
described below.

3. Results and discussion

The NRA has been extensively validated in the original publication [17]. Here,
several steps in the NRA protocol were evaluated to simplify the workflow includ-
ing incubation time and temperature, quenching and TLC. We could show that a
15 minutes incubation of serum with DBK at 37°C was sufficient to obtain visual
evidence of the degradation of DBK1-9 and the formation of DBK1-8, which was
needed to use the assay for quality control purposes. Serum of low quality will hardly
cleave DBK1-9, and this evidence can be obtained in a short period of time. Fragment
DBK1-5 tends to be less abundant and can be better visualized by scanning [17]. At
room temperature (RT), the enzyme activity was not much compromised, but to be
safe, the incubation time was extended to 30 minutes. Subsequently, the sample was
diluted with 3 pl methanol, vortexed (VortexGenie 2, Scientific Instruments), and
briefly centrifuged using a small bench device (Sprout, Biozyme), a process, which
hardly took 3 minutes.

Instead of a regular TLC chamber, we used a 50 ml Falcon tube for sample separa-
tion. The elution solvent (chloroform, 1.1 ml; methanol, 400 pl; water, 60 pl; formic
acid, 9 pl, as described [17]) was placed in the cap of the Falcon tube. The tube was
screwed to its top and left standing upright for 30 minutes for saturation of the
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chamber; this step could optionally be eliminated. The commercial TLC plate was cut
to a size of 2 x 10 cm and the sample was spotted at ~1.5 cm from the edge of the plate.
The spot was left to dry on the bench for ~5 minutes, and then the plate was placed

in the Falcon tube (Figure 3C). TLC proceeded at RT and was stopped when the
solvent front almost reached the upper edge of the plate (~1 cm distance). The plate
was briefly dried using a common hairdryer. Typical results are shown in Figure 3A,B
and they are reproducible. TLC spots were enlarged and not as well defined as in the
optimized protocol, but of sufficient quality to allow grading.

The experiments demonstrated that it is possible to cut a few corners in the assay
in order to simplify the protocol for quick testing (Table 1). Specifically, the incuba-
tion time could be reduced by half or even more, depending, on if the incubation
proceeded at RT or if the temperature was controlled. While analyte separation was
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Figure 3.

Results (A/B) and set-up (C) of the simplified NRA workflow (37°C, 15 minutes incubation) for a normal (A)
and a hemolytic (B) serum, which can be recognized by its red colov. A/B) Photographs of TLC plates showing the
intact DBK and the major fragment DBK1-8. DBK1-8 spots from hemolytic serum (B) exhibit less intensity than
those from normal serum (A); vice versa for DBK1-9. Fragment DBK1-5 is better seen in a scan of the TLC plate
(D/E). (C) A Falcon tube is used instead of a regular TLC chamber. Commercial TLC plates are manually cut to
fit. (D/E) Scans of TLC plates to illustrate the difference in spot size obtained with a regular TLC plate (D) and
a TLC plate with a concentration zone (E).

Protocol step Validated NRA [17] Time Quick test Time
Incubation 37°C 1h 37°C (or RT, 30 minutes) 15 minutes
Extraction Protein precipitation with >3h Addition of methanol, < 1 minutes
acetone, freeze, centrifuge, vortex, centrifuge (or SPE,
dry, redissolve in 3 pl ~ 5 minutes)
Application to 3x1pl ~2min 1x6pul < 1 minutes
TLC plate
TLC plates Regular With concentration zone
TLC Commercial chamber Falcon tube
Spot size Well controlled Slightly enlarged
Results Quantitative Semi-quantitative
Table 1.

Comparison of protocol steps of the validated NRA and the simplified workflow. The quick test generates results
in a fraction of the time necessary for the validated workflow [17] and allows to semi-quantitatively evaluate the
quality of the sample.
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not possible when directly applying the incubation mixture (3 pl serum + DBK) to
the TLC plate, TLC could be performed after adding 3 pl of methanol to the mixture.
The organic solvent collected the labeled fragments and separated them from serum
matrix components so that they became accessible for the chromatographic run.
Protein precipitation with cold acetone was completely eliminated saving ~3 hours of
freezing, centrifuging and drying. Clearly disadvantageous was the associated volume
increase for sample application to the TLC plate. While before [17], we spotted the
sample in three steps to the plate with intermittent drying of the spot on air to keep

it small, we tested here, whether a single sample application was possible. Spot size
and shape suffered, but not as much as expected. We also found TLC plates having a
concentration zone useful in order to focus the spots more (Figure 3D,E).

