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organs of healthy animals and animals with experimentally induced diabetes, she 

obtained original data about angiotensin II-induced force and time parameters. For the 
first time, she established the effect of ghrelin on angiotensin II-provoked contraction 
of the urinary bladder. Original data on the role of both types of angiotensin receptors 

for the contractile activity of the various segments of the gastrointestinal tract and 
bladder were obtained. By applying specific software for force and time parameter 

analysis, the contribution of different types of angiotensin receptors on muscle 
contractility has been shown. The new methodology was used to analyze the data 

obtained during the registration of smooth muscle relaxation activity, which allows 
the determination of not only the magnitude of the mechanical response but also the 
parameters related to the time and speed of the contractions. Plasma renin activity 
models have been developed using mathematical approaches to predict the effect of 

different drug doses on the behavior of the system.
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Preface

The renin-angiotensin system is a unique regulatory system by its nature and characteristic.
Its main components have been discovered for the first time, in connection with blood pres‐
sure regulation. The historic pathway from Robert Tigerstedt and Gunnar Bergman to the
discovery of the characteristics of individual elements and the study of their significance,
including the first synthesis of the converting enzyme inhibitor, captopril, is described in the
first chapter of the book by Otero-Losada et al. and José Milei. The accumulated data lead to
qualitatively new knowledge of the whole system: local PAS (paracrine, autocrine, and inta‐
crine system), new metabolites (angiotensin III and angiotensin IV, angiotensin 1–7 and an‐
giotensin 1–9), new enzymes, and new receptors. In the second part of the book, the authors
discuss the significance of the PAC for the functioning of the cardiovascular system. Restini
et al. describe in detail the role of RAS main effector angiotensin II for the remodeling of the
heart. A number of new studies, systematized by Kolakovic and Stankovic, clarify the im‐
portance of the two main types of angiotensin receptors in the pathophysiological mecha‐
nisms of atherosclerosis and interplay with other regulatory mechanisms. The importance of
the first choice of antihypertensive therapy in the treatment of patients with chronic kidney
disease is the focus of Georgianos et al. In the third part, the importance of PAC for the func‐
tioning of the reproductive system is described in the two separate chapters: the importance
of classical and local PAS with the main effector angiotensin (1–7) for the development of
pathological abnormalities in the progression of pregnancy (Pepin et al.) as well as the
known facts about PAS and reproductive biology (by Castilho and colleagues). The fourth
part contains chapters of varied content that systematize the latest facts in the respective
topics. Morato et al. look at the new knowledge about the relationships between RAS and
reactive oxygen species that are of great importance for a large number of disturbances.
Newly discovered signal transduction pathways and their elements are also produced in the
retina and are of great importance for the maintenance of the local homeostasis of the visual
sensory system and for the control of the local inflammatory response (Ozlem). Ahmadian
et al. systematize the interaction of stem cells and RAS as well as the importance of modula‐
tion of cellular interactions, including local RAS at different levels, which provides new per‐
spectives for stem cell therapy. MicroRNAs (miRNAs) are posttranscriptional gene
expression regulators, which can remodel brain RAS and act as mediators between local and
systemic RAS. Gerardo-Aviles et al., systematizing all of these facts, address the challenges
of using miRNAs for diagnosis and therapeutic interventions in the future. Viero and de
Andrade analyzed the effects of RAS blockade on the development of renal fibrosis and re‐
jection of allograft.

A new concept for a complete picture of the system is being created. From a system of blood
pressure regulation, it becomes a complex system, extremely rich in feedback and regulating



both brain functions and functions of all internal organs. It could be called "äutonomic" en‐
docrine system. The central units of both autonomic systems converge on the level of the
hypothalamus but interact not only on the central but also at the peripheral levels, making
extremely precise regulation of body homeostasis.

Anna Naidenova Tolekova
Trakia University, Medical Faculty,

Stara Zagora,
Bulgaria
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Section 1

History





Chapter 1

The Angiotensin Affair: How Great Minds Thinking
Alike Came to a Historical Agreement

Matilde Otero‐Losada, Mariana H. Nobile and
José Milei

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67136

Abstract

In 1934, J. C. Fasciolo had to submit a thesis and Dr. Houssay suggested he investigate 
about nephrogenic hypertension. E. Braun‐Menéndez showed interest in helping and Drs. 
L.F. Leloir and J.M. Muñoz from the Institute of Physiology joined them in their attempt 
to isolate and purify the pressor substance. In 1939, they extracted the substance “hyper‐
tension” from the venous blood from the ischemic kidneys. They proposed an enzyme‐
substrate reaction. They named hypertensinogen the substrate and hypertensinases the 
enzymes that break down the hypertension. Two months following the Argentine publica‐
tion, the team in the United States, formed by I.H. Page and O.M. Helmer, published their 
findings, which were in agreement with those reported by the Argentine team. By 1940, 
they isolated angiotonin, the equivalent of hypertension, and called the renin substrate 
hypertensinogen. In 1957, in the conference held in Ann Arbor, Braun‐Menéndez and 
Page agreed on a new nomenclature. As a result, the words angiotensinogen and angio‐
tensin were born from the combination of the names originally set by both teams. The 
discovery of the renin‐angiotensin system is an example that science should follow: Value 
the progress made by colleagues, collaborate side by side, and pursue the ultimate truth.

Keywords: angiotensin discovery, hypertension, renal disease, renin‐angiotensin 
system, vasoconstriction, blood pressure, kidney ischemia, renal grafting

1. Introduction

A systematic review of both autobiographical and biographical documentation is provided, 
concerning with original experiments that change the course of hypertension treatment, along 
with a chronology of the major events which led to angiotensin discovery. This historical hit 
marked the evolution of antihypertensive treatment and later on gave rise to the development 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



of a whole new family of drugs, the angiotensin receptor blockers (ARBs). At present, their 
main uses are in the treatment of hypertension, diabetic nephropathy, and congestive heart 
failure. By now, annual global sales of renin‐angiotensin inhibitor drugs are estimated around 
US$ 27.3 billion, 24% in Europe. Actually, much of these come from single‐sourced angiotensin 
receptor blockers (ARBs).

2. Discovery of angiotensin

Using relatively unsophisticated methods (in light of present technology), laboring hard and 
carrying out keen experiments, two teams of prestigious scientists identified the precise pep‐
tide called angiotensin, which induced experimental renal hypertension [1]. The discovery 
of the renin‐angiotensin‐aldosterone system (RAAS) was relevant in understanding a key 
mechanism involved in the maintenance and control of arterial blood pressure. As it would be 
revealed in time, this system indeed participates in other processes such as inflammation and 
oxidative stress as well. Years later, the characterization of the RAAS would render the synthe‐
sis of the presently used antihypertensive drugs. The development of angiotensin‐converting 
enzyme (ACE) inhibitors proved that the RAAS is effective in controlling hypertension and 
heart failure, and in preventing vascular injury in chronic diseases.

2.1. Early investigation that led to the discovery of angiotensin

The nineteenth century was the seeding period where evidence and theories linking renal 
perfusion and blood pressure control in both physiological and pathological conditions were 
put forward [2]. It was not until 1936 when R Bright first reported evidence supporting the 
functional link between cardiac hypertrophy and renal disease [3]. He associated hypertrophy 
with an increase in small vessels resistance to blood flow as a result of an altered condition in 
blood. In 1868, G. George Johnson had indeed shared the outcome of his studies on nephritis 
and suggested that some kind of abnormal condition of the blood induced the hyaline‐fibroid 
modifications he observed in renal vessels. Moreover, such particular condition of the blood 
was responsible for left ventricular hypertrophy as well [4]. Only 4 years later, FA Mahomed 
succeeded in measuring blood pressure using an interesting “ultramodern” device at the 
time, namely a sphygmograph [5]. He also reported the relationship between left ventricular 
hypertrophy and hypertension due to nephritis in patients not affected by renal disease [6, 7]. 
Later on, Riva‐Rocci explained and depicted in detail the characteristics of another device, 
the sphygmomanometer which made possible to measure arterial pressure in humans. At the 
beginnings of the new century, the Russian physician Nikolai Korotkoff, at the time of his 
work at the Imperial Medical Academy in St. Petersburg, described the characteristic sounds 
which took his name in his honor [8, 9].

In 1898, the medical scientist and physiologist Professor Robert Tigerstedt (1853–1923) and 
Gunnar Bergman, one of his fellows at the Karolinska Institute (Stockholm), reported a dra‐
matic rise in blood pressure following the injection of kidney extracts to rabbits, suggesting 
the presence of a vasoconstrictor substance which they called “renin” in renal cortex [10]. As 
to why Tigerstedt paid attention to the subject, inconclusive guesses had been put forward. 
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Perhaps the intertwining pathophysiology linking hypertension and renal disease estab‐
lished by Bright (1789–1859) or the discovery of an adrenal hormone by Séquard (1817–1894) 
awakened his interest. Yet, he abandoned the subject on his return to Finland later [11] and 
published no follow‐up. Reproducibility of renin activity posed high technical difficulties. 
Tigerstedt may have felt discouraged and gave up trying any longer, as suggested by Professor 
Aurell [12].

The cardiovascular, renal, and central nervous systems are targets for hypertensive damage. 
In 1923, Franz Volhard (1872–1950) put forward the idea of a vasospastic substance caus‐
ing malignant “pale” hypertension which characteristic symptoms as pale skin, decreased or 
blurred vision and headaches (ocular and central changes, respectively) [13]. Contradictory 
reports appeared regarding whether this vasoconstrictor substance was actually found in the 
blood of hypertensive patients or it was not [14]. Unsuccessfully, Volhard and his collabora‐
tors attempted to measure and characterize a circulating vasoconstrictive substance in hyper‐
tensive patients with acute glomerulonephritis [13], most probably due to technical issues and 
defective analysis techniques [15].

Many attempts were made to create an experimental model of hypertension, such as irra‐
diating the renal parenchyma, reducing its mass by ablations, and occlusion of branches of 
the renal artery. These were not successful. In 1909, Theodore Caldwell Janeway (1872–1917) 
described an increase in blood pressure after occlusion of the renal artery branches and exci‐
sion of the contralateral kidney [16]. However, it was not until 1934 that Harry Goldblatt 
(1891–1977) developed an experimental canine model of hypertension, known as “Goldblatt 
kidney.” He reported that permanent hypertension induced by renal artery blockage that 
was neither prevented nor abolished by section of the vasomotor branch of the sympathetic 
nervous system in dogs [17].

2.2. Work performed by the Argentine team

In the 1930s, the lab of physiology at the Faculty of Medicine of the University of Buenos 
Aires, led by the Nobel Prize winner Bernardo Houssay (1887–1971), was about to live one of 
its most prolific periods. In 1934, J. C. Fasciolo (1911–1993), a student of the School of Medicine 
at the University of Buenos Aires, had to submit a thesis to complete his undergraduate 
degree. Dr. Houssay suggested he investigate about nephrogenic hypertension, a suggestion 
brought by the premature death of one of his most brilliant fellows called Juan Guglielmetti 
(1891–1922). He died at the age of 33 years from a malignant hypertension [18].

Carlos Alberto Taquini (1905–1998) was a member of the Department of Physiology who had 
the privilege of listening to F. Volhard in 1931. He proposed and discussed with Fasciolo and 
Houssay the humoral theory of vasospasm involved in hypertension. This theory considered 
the possibility that the substance released by the kidneys might act directly on the blood ves‐
sels. Taquini reported that following kidney ischemia, a vasoconstrictor substance appeared 
in the renal vein of dogs. Actually, perfusion with a blood of hypertensive animals induced 
strong vasoconstriction, while blood from normotensive dogs did not [19]. In the same line of 
work, he perfused the hind legs of toads with diluted plasma in the experimental condition 
known as Lawen‐Trendelenburg preparation [20, 21]. During the same year, Taquini proved 

The Angiotensin Affair: How Great Minds Thinking Alike Came to a Historical Agreement
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that the increase in blood pressure observed after restoring blood flow in ischemic kidneys 
was caused by the same vasopressor substance involved in the previous studies [22].

Fasciolo initially sought to destroy the renal cortex of rats to develop a model of experimental 
hypertension. However, he encountered methodological difficulties, and the results were not 
consistent. He came across the article published by Goldblatt, and after reading it, he began 
to apply the method described by him [23]. Being instructed in renal grafting by Houssay, 
now without failures and disappointments in the beginning, Fasciolo succeeded in induc‐
ing hypertension in dogs as shown by Goldblatt [24, 25]. Unequivocally, when the grafted 
kidneys were perfused, hypertension slowly and gradually developed [23]. This experiment 
confirmed that a pressor substance was actually secreted by the kidneys. Pharmacologically, 
induced hypertension was refractory to an administration of sympatholytic drugs, atropine 
or cocaine, while it was potentiated following bilateral nephrectomy [26].

Of course, they had to characterize, purify, and learn much more about the physiological role 
of this pressor substance to study its physiological activity [23]. Eduardo Braun‐Menéndez 
(1903–1959) showed himself interested in helping, just after his return from England where 
he had obtained a grant and studied myocardial metabolism with Dr. Charles Arthur Lovatt 
Evans (1884–1968). Using a heart‐lung preparation and perfusion of an isolated kidney, they 
observed that flow interruption for just a few minutes was enough to induce the presence 
of the vasopressor substance in the renal venous blood. This was checked by injecting the 
venous blood from that preparation into nephrectomized dogs. This finding would later 
become of huge importance. The preparation of hypertensive dogs was not simple, and large 
amounts of venous blood would be required to isolate the hypertensive agent [23, 27]. At that 
time, Drs. L.F. Leloir (1906–1987) and J.M. Muñoz were working at the Institute of Physiology 
and accompanied Fasciolo and Braun‐Menéndez in their attempt to isolate and purify the 
pressor substance. Leloir and Muñoz worked mainly on the chemical aspects, and Braun‐
Menéndez and Fasciolo worked on the pharmacological aspects [23]. This group, perhaps 
one of the most brilliant that Argentine science has had, functioned in total harmony. In the 
words of Leloir: Good spirit reigned in the laboratory. Fasciolo pointed out the importance of 
the diversity in viewpoints of him and his colleagues stating that “Leloir and Muñoz are well 
versed in biochemistry, while Braun‐Menéndez and I are better versed to physiology” [28]. 
Dr. Houssay was aware of the progress of their research and helped them with his advice and 
his constant support [23].

The group first tried working with the toad preparation successfully used earlier by Taquini 
in the characterization of various extracts. Later on, they decided to perform their research 
using the most reliable, though more expensive, dog model [23]. In 1939, they extracted the 
vasopressor substance with acetone from the venous blood from the kidneys that were sub‐
jected to periods of ischemia. This substance produced an increase in arterial pressure when 
it was injected in animals, although this effect only lasted a few minutes. A very different 
scenario occurred when ischemic kidneys were implanted to the cervical circulation, where 
the increase in arterial pressure was of a prolonged nature. The isolated substance was heat 
stable, dialyzable and had a brief hypertensive effect, characteristics that differentiated it from 
renin. The Argentine team named this substance hypertension. The next step was to elucidate 
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Dr. Houssay was aware of the progress of their research and helped them with his advice and 
his constant support [23].

The group first tried working with the toad preparation successfully used earlier by Taquini 
in the characterization of various extracts. Later on, they decided to perform their research 
using the most reliable, though more expensive, dog model [23]. In 1939, they extracted the 
vasopressor substance with acetone from the venous blood from the kidneys that were sub‐
jected to periods of ischemia. This substance produced an increase in arterial pressure when 
it was injected in animals, although this effect only lasted a few minutes. A very different 
scenario occurred when ischemic kidneys were implanted to the cervical circulation, where 
the increase in arterial pressure was of a prolonged nature. The isolated substance was heat 
stable, dialyzable and had a brief hypertensive effect, characteristics that differentiated it from 
renin. The Argentine team named this substance hypertension. The next step was to elucidate 

Renin-Angiotensin System - Past, Present and Future6

the existing relationship between renin and hypertension. In the first instance, fragments of 
renal cortex were incubated with plasma in anoxic conditions. This, however, did not yield 
hypertension. It was explained by the possible presence of enzymes that metabolize it. In a 
second attempt, the extracts of renin were incubated at 37°C with plasma, obtaining through 
this method the vasopressor in vitro. Basing themselves on their findings, they proposed 
an enzyme‐substrate reaction for the formation of hypertension. They named hypertensin‐
ogen the substrate, the enzyme renin, and hypertensinases the enzymes that break down 
the hypertension [29, 30]. The sustained hypertensive effect achieved through the implanta‐
tion of ischemic kidneys would be caused by renin release of renin and continuous genera‐
tion of hypertension in plasma, as they reported in the “Revista de la Sociedad Argentina de 
Biología” (Journal of the Society of Argentine Biology) in 1939 [23].

It is important to note that Taquini was not in Argentina exactly when hypertension was iso‐
lated. He had left to the United States to work at the Fatigue Laboratory at Harvard University 
alongside Dr. David B. Dill (1891–1986) and Dr. Paul Dudley White (1886–1973) within the 
frame of a fellowship in 1938 [31]. After 1 year working in Boston, Dr Taquini returned to 
Argentina and went on working as part of the team again, though he was not included in the 
work where the discovery was published [23].

2.3. The team in the United States arrives at the same conclusions

Only 2 months following the Argentine publication, Drs Irvine H. Page and O M. Helmer 
(Eli Lilly Research Laboratories, Indianapolis) published a full‐scale study showing experi‐
mental evidence of the existence of a pressor substance, renin [32]. Their findings were in 
agreement with those reported by the Argentine team The Americans followed an entirely 
different approach: They dedicated themselves to concentrating renin from extracts of renal 
parenchyma and to study its vasoconstrictory function in dog tail and rabbit ear. These 
experiences showed that vasoconstriction was only observed when the animal tissue was 
perfused with plasma and did not happen when Ringer Lactate was utilized. In 1938, this 
led to the conclusion that there should be an activating substance for renin in plasma [33]. 
In 1939, this conclusion was presented by Page et al. at a reunion of the American Heart 
Association. Taquini, having been present in the auditorium and being aware of the progress 
of the Argentine team, refutes the arguments presented by Page saying it was not activated 
renin substance that caused vasoconstriction but an entirely different substance [20]. Page 
said that he was widely criticized for using the word activator of renin, but that he did so 
wanting to be wise, seeing as how the enzymatic reaction catalyzed by renin had not been 
demonstrated by that time [32]. By 1940, the team isolated angiotonin, the equivalent of 
hypertension that the Argentine team had obtained, through the interaction between the 
renin activator and renin [34]. Later, Page et al. reviewed the denomination called renin acti‐
vator, hypertensinogen, or renin substrate [35].

2.4. Treaty between gentlemen

Braun‐Menéndez et al. must have been very disappointed when a few months after their pub‐
lication, Page and his team reached the same results utilizing another route. In 1957, 25 years 
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after Goldblatt’ successfully raised blood pressure by inducing renal ischemia in dogs, the 
Regional Conference on Basic Mechanisms of Arterial Hypertension of the University of 
Michigan was held in Ann Arbor in his honor. The Organizing Committee was chaired by 
Drs Sibley W. Hoobler and David F. Bohr [15]. It was then that, beyond and far from conflict, 
Braun‐Menéndez and Page agreed on a new nomenclature. As the result, the words angioten‐
sinogen and angiotensin were born from the combination of the names originally set by both 
teams [32, 36].

Edward D. Frohlich (Alton Ochsner Distinguished Scientist at the Alton Ochsner Medical 
Foundation and Editor in Chief of the Hypertension journal) commented that Page had pointed 
out to him, while he was drinking martinis with Braun‐Menéndez at a lunch during the 
Michigan meeting. It was by then that the compromised to solve the differences getting to a 
common nomenclature for their findings. Then, a very short and concise report was published 
in Science and was the very proof of their settled agreement [1, 36]. Actually, as Page recog‐
nized, cooperation was so close that claiming priority from any part would have been non‐
sense and they should share either the blame of the congratulations [32]. In 1985, Page sent a 
letter to Fasciolo expressing his hope that their resolve on the nomenclature issue would serve 
as an example for future generations of scientists to come. He shared an interesting message 
for the future generations of scientists saying that they could not possibly leave unsolved a his‐
torical puzzle so anyone might speculate on an imaginary dispute which had never occurred. 
In his letter, he clearly stated that the hypertension story should well serve as a model to follow 
when dealing with difficult situations, for example, with gentleness and making alliances [23].

The following years were strange, in the sense that Goldblatt and Skeggs in the United States, 
and leading groups in Europe went on using the Argentine name [15]. In contrast, Taquini et 
al. emphasized on the need of accepting unified names [37]. In one of his publications, Leonard 
T. Skeggs Jr. (1918–2002, biochemist in Case Western Reserve University, Cleveland, Ohio) 
mentioned: “I must explain, parenthetically that angiotensin was known to us, being follow‐
ers of Harry Goldblatt and Eduardo Braun‐Menéndez, as hypertension. Merlin Bumpus knew 
angiotensin as angiotonin. This was natural because Merlin worked with Irvine Page, who had 
coined the name angiotonin. It was a number of years later that Page and Braun‐Menéndez 
agreed on the name angiotensin, and all the rest of us used the new name” [38].

Both teams shared the merit of the discovery, proving that beyond being great investigators 
they were essentially remarkable persons.

2.5. What comes after this great discovery

Following angiotensin discovery, the Argentine team focused on studying the enzymatic 
origin and release of angiotensin from angiotensinogen, the peptidic nature of angiotensin, 
renin secretion from kidneys, hepatic synthesis of angiotensinogen, pharmacological profile 
of angiotensin, and so [39–41]. Researchers like Alberto Agrest, Pedro C. Blaquier, Alberto 
C. Taquini, Jr and Ignacio J. de la Riva, who had begun their scientific career working at 
the Instituto de Investigaciones Cardiológicas (School of Medicine, University of Buenos Aires) 
years ago, returned to work there [15]. Leloir et al. conclusively confirmed the hepatic origin 
of renin studying nephrectomized dogs with and without liver ablation [42]. This had been 
proposed earlier by Page et al. showing no convincing evidence though [43].
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In the 1940s, a powerful mineralocorticoid called electrocortin was described by Grundy. In 
1953, Russian‐born English Sylvia Agnes Sophia Tait (1917–2003) et al. identified electrocortin 
by means of chromatography. This hormone was then renamed aldosterone. In 1955, Jerome 
W. Conn (1907–1994) described primary hyperaldosteronism, as a result of a single adrenal 
adenoma [44].

Skeggs et al. succeeded in the isolation of Angiotensin I (Ang I). Others like Lentz et al., 
Elliot, and Peart could elucidate the structure of Angiotensin II (Ang II). In 1950, Bumpu's 
and Schwyzer's groups reported the synthetic pathway of angiotensin. Skeggs and his group 
recognized the existence of two different forms of angiotensin and also identified the angio‐
tensin‐converting enzyme (ACE) which was later revealed as a kininase II enzyme by Erdös. 
Then, an intimate relationship between angiotensin generation and bradykinin destruction 
was demonstrated [45].