Further, we have evaluated changes in other steps in the workflow, which might
come in handy for specific applications. For instance, we used reversed-phase solid-
phase extraction (SPE) on pipette tips (Zip-Tip C18 microbed, Millipore) to purify
the analytes. To that end, 7 pl of an aqueous buffer was added to the incubation
mixture before SPE. For elution from the SPE-tip, 5-10 pl of 75% methanol (with 25%
water, and 1% formic acid) was used. This was another way of isolating the analytes
from the serum background, but slightly more laborious.

We have shown before that the NRA can be performed both with whole blood
and dried blood from blood cards [42]. This procedure can be simplified in a similar
manner, but the blood needs to be diluted with buffer or water; otherwise, the DBK
analytes cannot be properly separated from the blood components.

4, Conclusion

The measurement of the activity of proteases in serum or blood allows disease-
dependent monitoring of selected physiological processes, in our case, KKS and
RAS. For this purpose, we use labeled BK as a reporter molecule and detect the
formation of its cleavage fragments by TLC. Earlier, we had developed and validated
the NRA workflow [17], which we subsequently used in two clinical studies [18-22].
Interestingly, we also noted that the NRA was sensitive to serum quality, confidently
picking out samples of low enzyme activity from healthy donors resulting, e.g., from
thoughtless changes in sampling protocol. Thus, it can be used as a quality control
assay when selecting or rejecting samples for larger and possibly expensive stud-
ies. Obviously, the test is only sensible with cohorts of healthy donors, because in
patient cohorts, the DBK cleavage activity is expected to differ due to physiological
processes.

We envisaged a NRA quick test both for research (outpatient) and quality control
purposes. To that end, we simplified the workflow by reducing the lab time, protocol
steps and the use of lab devices. This was possible with little information loss on the
signals for the major analytes (DBK1-9, DBK1-8), but with limitations regarding the
detection of the light signal for DBK1-5. Thus, we recommend to still use the opti-
mized NRA protocol [22, 42, 43] for biochemical investigations and the shortened
protocol for quick quality checks.

The ultimate goal was a completely independent-of-technical-devices NRA kit
based on a procedure, which could be performed by laypersons. The work above was
a major step in this direction, although we still rely on pipettes and bench centrifuges.
TLC with analytes, which are visible to the naked eye, holds much promise for such
endeavors due to its simple analytical principle.
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Chapter 5
Subclinical Hypercortisolism

Gilson de Abreu Viza Junior

Abstract

Acid-base homeostasis is fundamental for the maintenance of life. Subclinical
hypercortisolism (HS) is an entity that is difficult to diagnose as it does not present a
noticeable symptomatological picture without advanced resources for clinical practice.
The objective of this chapter is to discuss the importance of recognizing this entity and
establishing differential diagnosis. Characterization of those elements is the way for
provide a good clinical practice and avoid mistakes. The cortisol and other glucocor-
ticoids which have the ability to stimulate gluconeogenesis are the target of his study.
An up-to-date approach is proposed. This is a narrative review carried out between
1993 and 2024. The following databases were used: DOAJ Directory of Open Access
Journals; PubMed, PubMed (Medline).

Keywords: hypercortisolism, hyperglycemia, diabetic neuropathy, aldosterone,
hypertension, infection, cellular adaptation to stress

1. Introduction

The interpretation of acid-base disorders is considered an essential skill for
all physicians, regardless of their training or specialty. The rapid recognition of
an acid-base disorder can save lives, but its diagnosis can be challenging. Correct
identification of the presence of acid-base disorders depends on understanding the
pathophysiological mechanisms that generate them, combined with a systematic
interpretation that involves history and physical examination data, determination of
the primary disorder, estimation of compensatory responses, assessment of coexist-
ing metabolic distress and calculation of the osmolar gap in metabolic acidosis with
increased anion-gap (AG) [1]. This chapter places special emphasis on increased
cortisol concentration and hypercortisolism.