The contribution of another Argentine scientist the chemist Miguel Angel Ondetti (1930–2004) 
is also important. He synthesized captopril in 1975, the first of the ACE inhibitors, the same as 
the enalapril precursor and others of substantial therapeutic importance, showing the patho‐
physiological relevance of angiotensin [46].

The discovery of the renin‐angiotensin system is much more than theoretical knowledge required 
for any physiology book. It undoubtedly represents one of the highlights of Argentine physi‐
ological discoveries, and what is even more important, an example that science should follow: 
Value the progress made by colleagues, collaborate side by side, and pursue the ultimate truth.
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Abstract

The renin-angiotensin system (RAS) is a well known for its role in the regulation of the
blood pressure (BP). Angiotensin II (Ang II), the main mediator of the RAS, may act
either, as a systemic molecule or a locally produced factor. Within the vessel wall it has
significant proinflammatory role by inducing the oxidative stress, secretion of inflam-
matory cytokines and adhesion molecules. Ang II could trigger proliferation of vascular
smooth muscle cells (VSMC) and its migration to the outer layer of the vessel wall. It
could induce the release of matrix metalloproteinase (MMPs), from human VSMC and
thus increase susceptibility to rupture of atherosclerotic lesions. Binding of Ang II to
AT1R/AT2R could have opposing actions in vascular injury. The ACE2/Ang (1-7)/Mas
axis of the RAS also opposes the unfavourable actions of ACE/Ang II/ATR1 axis. Inhibi-
tion of RAS could reduce inflammation-associated processes in vasculature, indepen-
dently of lowering BP. RAS is significantly modulated by the genes coding for this
system. Certain genetic variants (SNPs) in the RAS genes have been denoted as the
functional ones and have been associated with hypertension, cardiovascular phenotypes
and atherosclerosis. Also, the genetic components of the RAS interfere with the regula-
tors of gene expression by microRNAs (miRs).

Keywords: renin-angiotensin system, atherosclerosis, genetic variant, micro RNA gene
expression

1. Introduction

1.1. Short overview of the RAS

The renin-angiotensin system (RAS) is a cascade well known for its primary role in the
regulation of blood pressure (BP) and sodium homeostasis. It has a significant role in regulat-
ing fluid and electrolyte balance by exerting its actions on the heart, blood vessels and kidneys.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The circulating RAS comprises liver-secreted angiotensinogen (AGT) that is enzymatically
converted into angiotensin I (Ang I) in the bloodstream by kidney-derived renin. In the next
step, Ang I is being converted by angiotensin-converting enzyme (ACE) to form Ang II. Ang II
is the main effector in this system that acts either as a systemic molecule or as a locally
produced factor.

The RAS is probably one of the most investigated biological systems over past 30 years. Given
its pleiotropic biological effects, it is expected. Its complexity underlies the fact that research
involving RAS molecules and actions in health and disease is still very active and intriguing. In
the past decade, a substantial expansion of our knowledge of the RAS was emerged. It is
verified by newly discovered components. One of them is a homologue of ACE, angiotensin-
converting enzyme 2 (ACE2), which exerts a role as a negative regulator of the RAS [1] by
cleaving Ang II to Ang-(1–7) [2, 3]. Namely, Santos et al. demonstrated that Ang-(1-7) is the
ligand for the G-protein-coupled receptor Mas, and that the ACE2–Ang-(1–7)–Mas axis is the
counter-regulating of the actions of classical RAS [4, 5]. Also, a variety of biologically active
peptides, novel components of the RAS have been found recently: proangiotensin-12 (angio-
tensin-(1–12)) [6], angiotensin A (Ang A) [7, 8] and alamandine [9, 10].

1.2. Tissue and intracellular RAS

Our knowledge of the RAS has undergone substantial revision in the past few years. The
existence of local (tissue) RAS systems that are independent of those stimulated by the classical
RAS made it evident that the RAS is more complex than originally thought [11]. In that way,
RAS is experienced substantial conceptual changes. Local (tissue) RAS represents tissue-based
formation of angiotensin peptides that operate separately from the circulating RAS [12]. Tissue
RAS systems are located in all major organs, including brain, heart, large blood vessels,
adrenals and the kidneys [13]. Local RAS systems exert various actions depending on the type
of cells involved and play crucial role in the maintenance of cellular homeostasis.

In order to identify a tissue-specific RAS at least one of the following criteria have to be fulfil
[14]: (1) mRNAs for all components required for biosynthesis of a biologically active Ang II are
present, (2) a biologically active angiotensin peptide is synthesized, (3) receptors for the
biologically active angiotensin peptide are present, (4) the biologically active angiotensin
peptide in the tissue is regulated, independently of the circulating RAS and (5) reduction or
elimination of the action of the angiotensin peptide produces a physiological response.

There are other components of local RAS that are contributing to tissue-specific mechanisms of
angiotensin peptide formation. They are participating in the progression of disease, or con-
trary, in mechanisms that protect from tissue injury [12]. These components include the (pro)
renin receptor [15, 16], renin-independent mechanisms of Ang peptide generation from Ang-
(1–12) [17, 18], intracellular RAS [19], previously mentioned ACE2/Ang-(1–7)/Mas receptor
pathway [20] and they all may possess therapeutic potential.

Although different concepts of local RAS have been described, its key characteristic is a synthesis
of AGT and enzymes, such as renin, that cleaves AGT to produce Ang I independently of the
circulating RAS [12, 21, 22]. The presence of ACE, Ang II type 1 (AT1R) and type 2 (AT2R)
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receptors and Ang II in different cells supports the concept of local RAS [23]. The local RAS
seems to be regulated independently from the circulating system in a specific manner depending
on the cell type and extracellular stimulus [24]. Despite that it can interact with the circulating
system and complement it.

Some of the attempts to define local RAS that are independent of the circulating RASwere made in
animal models [12]. One of the approaches to studying the functional importance of locally
synthesized RAS components is to demonstrate their targeted overexpression or deletion in spe-
cific tissues. The evidence shows that in most tissues, local RAS enhances the actions of circulating
Ang II, which has important implications for the pathophysiology of cardiovascular diseases.

In addition to classical and local tissue RAS, there is an intracellular RAS. This system is
characterized by the presence of a functionally active RAS within the cells that can intracellu-
larly synthesize Ang II [19, 25]. This means that Ang II is involved not only in an endocrine but
also is a paracrine and an intracrine signaling system within tissues [26]. For example, intra-
cellular delivery of Ang II leads to increase in intracellular calcium, growth of vascular smooth
muscle cells (VSMCs) and regulation of muscle tone [27, 28]. This suggests that the intracellu-
lar Ang II has different functions compared to extracellular Ang II.

2. RAS and atherosclerosis

2.1. Molecular processes in atherosclerosis through the prism of RAS actions

Ang II, the main effector peptide of RAS, participates in all phases of the atherogenesis. It is
proposed that the activation of RAS, and particularly Ang II, is involved in the initiation and
progression of atherosclerosis in the absence of hemodynamic influences [29, 30]. Moreover,
activation of RAS in the vascular wall has important modulatory activities in the development
of atherosclerotic plaques, by stimulating a series of coordinated cellular and molecular events
observed in the lesions.

2.1.1. Role of RAS in atherosclerosis development

The initial steps of atherosclerosis include endothelial dysfunction, which allows the migration
of inflammatory cells and lipid droplets into the damaged part of the vessel wall, where they
accumulate and form a “fatty streak”. Oxidative stress is one of the main factors that promote
vascular endothelial dysfunction. This is initial phase of vascular damage, when elevated
levels of reactive oxygen species (ROS) that might be caused by Ang II induce impaired
endothelial relaxation and vascular function [31]. ROS are free radicals involving oxygen, such
as superoxide anions, hydroxyl radicals and hydrogen peroxide. These are mainly generated
by mitochondria as by-products of cellular metabolism in the vessel wall by all vascular cells,
including endothelial cells, VSMCs and adventitial fibroblasts. However, the imbalance
between ROS generation and antioxidant protection leads to a state of oxidative stress, which
can have deleterious effects as it modulates numerous cell signaling pathways. This is
manifested as increased expression of pro-inflammatory genes, cell migration and prolifera-
tion, extracellular matrix production and apoptosis in the vessel wall, all of which play an
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important role in vascular injury [32]. RAS activates NAD(P)H oxidase by enhancing Ang II/
AT1R signaling which leads to increase in ROS production in both vascular endothelial cells
and VSMCs [33, 34]. Ang II may traffic to mitochondria and AT1R could be expressed on outer
mitochondrial membranes [35]. This way Ang II may stimulate an increase in mitochondrial
oxidative stress, thus leads to VCMC senescence. Also, mitochondria may endogenously
produce Ang II [36–38]. Several animal studies show that Ang II causes and contributes to
aortic endothelial dysfunction [39–41]. It promotes abnormal vasomotion, a procoagulant state
and transmigration of inflammatory cells into the vessel wall [42]. Within the vessel wall, Ang
II increases vascular permeability via activation of vascular cell adhesion molecule-1 (VCAM-
1) [43], intercellular adhesion molecule (ICAM)-1 [44], and endothelial growth factor (VEGF)
[41, 42, 45, 46]. The key step in the formation of the initial lesion in atherosclerosis is the
inflammation at the site of plaque formation caused by monocytes recruited from the blood
stream by VCAM-1 [47]. Additionally, Ang II stimulates apoptosis of endothelial cell and
VSMCs [48, 49].

The next stage in fatty streak formation is oxidation of low density lipoprotein (ox-LDL). Ox-
LDL has important atherogenic properties as it penetrates the endothelial layer and gets taken
up by macrophages and VSMCs, which results in the creation of lipid-containing foam cells.
Ang II increases the interleukin-6 (IL-6)-mediated uptake of oxidized LDL by macrophages
[50]. Moreover, Ang II upregulates lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) and 12-lipoxygenase (12-LO) and 15-lipoxygenas (15-LO) expression in human
VSMC. Thus, these two actions are accelerating LDL oxidation within the cell and enabling
the internalization of exogenous ox-LDL, which could increase the susceptibility of human
VSMC to transformation into foam cells [51].

The exposure of vascular cells to excess lipid (modified LDLs) with concomitant endothelial
dysfunction/activation and the internalization and lipid deposits in the intima of vessel wall
leads to further progression of atherosclerotic plaques [52]. Since advanced lesions predomi-
nantly consist of inflammatory cells, it is considered that at this stage progression of athero-
sclerosis is inflammation-driven. Modified LDLs enhance a broad range inflammatory
responses, including activation, recruitment and infiltration of different immune cells (mono-
cytes, neutrophils, natural killer cells, mast cells and dendritic cells) although the contribution
of circulating monocytes is the most important [52]. When monocytes infiltrate and reach the
sub-endothelium they differentiate into macrophages, under the stimulation of macrophage
colony-stimulating factor (M-CSF). Macrophages are very adaptable cells that can undertake
different phenotypes and functional characteristics, depending on the local microenvironment,
which is a process known as ‘polarization’ [53, 54]. Distinct macrophage subtypes (M1 and
M2) have been detected depending on the stage of atherosclerosis. Once differentiated, macro-
phages express high levels of pattern recognition receptors on their surface. These receptors
have the ability to take up modified LDLs. Macrophages, then become lipid-laden and convert
into foam cells. There is a potential role that Ang II provoking recruitment and activation of
both macrophages and T cells into the vessel wall, by stimulating the expression of pro-
inflammatory chemokines and cytokines, since both macrophages [55] and T cells express the
AT1R on their surface [56, 57]. Ang II also increases monocyte chemoattractant protein-1
(MCP-1) expression in culture VSMCs as well as monocytes [58].
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Importantly, Ang II induces the activation of several pro-inflammatory transcription factors.
One of them is nuclear factor kappa B (NF-κB). Ang II activates NF-κB via AT1R in vascular
cells and mononuclear cells, both in vivo and in vitro [59, 60]. The increase Ang II activates
NF-κB by phosphorylating IκBα and p65 [61], which induces enhancedmatrix metalloproteinase
9 (MMP-9) expression [62]. The AT1R mediates most of the actions of Ang II, but experimental
data suggest that AT2R is also involved in Ang II-mediated NF-κB activation in inflammatory
cell recruitment [63]. Recently, both an increase in AT1R and ACE levels and activation of NF-κB
in heart have been reported in rat a model of a metabolic syndrome known as an inflammatory
condition associated with accelerated atherogenesis [62, 64].