Hypercortisolism presents a very common differential diagnosis in public health,
which is diabetes mellitus (DM), which initially manifests itself through hyper-
glycemia, measured through the collection of a morning blood sample. Subclinical
hypercortisolism (HS) is an entity that is difficult to diagnose as it does not present
a noticeable symptomatological picture without advanced resources for clinical
practice. It is a disease characterized by increased blood serum levels of cortisol, a
corticosteroid hormone measured through blood or saliva samples.

The high amount of cortisol in the bloodstream could be misunderstood by high
levels of glucose, sepsis and any hyperosmolar particle that is able to travel in the
blood, an effect known as cross-reaction. That is why we need enhanced resources
to distinguish the difference between them, for example, high levels of glucose lead
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to diabetes mellitus and high levels of bacteria in the blood samples (bacteremia)
lead to sepsis. Hypercortisolism, on the other hand, is a high level of cortisol, a cortico-
steroid hormone produced by the cortex of adrenal.

2. Hypercortisolism

There are three distinct clinical hyperadrenal syndromes (1) Cushing’ syndrome,
characterized by an excess of cortisol, (2) hyperaldosteronism and (3) adrenogenital or
virilizing syndrome. Cushing syndrome, is a common manifestation of hypercortisolism,
caused by any condition that produces an increase in glucocorticoid levels [2].

In clinical practice, the vast majority of cases of Cushing’s syndrome result from
the administration of exogenous (iatrogenic) glucocorticoids. The remaining cases
are endogenous, and the three most common etiological disorders are:

1. Primary hypothalamic-pituitary diseases associated with ACTH hypersecretion.
2.Ectopic ACTH secretion by nonpituitary neoplasms.

3. Primary adrenocortical neoplasms (adenoma or carcinoma) and, rarely, primary
cortical hyperplasia [2].

The mineralocorticoids synthesize in the adrenal cortex, the most important
being aldosterone, which is generated in the zona glomerulosa; it occurs in response
to activation of the renin-angiotensin system or can be released primarily by the
autonomous produce, with resultant suppression of the renin-angiotensin system and
decreased plasma renin activity [2].

The regulation of aldosterone secretion is so deeply intertwined with the regula-
tion of extracellular fluid electrolyte concentrations, extracellular fluid volume, blood
volume, blood pressure and many special aspects of renal function that it is difficult
to discuss it independently of all these factors [3].

Four factors are identified to play essential roles in the regulation of aldosterone.
In likely order of importance, these factors are:

1. High concentrations of potassium ions in the extracellular fluid greatly increase
aldosterone secretion.

2.Elevated activity of the renin-angiotensin system (increased levels of angioten-
sin II) also significantly increases aldosterone secretion.

3.Increasing sodium ion concentrations in the extracellular fluid only slightly
reduces aldosterone secretion.

4. ACTH formed by the anterior pituitary is necessary for aldosterone secretion but
has a weak effect on controlling the rate of secretion [3].

3. The cortisol

The most widely known metabolic effect of cortisol and other glucocorticoids
is their ability to stimulate gluconeogenesis (the formation of carbohydrates from
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proteins and some other substances) by the liver, the activity of which is often
increased six- to tenfold.
This is mainly due to two effects of cortisol:

1. Cortisol enhances the enzymes vequired for the concentration of amino acids into
glucose by liver cells. This is due to the cause of glucocorticoids on the activation of
transcription of DNA in the nuclei of liver cells, action similar to that of aldo-
sterone in renal tubular cells, with formation of messenger RNAs that in turn
generate the set of enzymes necessary for gluconeogenesis.

2. Cortisol causes the mobilization of amino acids from extrahepatic tissues, mainly
from muscle. As a result, more amino acids are made available in the plasma to
enter the process of gluconeogenesis by the liver and thus promote the formation
of glucose [3].

One effect of increased gluconeogenesis is an increase in glycogen stores in liver
cells. This effect of cortisol allows other glycolytic hormones, such as epinephrine
and glucagon, to mobilize glucose at times of need, such as between meals [3]. A
contrast finding from abdominal ultrasound imaging confirms that this liver sickness
is hepatic steatosis.