On the other hand, Ang II-induced activation of NF-kB could downregulate peroxisome
proliferator-activated receptors (PPARs), PPAR-alpha and -gamma. This may diminish the
anti-inflammatory effect of PPARs, thus contributing to enhanced vascular inflammation,
leading to the acceleration of atherosclerosis in mice deficient for apolipoprotein E(ApoE -/-)
mice [65]. Also, Ang II is inducing inflammation and remodelling of the vessel wall via
activation of transcriptional mediator, Ets-1, member of ETS family of transcription factors
[66]. Recently, inflammatory actions of Ang II were diminished by sirtuin-1 (SIRT-1) activator
SRT1720. Treatment with SRT1720 decreased expression of TNF-a, IL-6, MCP-1, VCAM-1,
ICAM-1, activation of NF-kB, STAT3 and infiltration of inflammatory cells in atherosclerotic
plaques, induced by Ang II [67]. In order to inhibit Ang II signaling, SIRT-1 activation is a
promising atheroprotective mechanism.

2.1.2. Role of RAS in atherosclerosis progression and acute complications

Over time continued plaque growth causes thickening and stiffening of the vessel wall and
destabilizes it. This process results in a plaque rupture, which manifests as an occurrence of
acute complications and development of ischaemic syndromes. Furthermore, the release of
growth factors and cytokines by foam cells stimulates VSMC migration from the media into the
intima. Upon arrival, these cells divide and produce extracellular matrix (ECM) components that
contribute to the formation of the fibrous cap covering the plaque lipid core [68]. Also, Ang II
triggers VSMCs to proliferate andmigrate to the outer layer of the atherosclerotic plaques, where
they produce growth factors and extracellular matrix proteins [69, 70]. The deposition of ECM
components secreted by VSMCs in the plaques increases their size and eventually become
occlusive. The interaction between exposed atherosclerotic plaque components, platelet recep-
tors and coagulation factors from blood leads to platelet activation, aggregation and the subse-
quent formation of a thrombus, which may compromise the arterial lumen [52]. The
thrombogenicity of the plaque is favored by a disturbance in the balance of coagulation and
fibrinolysis. The role of Ang II, as a mediator of thrombogenesis has been also supported by
animal studies [71, 72]. Namely, models of elevated Ang II levels, elicited both genetically and
via chronic Ang II infusion, have demonstrated increased tissue factor (TF) expression and
increased plasma plasminogen activator inhibitor-1 (PAI-1) level [73–75]. In vitro studies con-
firmed that Ang II induces the expression of TF in rat aortic endothelial cells [76] and human
monocytes [77]. Chronic Ang II infusion induces platelet-endothelial cell adhesion [78] and
accelerates thrombus formation in both large arteries [71, 79] and arterioles [74]. TF in athero-
sclerotic plaques initiates blood coagulation, directly stimulates SMC proliferation and activates
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MMPs capable of degrading collagen. MMPs digest ECM scaffold, including the overlying
fibrous cap, increasing plaque susceptibility to rupture. Moreover, Ang II induces release of
MMP-2 in murine VSMCs via p47phox cytosolic subunit of the NAD(P)H-oxidase. Therefore,
the activation of RAS contributes atherosclerotic plaque remodelling and potential destabiliza-
tion via a NAD(P)H-oxidase-dependent activation of MMP-2 [80]. Laxton et al. demonstrated
in vitro that MMP-8 cleaves Ang I to generate Ang II, and that MMP8-knockout mice have a
substantial reduction in formation of atherosclerotic lesions [81]. Moreover, an association
between MMP8 gene variation and extent of coronary and carotid atherosclerosis [81, 82] was
observed. Significant upregulation of MMP-8 gene expression in carotid plaque tissue was
observed in patients carrying haplotype G(-381)T(-799) of twoMMP-8 promoter polymorphisms
rs11225395 (-799 C/T) and rs1320632 (-381 A/G) [82]. Recently, it was shown that Ang II treat-
ment in vitro causes increased collagen I synthesis and galectin-3 (Gal-3) expression in mouse
HL-1 cardiomyocytes via protein kinase Calpha (PKC-α) pathway [83]. Gal-3 is involved in all
processes active in atherosclerosis: cell adhesion, cell activation and chemoattraction, cell growth
and differentiation [84]. An increase expression of Gal-3 mRNA in human carotid atherosclerotic
plaque tissue may be affected by rare genetic variants of the haplotype block, previously associ-
ated with Gal-3 circulating levels [85, 86]. Diverse cellular processes in atherosclerosis are
affected by microRNAs (miRs) and their expression are often tissue and disease-specific [87, 88].
Recently, the prediction algorithms and computational methods were applied to identify novel
miRs important in pathogenesis of early and advanced atherosclerosis [89]. Amongst a number
of miRs upregulated in atherosclerotic plaque, miR-155 shows dual properties in atherosclerosis
and has particular interactions with RAS. Its activity could suppress Ang II-induced extracellular
signal-regulated kinase (ERK1/2) phosphorylation and activation and regulate AT1R expression
in different vascular cells [90, 91]. Moreover, it is shown that miR-155 downregulates AT1R
expression, but not other RAS components [90].

2.2. Main RAS molecules in atherosclerosis through the magnifying glass

It is evident that Ang II, as a main mediator of RAS, promotes the formation of atherosclerotic
lesions. In animal models of disease, AT1R deficiency in ApoE -/- and LDL receptor (LDLR-/-)
atherosclerotic mice attenuates progression of atherosclerotic lesions, suggesting that AT1R
mediates most of the Ang II functions [92, 93]. Hyperlipidaemia upregulates AT1R whose
activation augments vascular oxidative stress and accelerates atherosclerosis [93], particularly as
oxidized lipid becomes a neo-antigen that attracts components of the adaptive immune system
to the vascular wall [94]. Consistent with this, AT1R deficiency causes a marked decrease in
atherosclerotic lesion size in both the aortic root and arch of female and male mice, without a
discernible effect on the composition. Also, aortic ATR2 mRNA expression is not altered in AT1R
deficient mice, and AT2R deficiency is not affecting the lesion area or cellular composition [93].

Pharmacological inhibition of endothelial dysfunction and diet-induced atherosclerosis in
ApoE AT1R-deficient mice dramatically attenuates the severity of atherosclerotic lesions
[92, 95]. It is believed that the protective effects of the AT1R blockade with its antagonists
(ARBs) include reduction of oxidative stress, reduction of inflammation and improvement in
endothelial function [92]. Pharmacological blockade of AT1R reduces lipid accumulation and
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increases the level of collagen within the atheroma and thereby stabilizes the formation of
atherosclerotic plaques in ApoE-deficient mice [96] and in those with disrupted AT1R gene in
bone marrow cells (BM) [97]. BM chimeric mice with disrupted BM AT1R show a reduced
number of atherosclerotic lesions in the aorta and more stable plaques with reduced accumu-
lation of BM-derived cells compared to AT1R-positive BM chimeric mice [97]. BM transplanta-
tion (BMT) from the ApoE-/-AT1R+/+ animals to the ApoE-/-AT1R-/- mice could restore Ang II-
induced aggravation of atherosclerosis and plaque destabilization, even when the recipient's
vascular cells do not express AT1R [98]. The contribution of AT1R in BM cells to the pathogen-
esis of atherosclerosis was demonstrated in LDL-receptor-deficient mice [99]. Hypertensive
hypercholesterolemic ApoE-/- mice with either normal or endogenously increased Ang II
production (renovascular hypertension models) were generated in order to study the contri-
bution of Ang II to plaque vulnerability [100]. Staging and morphology of plaques significantly
differed among these groups of mice and revealed an accelerated atherosclerosis in hyperten-
sive animals. Plaques from mice with high Ang II appeared to be vulnerable, whereas plaques
from mice with unchanged Ang II levels and similar blood pressure values were stable [100].
This mouse model of vulnerable plaque induced in a mouse is important and mimics a
pathophysiological state commonly found in humans.

The expression of ERK1/2 and pro-inflammatory cytokines was reduced in supernatants of
human carotid atheroma explant cultures treated with ARBs [101]. Also, in the same type of
atheroma ATR1 blockade led to significantly reduced Ang II, MMP-1, MMP-8 expression and
soluble elastin fragments [102]. This data recognized the ability of ATR1 blockade to modify
plaque stability.

There are several beneficial effects assigned to the role of AT2R in atherosclerosis. AT2R
overexpression in LDLR-knockout mice reduces atherogenesis in the aorta, as well as, expres-
sion and activity of MMP-2, MMP-9 and collagen accumulation in atherosclerotic regions
[103]. In the same model, the presence of AT2R modulated oxidative stress, by decreasing
expression of LOX-1, endothelial NO synthase (eNOS) and heme oxygenase-1 (HO-1) [104].
Also, in mice deficient for ApoE and AT2R on a diet rich in cholesterol, the atherosclerotic
changes were exaggerated [105] which was shown as increased cellularity of atherosclerotic
lesions [106]. After 16 weeks on a diet high in cholesterol, ApoE (-/-)/AT2R+ mice had signifi-
cantly decreased a number of macrophages, VSMCs, lipids and collagen in the plaques due to
apoptosis, compared to those deficient in AT2R gene [106]. Stimulation of AT2R by exogenous
Ang II reduced atherogenesis in ApoE-/-/AT1R-/- double knockout mice [107]. It is evident that
AT2R exerts atheroprotective effects when AT1R is inhibited. Vascular AT2R stimulation in
transgenic ApoE-/- mice (AT2R-Tg/ApoE-/-) significantly reduces atherosclerotic lesion devel-
opment in an endothelial kinin/nitric oxide(NO)-dependent manner and its anti-oxidative
effect is likely to be mediated by inhibition of the superoxide-producing mononuclear leuko-
cytes accumulation [108]. In ApoE-deficient mice, direct stimulation of AT2R by agonist
CGP42112 improves endothelial function and stabilizes atherosclerotic plaques [109].

Evidence suggests that AT2R and ACE2, as a part of the ACE2–Ang-(1–7)–Mas axis, play a
protective role in atherogenesis. Both factors have been detected within rabbit atherosclerotic
plaques, AT2R and ACE2 immunoreactivity were observed in macrophages and alpha SMC
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actin-positive cells [110]. ACE2 has been identified as a critical negative modulator of Ang II,
counterbalancing the effects of ACE, by degrading Ang II and generating anti-atherosclerotic
Ang-(1-7). Genetic ACE2 deficiency underlines vascular inflammation and atherosclerosis in
the ApoE-/- mice [111]. Protective role of ACE2 and AT2R in cardiovascular pathology is
supported by their decreased expression in male rat hearts on fructose-rich diet [112].