Cortisol also moderately reduces the rate at which glucose is utilized by most cells
in the body. Although the cause of this decrease is unknown, most physiologists think
that cortisol directly decreases the rate at which glucose is utilized at some point
between its entry into cells and its final degradation. One suggested mechanism is
based on the observation that glucocorticoids reduce the oxidation of nicotinamide
adenine dinucleotide (NADH) to form NAD+. Since NADH oxidation is necessary
to enable glycolysis, this effect may be responsible for the negative feedback utiliza-
tion of glucose by cells [3]. The cortisol hormone diagram (Figure 1) exemplifies the
effects of this hormone on the body.

Pituitary
gland t Aldosterone

Supraadrenal
hyperplasia
Adenoma t Cortisol
Carcinoma

Therapy
(Corticosteroid)

Figure 1.
Cortisol hormone diagram.

99



Renin-Angiotensin-Aldosterone System — Latest Trends

Both the elevated rate of gluconeogenesis and the moderate reduction in the rate
at which glucose is utilized by cells cause an elevation in blood glucose concentration.
This elevation, in turn, stimulates insulin secretion. Higher plasma insulin levels,
however, are not as effective in maintaining plasma glucose as they are under normal
conditions. For reasons that are not fully understood, high glucocorticoid levels
reduce the sensitivity of many tissues, especially skeletal muscle and adipose tissue, to
the stimulatory effects of insulin on glucose adaptation and utilization. One possible
explanation is that high fatty acid levels, caused by the effect of glucocorticoids on
mobilizing lipids from fat stores, may impair the actions of insulin in tissues. Thus,
excess glucocorticoid secretion can produce disturbances in carbohydrate metabolism
that are very similar to those found in patients with excessive levels of growth hor-
mone [3]. This produces an increase in the amount of accumulated mass in the body
which can be translated as obesity.

The rise in blood glucose concentration is sometimes so great (50% or more above
normal) that the condition is called adrenal diabetes. Insulin administration reduces
blood glucose concentration only moderately in adrenal diabetes—much less than
in pancreatic diabetes—because the tissues are resistant to the effects of insulin [3].
A usual symptom resulting from this elevation of blood glucose is the excretion of
glucose in the urine and glycosuria.

Childhood obesity is defined as a body mass index (BMI) above the 97th percen-
tile, adjusted for sex and age. It is considered a multisystemic condition associated
with enhanced release and activation of pro-inflammatory cells and cytokines,
resulting in dysregulation of the immune system. Furthermore, obesity is associated
with dysfunctions of the main endocrine and metabolic pathways, increasing the risk
of other morbidities, such as those related to metabolic syndrome (hypertension,
diabetes and dyslipidemia), as well as ailment in other systems, such as the integu-
mentary system [4].

Obesity, recognized as a chronic inflammatory disease, plays a significant role in
the development of several dermatological conditions. Chronic low-grade inflamma-
tion, together with activation of the immune system, maybe the shared pathological
basis of obesity-associated skin disorders [4]. Skin fragmentation evolves into a
cutaneous sign known as striae.

An allergic skin disease well associated with obesity, described in the literature,
is atopic dermatitis (AD), formerly known as atopic eczema. It is characterized as
a chronic inflammatory illness associated with an increase in T helper2 (Th2) lym-
phocytes. Both AD and obesity, or other inflammatory conditions such as diabetes
mellitus, present a similar overproduction of cytokines and inflammatory mediators,
suggesting a possible shared causal association between these diseases [4].

A surprising aspect of Th17 differentiation is that TGF-p, which is produced by
many cell types and is an anti-inflammatory cytokine, promotes the development
of pro-inflammatory Th17 cells when other mediators of inflammation, such as IL-6
or IL-1, are present. Th17 differentiation is inhibited by IFN-y and IL-4; therefore,
strong Thl and Th2 responses tend to suppress Th17 development [5].

Since neutrophils are a predominant defense mechanism against many common
bacteria and fungi, Th17 cells play an important role in defending against these infec-
tions. Th17 cells combat microbes by recruiting leukocytes, mainly neutrophils, to
sites of infection [5].