Also, ACE2 deficiency either in a whole body or in bone marrow-derived cells reduced
atherosclerosis in LDLR-/- mice through regulation of Ang II/Ang-(1–7) peptides [113].
Overexpression of ACE2 in aortas of ApoE-/- mice transfected with AdACE2 (recombinant
ACE2 adenovirus encoding full-length human ACE2 and co-expressing the GFP protein) led to
less prominent macrophage infiltration than in aortas from control mice [114]. Also,
overexpression of ACE2 enhanced plaque stability in a rabbit model of atherosclerosis [115].
Abdominal aorta segments transfected with AdACE2 showed a delayed onset of atheroscle-
rotic lesions with fewer macrophages, less lipid deposition, more collagen contents, decreased
expression of Ang II, MCP-1, LOX-1 and increased angiotensin (1–7) levels in plaque tissue
[116]. In two different models of vascular disease, both hyperlipidaemia-induced atherosclero-
sis in ApoE-/- mice and mechanical injury-induced arterial neointimal hyperplasia in C57Bl6
mice, ACE2 deficiency resulted in significantly larger vascular lesions and neointimal hyper-
plasia compared with ACE2(+) controls [117]. ACE2 and exogenous Ang-(1-7) significantly
inhibit early atherosclerotic lesion formation by preserving endothelial function and inhibiting
of an inflammatory response in ApoE-/- mice [118, 119]. ACE2 activity and protein production
were increased in atherosclerotic plaques treated with losartan in vivo in and in vitro in VSMCs
[120]. Candesartan treatment restores vasoprotective and atheroprotective effects of the ACE2/
Ang (1-7)/Mas receptor axis in high-cholesterol diet-fed ApoE-/- mice due to the inhibition of
the pro-inflammatory-redox AT1R-mediated mechanism [121]. Increased ACE2 activation is
considered to be a protective and compensatory mechanism that counterbalances ACE activ-
ity, and may play an important role in the treatment of atherosclerosis. Activation of ACE2/
Ang (1-7)/Mas receptor axis by ACE2 activator (XNT) attenuates thrombus formation and
reduces platelet attachment to vessels [122]. ACE2 overexpression in THP-1 (human acute
monocytic leukemia cell line) in vitro decreases Ang II-induced MCP-1 production and this
reduction is likely to be mediated by increased Ang (1-7) levels [123]. Blockage of endoge-
nously activated Ang-(1-7) by chronic infusion of A779 attenuated late atherosclerotic plaque
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such as left ventricular hypertrophy, artery stenosis, artery stiffness and vascular remodelling
were studied as well.

The story started with unforgettable discovery of ACE insertion/deletion (I/D) polymorphism
(rs4340) associated with increased levels of ACE [124, 125]. This was the first discovery that
implicated what is now fully accepted, that naturally occurring variations in DNA sequences,
or polymorphisms (SNPs, insertion/deletions, copy number variations), mostly have the mod-
ifying effect in the development of atherosclerosis and together with gene-gene and gene-
environment interactions are making an important contribution to the risk.

The most widely studied polymorphism in the RAS is I/D polymorphism, a287-bp Alu repeat
element in intron 16 of ACE gene. It has been considered as a functional variant, since the ACE
DD genotype was associated with higher circulating [124–126] and tissue mRNA levels of ACE
[127, 128]. Among 78 variations that were found by ACE gene sequencing, 17 were in absolute
linkage disequilibrium with the I/D polymorphism [129]. First genetic association studies were
focused on ACE D allele effect on blood pressure [130, 131] and hypertension [132–134].

In atherosclerosis, most of the studies so far have been investigating ACE I/D polymorphism in
association with subclinical and intermediate atherosclerotic phenotypes, such as intima-
media thickness (IMT) with conflicting results. Meta-analysis of these studies uncovered mod-
erate positive association of ACE D allele with common carotid IMT [135]. The association of
ACE I/D polymorphism studies with advanced atherosclerosis has still been rare. As different
mechanisms might be dominating the different stage of atherosclerosis development, as
described previously in this chapter, it is always of importance to perform a genetic association
study on early non-stenotic atherosclerosis and advanced stenotic atherosclerosis. A significant
independent effect of DD genotype on plaque presence in patients with high-grade carotid
stenosis (>70%) was noticed only in normotensive patients [136]. Another study failed to
support the hypothesis that ACE genotype is a predictor of either the prevalence or the extent
of atherosclerotic plaques but only in young adults [137].

Nevertheless, its role in atherosclerotic complications was noticed in a large-scale meta-analy-
sis where the significant associations with ischemic stroke in approximately 18,000 cases and
58,000 controls were identified for four gene polymorphisms among which was ACE I/D [138].
An astonishing discovery was made recently, 23 years after Tiret et al. [124] found that ACE I/
D influence on serum ACE levels. It was observed ACE expression appears to be regulated by
mitochondrial uncoupling proteins (UCPs). Serum ACE activity was influenced by allele
variants in UCP2 and UCP3 genes. This was the first evidence of association of serum ACE
with a genetic variant outside the ACE gene [139]. This gave a new perspective on ACE
investigation, suggesting that cellular feedback regulation might exist between ACE and
UCPs. Even so, genetic variations in UCPs and SIRTs were recently associated with the
atherosclerotic plaque existence [140] and morphology [141].

Also, both Ang II receptor genes, AT1R and AT2R, have many SNPs in the coding and its
flanking regions, but the most studied are AT1R A1166C and AT2R -1332 A/G (+G1675A).

The A1166C polymorphism (rs5186) is located in the 3′ untranslated region (UTR) of AT1R
gene. Primarily, it was investigated in association with hypertension but with inconsistent
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findings. Association with hypertension was established in a certain subgroups of patients, e.g.
only in subjects with severe, early onset, form of disease [142] and in long-term-treated subjects
and/or with a family history of hypertension (HT) [143, 144] or in subjects with hypercholes-
terolaemia [145] or in males only [146]. A systematic review and a meta-analysis of the rs5186
variant failed to present sufficient evidence that polymorphisms in the AT1R gene are risk
factors for hypertension [147].

Besides hypertension, rs5186 was associated with increased reactivity to Ang II in human
arteries [148] and blood pressure response to exogenous Ang II [149]. In the context of
atherosclerosis and different atherosclerotic phenotypes, previous studies addressed this
polymorphism with inconsistent data. Some failed to show any significant effect for the
A1166C polymorphism on mean IMT, carotid plaque formation [150] or internal carotid
artery (ICA) stenosis [151]. The C-allele has been associated with a thicker carotid IMT in
women [152] and increased IMT and IMT/D (common carotid artery diameter) ratio in
hypertensive subjects [153]. A meta-analysis performed in 2011 suggests that the AT1R gene
A1166C polymorphism is not associated with susceptibility to ischemic stroke [154]. How-
ever, the association between the AT1R 1166C allele and the presence of hypoechoic carotid
plaques was recently found [155]. Confronting results could be attributed to differences in
age, gender, belonging to different populations or ethnic groups, or different non-genomic
and other external factors. The AT1R A1166C polymorphism is positioned in the target site
for miR-155 [156, 157]. It was shown experimentally that human miR-155 downregulates
expression of the 1166A allele alone [156], and that interaction between authentic miR-155
and the C allele is diminished, in a way that its ability to regulate AT1R gene expression is
altered [157].

The AT2R, -1332 A/G polymorphism (rs1403543) located within the intron 1 of the gene was
proposed to be functional, by affecting the mRNA alternative splicing and gene expression
of AT2R. However, novel findings suggest that -1332 A/G might modulate protein expres-
sion, but not mRNA splicing [158, 159]. There are few studies that have been investigating
this polymorphism in association with the presence of atherosclerotic plaques. Our study
performed recently suggests that AT2R -1332 A/G polymorphism is a reliable gender-specific
risk factor for carotid atherosclerotic plaque presence in females and could modify the inter-
individual risk of cerebrovascular insult (CVI) among males with advanced carotid athero-
sclerosis [160]. It is still not clear which of the alleles, A or G, are more likely to carry a
significant risk, even for hypertension and different cardiovascular phenotypes that were
reproducibly investigated [161]. It was shown that a -1332 A/G polymorphism represents a
risk factor for cardiovascular diseases and severe atherosclerosis by modifying systemic
inflammation, especially in hypertensive males [162]. It is known that AT2R is expressed at
low levels in the healthy adult vasculature. AT2R effects on cardiovascular structure and
function may only become detectable under pathological conditions and/or after AT1R
blockade. Expression of AT2R in human carotid atherosclerotic plaques was previously
detected [163]. However, whether the stimulation of the AT2R is protective or deleterious in
human atherosclerosis remains unresolved. The impact of AT2R during atherosclerosis or
tissue injury should be studied by direct stimulation of AT2R to address potential therapeu-
tic potential [164, 165].
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4. Conclusion

Activation of RAS in the vascular wall has modulatory activities in the development of athero-
sclerosis by stimulating a series of cellular and molecular events. The balance between activa-
tion and repression of RAS could be decisive in the pathological remodelling, endothelial
dysfunction and pathogenesis of atherosclerosis. Unfavorable and favorable effects of RAS
molecules and their genetic variations, as well as consequently induced pathways, affect
atherosclerosis development and following clinical events. This could have potential towards
clinical application for risk stratification and therapeutics.
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Abstract

Hypertension  among people  with  chronic  kidney  disease  is  highly  prevalent  and
remains often poorly controlled. To adequately control blood pressure (BP), a combi‐
nation antihypertensive drug therapy is often required. The choice of the appropriate
antihypertensive regimen should be individualized according to the patient clinical
characteristics, the severity of chronic kidney disease (CKD), the levels at which BP
should be targeted and the presence or absence of proteinuria. In proteinuric CKD, solid
evidence from large‐scaled randomized trials suggest that agents blocking the renin‐
angiotensin‐aldosterone system (RAAS) should be the antihypertensive therapy of first
choice, given their superiority over the other antihypertensive drug classes in reducing
proteinuria and delaying nephropathy progression to end‐stage‐renal‐disease (ESRD).
In contrast, inhibition of the RAAS is shown to have no additional benefits towards
renoprotection in people with non‐proteinuric CKD. Combined RAAS blockade as an
alternative approach to gain additive reduction in proteinuria and greater retardation
of renal function decline is shown to be associated with increased risk of hypotension,
serious hyperkalemia and acute kidney injury. In this chapter, we discuss the role of
RAAS blockade as first‐line antihypertensive therapy among people with proteinuric
and non‐proteinuric nephropathy, providing an overview of the evidence derived from
large‐scaled renal outcome trials.

Keywords: hypertension, chronic kidney disease, proteinuria, RAAS blockade,
randomized controlled trials
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1. Introduction

Hypertension in people with chronic kidney disease (CKD) is very common, often difficult to
control and represents an independent predictor of kidney injury progression to end‐stage‐
renal‐disease (ESRD) requiring dialysis [1, 2]. Apart from achieving an adequate blood pressure
(BP) control as a tool to delay nephropathy progression, the choice of the appropriate antihy‐
pertensive regimen may be another factor determining the long‐term renal prognosis in people
with CKD. In this regard, agents blocking the renin‐angiotensin‐aldosterone system (RAAS)
are considered as the antihypertensive therapy of first  choice in people with diabetic  or
nondiabetic proteinuric CKD on the basis of large‐scaled outcome trials showing that these
agents are superior to the other antihypertensive drug classes in retarding kidney injury
progression over time [3, 4]. In contrast, RAAS blockade in people with non‐proteinuric CKD
is shown to confer no additional benefits toward renoprotection [4]. Furthermore, the promise
that the use of combined RAAS blockade may offer additive anti‐proteinuric and renoprotective
effects relative to monotherapy is shown to be counteracted by an excess risk of serious
hyperkalemia and acute kidney injury [5, 6].

In this chapter, we discuss the use of RAAS blockade for renoprotection in people with
proteinuric and non‐proteinuric CKD, summarizing the currently available evidence from
large‐scaled outcome trials in nephrology. We conclude with clinical practice recommenda‐
tions for the choice of the appropriate antihypertensive regimen in people with CKD and
provide directions for future research in this important area.

2. RAAS blockade in patients with proteinuric CKD

Accumulated evidence from large‐scaled randomized controlled trials (RCTs) support the
notion that inhibition of the RAAS among people with overt diabetic nephropathy confers
benefits towards slower progression of kidney injury to ESRD [4]. In the Collaborate Study
Group trial, 409 patients with insulin‐dependent type 1 diabetes and overt nephropathy
(proteinuria >500 mg/day and serum creatinine <2.5 mg/dl) were randomly assigned to receive
therapy with the angiotensin‐converting enzyme (ACE) inhibitor captopril or placebo for a
mean follow‐up of 3 years [7]. Compared with placebo, captopril treatment produced a 30%
reduction in the level of proteinuria and decreased by 50% the risk of reaching the combined
renal endpoint of all‐cause death and need for dialysis or renal transplantation [95% confidence
interval (CI) 18–70%, p < 0.01] [7]. The renoprotective effect of RAAS blockade among people
with type 2 diabetes and overt nephropathy is supported by two landmark RCTs, the Reduction
of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) [8] and
Irbesartan Diabetic Nephropathy Trial (IDNT) [9]. The RENAAL trial enrolled 1513 patients
with overt diabetic nephropathy aiming to compare the effect of the angiotensin receptor
blocker (ARB) losartan (50–100 mg daily) versus placebo, both administered on top of
conventional antihypertensive drug therapy, on a composite renal endpoint of doubling of
serum creatinine, ESRD or death [8]. Over a mean follow‐up of 3.4 years, losartan reduced by
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25% the risk of doubling of serum creatinine (P = 0.006) and by 28% the risk of ESRD requiring
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creatinine (RR: 0.60; 95% CI: 0.34–1.05) and incident ESRD (RR: 0.64; 95% CI: 0.40–1.03). ACE
inhibitor use was associated with 55% reduced risk of progression from micro‐ to macro‐
albuminuria (RR: 0.45; 95% CI: 0.28–0.71) and 3.42‐fold higher rate of regression from micro‐
to normoalbuminuria among patients with diabetic CKD (RR: 3.42; 95% CI: 1.95–5.99) [10].
Similarly to ACE inhibitors, the combined analysis of RCTs comparing the effect of ARBs
versus placebo on nephropathy progression associated the use of ARBs with reduced risk of
doubling of serum creatinine (RR: 0.78; 95% CI: 0.67–0.91) and ESRD incidence (RR: 0.79; 95%
CI: 0.67–0.93) [10]. The favorable effect of RAAS blockade on nephropathy progression was
confirmed in an updated meta‐analysis of 24 RCTs showing that compared with placebo, ACE
inhibitors reduced by 30% the risk of incident ESRD (RR: 0.70; 95% CI: 0.46–1.05) and by 29%
the risk of doubling of serum creatinine (RR: 0.71; 95% CI: 0.56–0.91); ARB use was associated
with 22% lower risk of ESRD incidence (RR: 0.78; 95% CI: 0.67–0.91) and 21% lower risk of
doubling of serum creatinine (RR: 0.79; 95% CI: 0.68–0.91) [11].

In accordance with the renoprotective action of RAAS blockade among people with diabetic
kidney disease, a growing body of evidence supports the notion that ACE inhibitors and ARBs
are similarly effective in delaying kidney injury progression in patients with other types of
proteinuric nephropathy. In the REIN‐2 study (Ramipril‐Efficacy‐In‐Nephropathy‐2), 352
nondiabetic patients with CKD and proteinuria of at least 1 g/day were randomized to receive
double‐blind therapy with ramipril (5 mg daily) or placebo in addition to conventional
antihypertensive therapy targeted at achieving a diastolic BP goal of <90 mmHg [12]. The rate
of estimated glomerular filtration rate (eGFR) decline, which was the primary trial endpoint,
was significantly slower over time in ramipril‐treated patients than in placebo‐treated patients
(0.53 vs. 0.83 ml/min/1.73 m2, P = 0.03). The proportional reduction in the level of proteinuria
among ramipril‐treated patients was inversely associated with the rate of eGFR decline and
was an independent predictor of the risk of doubling of serum creatinine and incident ESRD
during follow‐up [12]. In the African American Study of Kidney Disease (AASK), 1094 African‐
American patients with hypertensive CKD (mean baseline eGFR: 45.6 ml/min/1.73 m2; mean
urinary protein excretion 0.6 g/day) were randomized to achieve goal mean arterial pressure
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102–107 mmHg or ≤92 mmHg and to initial BP‐lowering treatment with metoprolol (2.5–10 mg
daily), ramipril (2.5–10 mg daily) or amlodipine (5–10 mg daily) in a 3 × 2 factorial design [13].
Compared with metoprolol and amlodipine groups, administration of the ACE inhibitor
ramipril was associated with 22 and 38% reduction in the risk of reaching the composite renal
outcome of decrease from baseline in eGFR by 50% or greater, incident ESRD, or death,
respectively [13]. In a subsequent analysis of 224 patients with advanced stage nondiabetic
CKD (baseline serum creatinine range: 3.1–5.0 mg/dl and mean proteinuria 1.6 g/day), Hou et
al. [14] compared the effect of benazepril (20 mg daily) versus placebo on top of conventional
antihypertensive therapy on a composite renal endpoint of doubling of serum creatinine, ESRD
or death. Over a mean follow‐up of 3.4 years, the risk of reaching the above combined endpoint
was by 43% lower in the ACE inhibitor group than in the placebo group. Additional benefits
of the ACE inhibitor therapy were an associated 52% reduction in the level of proteinuria along
with a 23% slower rate of eGFR decline [14]. Additional support to the renoprotective action
of ACE inhibitors is provided by an earlier meta‐analysis of 11 RCTs conducted by Jafar et al.
[15]. In this analysis, after adjustment for patient and trial characteristics at baseline and
changes in BP and proteinuria levels during follow‐up, the use of an ACE inhibitor‐based
antihypertensive regimen was associated with 31% greater reduction in the risk of developing
ESRD (RR: 0.69; 95% CI: 0.51–0.94) and 30% decrease in the risk of doubling of serum creatinine
or ESRD (RR: 0.70; 95% CI: 0.55–0.88) in comparison with antihypertensive regimens non‐
including ACE inhibitors [15].

Post hoc analyses of the aforementioned RCTs provided evidence that the higher the level of
proteinuria at baseline the higher was the risk of nephropathy progression to ESRD [16–18].
Most importantly, achievement of an early regression of proteinuria under RAAS blockade
(i.e., in the first 6 months after drug initiation) was shown to be associated with reduced long‐
term risk of doubling of serum creatinine, ESRD incidence or death [16–18]. The notion that
drug‐induced reduction in proteinuria culminates in subsequent improvement in renal
outcomes is further supported by a recent meta‐regression analysis of 21 RCTs involving a
total of 78,342 patients and 4843 incident ESRD events [19]. The placebo‐adjusted treatment
effect on proteinuria significantly correlated with the treatment effect on ESRD incidence, since
each 30% of drug‐induced reduction in the level of proteinuria was associated with a 23.7%
reduced risk of subsequent kidney injury progression to ESRD (95% CI: 11.4–34.2%, P = 0.001)
[19]. Taken together, the above data support the notion that regression of proteinuria is a major
target of therapy in order to delay nephropathy progression in patients with both diabetic and
nondiabetic proteinuric CKD.

3. RAAS blockade in patients with non-proteinuric nephropathy

Unlike the well‐documented benefits of RAAS inhibition among patients with proteinuric
CKD, either diabetic or nondiabetic, it remains largely uncertain whether ACE inhibitors and/
or ARBs carry with them a similarly beneficial effect in slowing nephropathy progression
among patients with non‐proteinuric CKD. This issue is of major clinical relevance, given the
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fact that high albuminuria or overt proteinuria is present only in a small proportion of the
overall CKD population, whereas the vast majority of people with CKD have normoalbumi‐
nuria or microalbuminuria [20–22]. For example, the prevalence of CKD among individuals
with age >70 years is estimated to be around 40%, but proteinuria is present in approximately
5% of elderly CKD patients. The prevalence of CKD in the general hypertensive population is
estimated to be around 15% (ranging up to 30% in those aged >65 years), but again <5% of
hypertensives with CKD exhibit macroalbuminuria [20–22]. Regardless of its high clinical
significance, there are no data from properly designed RCTs to evaluate the effect of RAAS
blockade on “hard” renal outcomes in patients with non‐proteinuric nephropathy. The
currently available evidence on this issue is derived mainly from secondary analyses of major
cardiovascular outcome trials.

The first trial to evaluate the issue of renoprotection with RAAS blockade in patients with non‐
proteinuric CKD was the appropriate blood pressure control in diabetes (ABCD) [23]. This trial
enrolled 470 patients with hypertension and type 2 diabetes, of whom only 18% had overt
nephropathy (i.e., macro‐albuminuria and/or impaired renal function). Study participants
were randomly assigned to nisoldipine or enalapril and intensive or moderate BP control in a
2 × 2 factorial design. The rate of change in creatinine clearance over a 5.3‐year‐long follow‐up
was no different between the enalapril and nisoldipine groups [23]. However, the most definite
renal endpoint of incident ESRD requiring dialysis was not evaluated in the ABCD study;
accordingly, this study cannot provide direct evidence on whether the enalapril‐induced
reduction in the level of proteinuria would be translated into a slower kidney injury progres‐
sion in a population predominantly without overt diabetic nephropathy.

The absence of additive renal benefits under RAAS blockade among patients with non‐
proteinuric CKD is further supported by a secondary analysis of the Antihypertensive and
Lipid‐Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) [24]. This trial enrolled
33,000 hypertensive patients with an age of 55 years or higher and at least one additional risk
factor for ischemic heart disease. The exclusion criteria included a serum creatinine >2 mg/dl
and therapy with an ACE inhibitor for underlying CKD prior to the study enrolment. Although
actual measurements of the level of albuminuria were not included in the protocol procedures,
it is reasonable to hypothesize that participants in the ALLHAT trial were mainly hypertensives
without high albuminuria. Incidence of ESRD or >50% reduction in eGFR during follow‐up,
which was the primary composite renal endpoint of this secondary analysis, was no different
between amlodipine‐treated and chlorothalidone‐treated participants (RR: 1.12; 95% CI: 0.89–
1.40) [24]. Similarly, the ACE inhibitor lisinopril was not superior to chlorothalidone in
reducing the incidence of ESRD or >50% reduction in eGFR (RR: 1.11; 95% CI: 0.89–1.38). When
the analysis was stratified according to the level of eGFR at baseline, lisinopril therapy was not
associated with a reduced incidence of ESRD relative to chlorthalidone in the subgroups of
patients with baseline eGFR of 60–89 ml/min/1.73 m2 (RR: 1.34; 95% CI: 0.87–2.06) as well as in
those with baseline eGFR <60 ml/min/1.73 m2 (RR: 0.98; 95% CI: 0.73–1.31) [24]. In addition, at
4 years of follow‐up, eGFR was 3–6 ml/min/1.73 m2 higher in amlodipine‐treated than in
chlorothalidone‐treated participants, depending on baseline eGFR stratum. The results of the
ALLHAT come in sharp contrast to the clear renoprotective effect of RAAS blockade seen in
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trials involving patients with overt diabetic nephropathy (i.e., the aforementioned IDNT). This
discrepancy is possibly explained by the different characteristics of patients included in the
ALLHAT trial. It is reasonable to hypothesize that the absence of renoprotection with lisinopril
therapy and the better retardation of eGFR over time in amlodipine‐treated participants was
possibly due to the fact that patients enrolled in the ALLHAT were more likely to suffer from
ischemic rather than proteinuric nephropathy.