Th17 cells contribute to the pathogenesis of many inflammatory diseases. The Th17
response has been associated with psoriasis, inflammatory bowel disease, rheumatoid
arthritis and multiple sclerosis. Agents that block the development or function of
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Th17 cells are in clinical trials for several of these diseases and are approved for the
treatment of psoriasis. These antagonists are not effective in inflammatory bowel
disease and perhaps also in rheumatoid arthritis, so the role of Th17 cells in these
diseases is unclear. Both Th1 and Th17 cells may be present in lesions in several
inflammatory diseases, and both may contribute to the development and propagation
of these disorders [5].

The frequency with which the nervous system is affected by diabetes was undoubt-
edly responsible for the initial idea that diabetes was caused by a disease of the
nervous system. It was not until 1864 that the opposite was initially recognized [6].

In the literature on diabetic neuropathy, a distinction has been made between
“peripheral” and “autonomic” neuropathy, without recognizing that the word
“peripheral” refers to the peripheral nervous system and not to the distribution of
the neuropathy. The peripheral nervous system has both somatic and autonomic
components [6].

Although the autonomic nervous system is traditionally referred to as an effer-
ent system, for innervation of visceral smooth muscle, it is important to include the
visceral afferent fibers that accompany it. Therefore, diabetic autonomic neuropathy
encompasses multiple disturbances of the motor, sensory and reflex functions,
particularly affecting the cardiovascular, gastrointestinal and urogenital systems. In
addition, there is also damage to the sudomotor and vasomotor thermoregulatory
mechanisms, the reflex pupillary function and the endocrine control mechanisms [6].
Central nervous system involvement can be recognized by symptoms of depression,
psychosis and mood changes.

There is poor literature on pathological studies of the vagus nerve in patients
known to have chronic autonomic diabetic neuropathy. Morphological studies of the
vagus nerve have mostly been conducted in its abdominal segment, demonstrating
a severe decrease in the density of unmyelinated fibers, with the “surviving” axons
being of small diameter [6].

Endogenous Cushing’s syndrome (CS) is an endocrine pathology rare with an
approximate incidence of 0.2 to 5 cases per million inhabitants per year. Up to 25% are
independent of adrenocorticotropin (ACTH), and the remaining 75% are dependent
on the same, 70% being of pituitary origin, known as Cushing’s disease (CD). Only
5% are often associated with an ectopic origin of ACTH production, frequently in the
setting of a neuroendocrine tumor. The Ectopic Cushing’s syndrome (ECS) poses a
diagnostic challenge and has an elevated morbidity and mortality rate due to its com-
mon association with comorbidities, delays in diagnosis and treatment that lead to an
increase in the risk of thromboembolism pulmonary, sepsis, opportunistic or dissemi-
nated parasitic infection, heart failure, gastrointestinal bleeding, psychosis acute,
progressive, debilitating myopathy, hypokalemia uncontrolled, hypertension and/
or hyperglycemia. There is no clear definition of severe hypercortisolism; however,
biochemical findings, such as random serum cortisol greater than 40 Ug/dL, elevation
of urinary free cortisol of 24 hours above five times the upper limit of normal and/or
severe hypokalemia, are often related to clinical presentations of severe CS [7].

Chronicity and cortisol levels will determine the severity of clinical appearance.
Changes are usually described phenotypic such as plethora, full moon face, abdomi-
nal stretch marks violet, buffalo hump, central obesity, muscle weakness proximal;
clinical manifestations that are not specific to a particular type of CS and are not
present in all patients. Hypertension arterial and diabetes mellitus, generally difficult
to control, are often associated with this entity. In the case pointed out, the patient
had no usual phenotypic demonstrations; he had a diagnosis of recent diabetes and
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hypertension associated with hypokalemia, severe, persistent and difficult to manage.
There has been recorded a frequency association between electrolyte disturbances
and acid-base balance with hypokalemia and metabolic alkalosis with ECS, so in
those cases where a document does not provide apparent cause or in those that do

not respond adequately when handling standard it is indicated to evaluate cortisol
levels as part of the differential diagnosis; which may be present up to 70% of cases of
Cushing’s syndrome and less than 10% of Cushing’ disease (CD) [7].