Additional support to for the notion that RAAS blockade is not associated with greater
renoprotection in comparison to other antihypertensive drug classes among patients with non‐
proteinuric CKD was provided by the renal outcomes of Avoiding Cardiovascular Events
through Combination Therapy in Patients Living with Systolic Hypertension (ACCOMPLISH
trial) [25]. ACCOMPLISH randomized 11,506 hypertensive patients at high cardiovascular risk
to receive combination therapy with benazepril plus amlodipine or benazepril plus hydro‐
chlorothiazide. The clear benefit of the benazepril/amlodipine combination in reducing
cardiovascular morbidity and mortality led to the premature termination of the ACCOM‐
PLISH trial. Similarly to the cardiovascular benefit, the analysis of the renal outcomes showed
the benazepril/amlodipine combination was associated with a slower annual rate of eGFR
decline in comparison with the benazepril/hydrochlorothiazide combination (−0.88 vs.
−4.22 mL/min/1.73 m2 per year), despite the fact that proteinuria was less effectively reduced
in patients receiving the ACE inhibitor/CCB combination [25]. Most importantly, compared
with the benazepril/hydrochlorothiazide combination, the ACE inhibitor/CCB combination
reduced by 48% the incidence of composite renal endpoint of doubling of serum creatinine or
ESRD requiring dialysis [hazard ratio (HR): 0.48; 95% CI: 0.41–0.65] and by 27% the risk of
doubling serum creatinine, need for dialysis or death (HR: 0.73; 95% CI: 0.64–0.84) [25]. The
superiority of the ACE inhibitor/CCB combination in delaying the kidney injury progression
despite its less pronounced anti‐proteinuric effect could be once again explained by the
characteristics of the patients participating in the ACCOMPLISH trial. ACCOMPLISH
participants were predominantly older than 65 years, had preserved renal function at baseline
(mean baseline eGFR of 79 mL/min/1.73 m2) and macro‐albuminuria was present in only 5%
of study participants. Accordingly, it seems reasonable that patients with such clinical
characteristics are less likely to benefit from a therapeutic strategy targeting on proteinuria
remission; in contrast, these patients are prone to acute kidney injury due to dehydration and
hypotension.

4. Dual RAAS blockade

Combining an ACE inhibitor with an ARB was suggested as an additional therapeutic tool
aiming to enhance the anti‐proteinuric effect of single RAAS blockade, generating the hypoth‐
esis that this manoeuvre would be translated into a more effective delay in nephropathy
progression [4]. Although small RCTs showed an additive effect on proteinuria with combined
RAAS blockade relative to mono‐therapy [26, 27], large‐scaled RCTs evaluating “hard” renal
endpoints showed that the use of ACE inhibitors and ARBs in combination is associated with
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increased incidence of hypotension, hyperkalemia and acute kidney injury requiring support
with dialysis [5, 6, 28, 29].

In the Ongoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial
(ONTARGET), 25,620 patients with established cardiovascular disease or high‐risk diabetes
were randomly assigned to receive double‐blind therapy with ramipril (10 mg daily), telmi‐
sartan (80 mg daily) or both drugs in combination for a median follow‐up of 56 months [6].
Compared with mono‐therapy, dual RAAS blockade was associated with a 24% higher risk of
dialysis or doubling of serum creatinine [hazard ratio (HR): 1.24; 95% CI: 1.01–1.51]. Excess
need for dialysis in the combination group was predominantly due to episodes of acute kidney
injury, possibly attributable to the higher incidence of hypotension and hyperkalemia among
patients treated aggressively with dual RAAS blockade [6]. In the Aliskiren Trial in Type 2
Diabetes Using Cardiorenal Endpoints (ALTITUDE trial), 8561 type 2 diabetic patients with
CKD, cardiovascular disease or both were randomized to receive the direct renin inhibitor
aliskiren (300 mg daily) or placebo on top of background therapy with an ACE inhibitor or ARB
[30]. The ALTITUDE trial was prematurely terminated due to excess risk of hypotension (12.1
vs. 8.3%, p < 0.001) and hyperkalemia (11.2 vs. 7.2%, p < 0.001) in the combination group [30].

Another large‐scaled RCT investigating the potential additive renoprotective effect of dual
RAAS blockade was stopped early owing to safety concerns. This was the VA‐NEPHRON‐D
(Veteran’s Administration Nephron‐Diabetes Trial), in which 1448 type 2 diabetic patients with
overt nephropathy (i.e., urinary albumin to creatinine ratio >300 mg/g and eGFR ranging from
30 to 89.9 ml/min/1.73 m2) already treated with the ARB losartan (100 mg daily) were random‐
ized to receive add‐on therapy with the ACE inhibitor lisinopril (10–40 mg daily) or matching
placebo [5]. Once again, compared with monotherapy, combination therapy was associated
with 70% excess risk of acute kidney injury (HR: 1.70; 95% CI: 1.3–2.2) and 2.8‐fold elevated
risk of serious hyperkalemia (HR: 2.8; 95% CI: 1.8–4.3). At the time of this interim analysis, a
trend toward a benefit of dual RAAS blockade with respect to the secondary trial endpoint of
first occurrence of a decline in eGFR ≥30 ml/min/1.73 m2 or ESRD was noted (HR: 0.78; 95% CI:
0.58–1.05, P = 0.10); however, this tendency toward slower renal function decline was not
sustained over time [5]. The above data suggest that even in patients with typical diabetic
nephropathy and macro‐albuminuria, any potential long‐term renoprotective action of
combined RAAS inhibition is counteracted by excess risk of serious adverse events, including
hypotension, hyperkalemia and acute renal injury requiring acute dialysis.

Addition of mineralocorticoid‐receptor‐antagonists (MRAs) might provide renal benefits in
patients with proteinuric CKD that potentially extend over and above the renoprotection
provided by ACE inhibitors and/or ARBs alone [31, 32]. Add‐on MRA therapy was proposed
as an alternative option on the basis of data suggesting that conventional therapy with ACE
inhibitors and ARBs cannot produce sustained prolonged lowering of plasma aldosterone
levels, the so‐called aldosterone breakthrough phenomenon. An earlier meta‐analysis of 11
RCTs (including 991 patients with proteinuric CKD) showed that compared with placebo, add‐
on MRA therapy on top of background treatment with ACE inhibitors or ARBs was associated
with a significant additive reduction in proteinuria [weighted mean difference (WMD): −0.8 g/
day; 95% CI: −1.27 to −0.33 g/day]. This anti‐proteinuric effect, however, was not accompanied
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by a slower decline in eGFR (WMD: −0.70 ml/min/1.73 m2; 95% CI: −4.73 to 3.34 ml/min/
1.73 m2), whereas add‐on MRA therapy was also associated with a significantly 3.06 times
higher risk of developing hyperkalemia (pooled RR: 3.06; 95% CI: 1.26–7.41) [33]. A subsequent
updated meta‐analysis of 27 RCTs (including 1549 participants) confirmed in a larger frame of
data that add‐on MRA therapy offers an additive reduction in proteinuria [standardized mean
difference (SMD): −0.61; 95% CI: −1.08 to −0.13], but MRA use aggravated the risk of hyperka‐
lemia and gynecomastia [34]. In the albescence of properly designed RCTs evaluating the effect
of add‐on MRA therapy on nephropathy progression, the wide use of this therapeutic
approach in people with proteinuric CKD is not recommended.

A newly introduced, selective, nonsteroidal MRA‐named finerenone offers the opportunity
for similarly effective anti‐proteinuric action as compared with established steroidal MRAs
(i.e., spironolactone and eplerenone), having also the advantage of causing less frequently
clinically significant hyperkalemia [35]. The efficacy and safety of finerenone among patients
with diabetic nephropathy was tested in the recent phase 2b ARTS‐DN study (mineralocorti‐
coid receptor antagonist tolerability study–diabetic nephropathy) [36], in which 821 diabetic
patients with high or very high albuminuria already treated with an ACE inhibitor or an ARB
were randomly assigned to double‐blind therapy with finerenone (1.25 up to 20 mg once daily)
or matching placebo for 3 months. Finerenone dose‐dependently reduced albuminuria up to
33 and 38% in the 15 and 20 mg groups with only small increases in serum potassium
(+0.17 ± 0.46 and +0.23 ± 0.37, respectively) [36]. The incidence of hyperkalemia was 4.1 and
2.6%, respectively, and not significantly different from placebo. These results suggest that
finerenone may be an effective and safer approach for renoprotection in proteinuric CKD.
Properly designed RCTs are warranted to fully elucidate the effect of finerenone on “hard”
renal endpoints.

Recent RCTs have provided evidence that the novel oral potassium‐binding resins patiromer
and sodium zirconium cyclosilicate can effectively normalize elevated serum potassium and
maintain in the long‐term the potassium levels within the normal range in hyperkalemic
patients with CKD already treated with RAAS blockers [37–39]. These emerging potassium‐
lowering therapies offer promise that the reduction in the risk of drug‐induced hyperkalemia
may facilitate the administration of RAAS blockade at adequate doses and enhance the
cardiovascular and renal protection provided by these agents in people with proteinuric
CKD [29].

5. Conclusion

Choice of the appropriate antihypertensive regimen in people with CKD should be individu‐
alized according to the patient clinical characteristics, with proteinuria being an important
factor that needs to be taken into consideration. Among people with diabetic or nondiabetic
proteinuric nephropathy, large‐scaled outcome trials provided solid evidence that ACE
inhibitors and/or ARBs reduce the level of proteinuria and this anti‐proteinuric action is
subsequently translated into slower nephropathy progression to ESRD requiring dialysis. In
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contrast, there is no “hard” evidence to support the use of RAAS blockers for renoprotection
among elderly patients with preserved or mildly impaired renal function as well as in those
with non‐proteinuric CKD. The use of ACE inhibitors and ARBs in combination as an approach
to achieve additive renal benefits relative to monotherapy is contraindicated in light of
evidence suggesting that dual RAAS blockade is associated with increased risk of hypotension,
serious hyperkalemia and acute kidney injury. Novel potassium‐lowering therapies are shown
to effective compensate the hyperkalemia risk associated with RAAS blockade use in people
with CKD, offering promise for more adequate therapy and greater renal and cardiovascular
risk protection in the future.
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Abstract

Heart failure affects more than 23 million people worldwide, and its prognosis remains
poor. Hypertension is one of the most prominent human health problem and places
individuals at a higher risk for heart failure. Several factors interplay the development
of  hypertension  contributing  for  decompensated  heart  hypertrophy.  The  renin-
angiotensin  system (RAS)  has  been  shown to  be  the  foremost  regulator  of  blood
pressure. Many evidences have pointed out the importance of RAS and its key mediator,
angiotensin II (Ang II), on signaling pathways involved in cardiac remodeling. The Ang
II-induced hypertrophic effects seem to be related to increased reactive oxygen species
(ROS). Under oxidative stress conditions, as those observed in hypertension and heart
failure, the matrix metalloproteinases (MMP) is activated. Ang II is connected with TNF-
α and TGF-β by ROS-NF-κB-MMP mechanisms, which are involved in heart failure.
The rationale of the present chapter is structured on the progression of heart failure
related to Ang II, TNF-α and TGF-β by common signaling pathways. Pharmacothera-
peutics approaches to the heart failure abound, but the mortality rates remain high. This
chapter will also describe molecular mechanisms involved in heart failure highlighting
that TGF-β and/or TNF-α inhibitors could contribute to treatment to this serious clinical
condition.