Measurements of salivary cortisol at night, 24-hour urine-free cortisol excretion,
or a 1-mg dexamethasone suppression test at night are essential to identify hyper-
cortisolism. In our case, we found a high 24-hour urinary cortisol level, paradoxical
suppression of serum cortisol after oral dexamethasone, and elevated ACTH, thus
establishing the presence of severe ACTH-dependent hypercortisolism. In CD, we
basically find an inadequate cortisol response to the post-dexamethasone brake,
which confirms the excess in its production, but in ectopic causes, this response can
become paradoxical with higher cortisol values after the brake because ACTH pro-
duction is higher when compared to that derived from corticotropic pituitary tumors.
A test can be performed with elevated doses of dexamethasone based on the fact
that ACTH secretion by pituitary adenomas is only relatively resistant to the negative
feedback regulation exerted by glucocorticoids. On the other hand, most nonpituitary
tumors associated with ectopic ACTH secretion are completely resistant to this feed-
back inhibition. It should also be stated that this test is not very specific, since up to
20% of patients with CD do not respond; so, it is necessary to document with imaging
the pituitary or extrapituitary cause of ACTH production [7].

With the diagnosis of ACTH-dependent CS, the first cause to be ruled out is the
presence of a pituitary adenoma. The image of choice is magnetic resonance imaging
of the sella turcica and in certain cases ACTH levels can be measured in the inferior
petrosal venous sinuses. If the presence of a pituitary adenoma is ruled out, the loca-
tion of an ACTH-producing tumor or neuroendocrine tumor (NET) should be evalu-
ated; often are pulmonary; small cell lung carcinoma, lung carcinoid tumor or thymic
carcinoid tumors (5-42%). The location of the ACTH-secreting tumor is difficult,
so different imaging techniques have been studied to enhance diagnosis. Studies can
be improved with abdominal tomography, since they also occur in pancreatic tumors
(7.5-25%), pheochromocytomas (2.5-25%), and much less frequently in the gastro-
intestinal tract, prostate and medullary thyroid cancer (2-8%). In our case, bilateral
adrenal hyperplasia and a pulmonary nodule at the right paracardiac level were regis-
tered. There are no imaging studies that are the gold standard to show all neuroendo-
crine tumors, and up to 10 to 20% of patients may remain without identifying their
source. The majority of tumors related to ectopic ACTH secretion are neuroendocrine
and have an overexpression of the somatostatin receptor (70-90% of cases). For
positron emission tomography (PET scan) using gallium 68 or 18 fluorodeoxyglucose,
sensitivity is high for the diagnosis of bronchial carcinoids. Approximately 20% of
ACTH-dependent SCs identified by PET scan are from a pulmonary source [7].

4, Conclusions

The main disease addressed in this narrative can be properly characterized and
differentiated from other clinical entities that are important in clinical practice. The
symptoms elucidated in this study encompass several organic systems that translate as
pain in the musculoskeletal system, osmotic diuresis in the renal system, weight gain
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in the endocrine system, striae in the integumentary system, infections that can be
localized or even generalized, depression, psychosis and mood changes in the central
nervous system. Subclinical hypercortisolism (SH), despite being a milder form of the
disease, was properly characterized in this study based on its pathophysiology. All of
this was differentiated from what occurs in other comorbidities, the main one being
diabetes mellitus.

The suspected diagnosis was discussed through advanced complementary
examinations collected from biological samples that brought markers and antigens
intrinsic to each process of establishing the disease. In hypercortisolism, the presence
of cortisol is decisive for diagnostic confirmation, so the clinical reasoning developed
throughout the study that characterizes this disease must be perfect.

The exclusion of diabetes mellitus must be a goal of clinical practice, since this
comorbidity presents points of intersection that confuse clinical reasoning for other
diseases due to its wide variety of alterations that occur at the biochemical level.
Other symptoms that characterize it include polydipsia, polyphagia, obesity, stroke,
thrombosis, atheromatosis and neuropathic pain. Knowledge of this clinical picture
facilitates the beginning of the dialog between the two clinical entities addressed in
this study, in order to establish a limit that separates them.

With the acquired and updated knowledge of the two diseases, it becomes possible
to establish this limit between the two in clinical practice.
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