Keywords: heart failure, renin-angiotensin system (RAS), hypertension, transforming
growth factor-beta (TGF-β), tumor necrosis factor (TNF)-α, metalloproteinases (MMP)
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1. Introduction

Cardiac remodeling is generally triggered due to cardiovascular diseases, such as myocardial
infarction, pressure overload, idiopathic dilated cardiomyopathy or volume overload [1].

Cardiac remodeling is also the most common factor in heart failure progress, a chronic disease
defined as a complex syndrome. In this sense, heart failure is associated with intensive and
progressive cardiac structural and functional modifications, leading to impaired cardiac
output [2, 3].

More than 23 million people worldwide are affected by heart failure. In the United States,
approximately 5 million patients have heart failure and this number increases by more than
half a million cases per year [4]. It is estimated that an increase in the 46% in the prevalence of
heart failure from 2012 to 2030 in people with 18-year old or more [5].

There are several criteria to diagnose heart failure as revised by Roger VL [6]. These criteria
are important to determine the kind of heart failure treatment and also contribute to improving
the accuracy of epidemical data. Despite the progress of the heart failure treatment, mortality
rates are still high. Nowadays, the available treatments for heart failure improve the survival
rates but raise hospitalizations as well as hospital readmissions. Among these treatments, there
are angiotensin-converting enzyme inhibitors (ACEi) and beta-adrenoceptors blockers that
alleviate the symptoms in individuals with advanced heart failure and depressed ejection
fraction in end-stage disease [7]. Therefore, heart failure is a growing public health problem,
in which a projection from 2012 to 2030 heart failure will account more than $69 billion in
health-care cost in the United States. It will be a significant increase from 127% [5].

Several risk factors are associated with heart failure, such as smoking, obesity, diabetes
mellitus, coronary heart disease and hypertension among others. Hypertension—chronic
elevation of blood pressure—is the most prominent human health problem, and it is the main
comorbidity linking obesity, cardiovascular and metabolic diseases. According to Framingham
study, hypertension is considered the major risk factor attributed to heart failure, and its
prevalence in hypertension exceeds 50% [6, 8]. Hereupon, hypertension is the cause of deaths
because it often coexists with heart failure and also places individuals at a higher risk for kidney
failure, stroke, etc.

2. The progression of cardiac remodeling in hypertension

Hypertension-induced cardiac remodeling is an initial adaptive response of the heart in order
to compensate the increased left ventricle wall stress induced by an augmented hemodynamic
load. This remodeling is named adaptive hypertrophy, which is featured by growing inwards
of the left ventricle and septum wall, resulting in a reduction in left ventricle chamber (Figure
1) [2, 3]. The structural changes may occur due to additional contractile-protein units within
the cardiomyocytes leading to an expansion in the myocyte width. In parallel to the cellular
growth, the cardiac extracellular matrix is also hypertrophied. An important hallmark in
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chronic hypertension is the intensive turnover from the extracellular matrix, resulting in a
progressive collagen deposition [3]. Amount evidences have shown that the cardiac fibrosis
could contribute to initial diastolic dysfunction harming the re-lengthening of myocytes
during diastole [2, 8, 9]. Thus, despite being called “adaptive”, this hypertrophy generates
several maladaptive molecular and/or cellular mechanisms triggered in the initial remodeling.

Figure 1. The hypertension induced progression from adaptive hypertrophy to maladaptive hypertrophy. Cardiac re-
modeling is progressive in hypertension. Initially, an adaptive hypertrophy occurs in the left ventricle that grows in-
wards reducing the left ventricle chamber. The cardiac remodeling may progress to maladaptive hypertrophy. The left
ventricular chamber is dilated and left ventricle and septum wall are thinned. The strength of cardiac contraction may
be reduced mainly due the loss of contractile proteins. The heart is therefore considered decompensated, which may
result in heart failure. Both, adaptive and maladaptive hypertrophies are characterized by increased heart size and
weight. RV: right ventricle and LV: left ventricle.

Hypertensive patients may progress from adaptive to maladaptive hypertrophy, which is
characterized by increased left ventricle chamber accompanied by thinning of a left ventricle
and septum wall (Figure 1). The myocytes are still hypertrophied, but the length is increased
[1–3, 9]. The mechanisms involved in the transitions from adaptive to maladaptive hypertro-
phy are poorly understood. Nonetheless, some studies point out to the excessive matrix
extracellular degradation during maladaptive hypertrophy disrupting the cellular organiza-
tion [2], which could contribute to myocytes lengthening and left ventricular chamber
dilatation. It has been also accepted that cell death is associated with this alteration in myo-
cytes [2, 10].
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Pathogenic cellular and interstitial changes in hypertension-induced cardiac remodeling are
orchestrated by several molecular mechanisms that may be transduced from mechanical force
into myocardial growth. In this regard, renin-angiotensin system (RAS) is activated in
hypertension and may be involved in cardiac hypertrophy and failure. Clinical and experi-
mental studies have shown significant benefit conferred by pharmacological blockade of RAS
[7, 11–13] arousing interest by mechanisms underlying the action of angiotensin II (Ang II).

3. Angiotensin II and cardiac remodeling

Ang II is the primary effector peptide of the RAS. The hypertrophic effects of this peptide on
the heart are associated with its vasoconstrictor and hypertensive properties. However, it is
currently known that independently of its blood pressure effects, Ang II is a powerful
hypertrophic agent. In vitro studies show that Ang II activates different hypertrophic signaling
pathways in cardiac myocytes [11]. In addition, the crucial components to initiate synthetic
route to Ang II production are present in the heart. Thus, Ang II is also locally synthesized at
the myocardium, acting as an autocrine factor [11]. Increased cardiac Ang II synthesis is
mediated, in vitro, by cardiomyocyte under stretch conditions [14]. Similarly, the rise in cardiac
Ang II was also observed in hypertrophied heart from animals after overload pressure as well
as in patients from end-stage heart failure, which suggests the hypertrophy have resulted from
local RAS activation [11, 15].

The Ang II hypertrophic effects are mediated by the activation of specific receptor AT1 that
plays a crucial role in heart failure pathophysiology, but both AT1 and AT2 receptor are present
in the cardiac tissue [16–19]. The AT1 receptor is 7-transmembrane domain coupled to Gq
protein (GPCR). Ang II is able to perform the signaling transduction to adaptive and malad-
aptive remodeling pathway [2]. AT1 receptor stimulated by Ang II leads to the protein kinase
C activation [17], which in turn activates the mitogen-activated protein kinase (MAPK). The
intracellular signaling cascade generated from MAPK is constituted by a phosphorylation-
based amplification network and results in hypertrophic signals to cardiac adaptive or
maladaptive remodeling [2, 10]. Three MAPKs, such as p38 kinases, c-Jun-terminal kinases
(JNK) and ERK 1/2 have been described as signaling pathways in cardiac myocytes or
extracellular matrix changes along the heart failure progression [10].

In the compensatory response to overload pressure, ERK 1/2 activation has been related to
adaptive changes and increased width of the myocytes [20]. Further, some studies have
suggested that JNK could contribute to maladaptive remodeling due to its pivotal role in cell
death [2, 10, 21]. The MAPK signaling from cardiomyocyte cytoplasm drives to nuclei where
transcriptional factors such as factor nuclear kappa B (NF-kB), activating protein-1 (AP-1) and
Smad are intracellular proteins to transduce extracellular signals from transforming growth
factor beta ligands to the nucleus where they activate downstream gene transcription, rising
the transcription of key proteins and developing essential function to the cardiac remodeling
progression [22–25].
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The NF-kB is an oxidative-sensitive transcriptional factor [26]. Likewise, multiple signal
transduction pathways are activated in response to reactive oxygen species (ROS) [27]. In this
regard, emergent evidences have shown that Ang II-mediated hypertrophic response may be
dependent of increased ROS production, particularly during hypertension [25, 28–30].

Several studies have confirmed the key role of ROS in the genesis and progression of cardiac
remodeling [28, 31, 32]. Low levels of ROS are important to many downstream regulators in
a physiological condition such as ion channel, receptors, kinases, phosphatases and transcrip-
tional factor. However, increased ROS production characterizes oxidative stress, disrupts
redox signaling within the cells and the interstice, promoting activation of calcium/calmodu-
lin-dependent protein kinase I (CaMKI), increased NF-kB, AP-1 and other transcriptional
factors signaling [33, 34]. Oxidative stress also elicits post-transductional pathways that result
in activation of some proteins, e.g., matrix metaloproteinases (MMP) [35]. Consequently,
oxidative stress has been associated with cardiac contraction dysfunction, increased collagen
deposition and myocytes hypertrophy that contribute to cardiac dysfunction, myocyte
hypertrophy and cell death [27, 35].

Considering the relevance of ROS to cardiac diseases, a substantial body of studies has
investigated which enzyme could be more important to ROS synthesis. Along the progression
of cardiac remodeling, a family of complex enzymes termed nicotinamide adenine dinucleo-
tide phosphate-oxidase (NADPH oxidase) seems to play a central position to ROS production
[27, 29]. Increased expression and activity of NADPH oxidase have been persistently observed
in both preclinical and clinical studies of heart failure [27, 36]. There are seven Nox family
isoforms (Nox1-5 and DUOX1 and 2), and the main cardiac enzymes are Nox2 and Nox4 [37].

Nox4 contribute to myocyte hypertrophy and cardiac fibrosis induced by AngII [38]. However,
the role of Nox4 to cardiac hypertrophy is not yet fully comprehended [39].

Amount evidences show Nox2 associated with detrimental effects in the heart [27, 39]. The
low-level activity of Nox2 is continuously present in the presence of nanomolar ROS levels but
may be increased at the Ang II, endothelin, transforming growth factor (TGF)-β, tumor necrosis
factor (TNF)-α presence as well as due to mechanical force [27]. Interestingly, Ang II-induced
cardiac hypertrophy and fibrosis were reduced in knockout mice for Nox2 when compared to
the wild type [38]. Currently, the contribution of Nox2 to Ang II hypertrophic effects appears
to involve ERK1/2, Akt and NF-kB signaling [27, 41, 43]. In addition, increased Ang II-induced
MMP activation and expression seem to be dependent of ROS [30, 42, 44] resulting in cardiac
adaptive remodeling and fibrosis [43, 44]. Figure 2 summarizes relationship between Ang II-
induced cardiac remodeling and Nox2.

The important signaling in Ang II-induced fibrosis predominantly requires the differentiation
from fibroblast into myofibroblast cells [3]. This phenotypic transformation from fibroblast is
characterized by α-smooth muscle actin (α-SMA) expression and increased production of
extracellular matrix, which is a key event in connective tissue remodeling involved in the heart
failure progression [3, 45]. Rossi [9] has shown an intensive and progressive accumulation of
collagen, accompanied by increased heart weight in hypertensive subjects. In addition, the study
revealed an association among connective matrix, cardiac systolic and diastolic dysfunction in
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hypertension suggesting that collagen deposition could contribute to decreased myocardial
compliance and disrupted heart electrical properties [9]. Currently, it is well known the relevance
of fibrosis not only to the structure of the cardiac hypertrophy but also to the heart dysfunction
[46]. Collagen is the main component of the extracellular matrix in the myocardium, which is
synthesized by fibroblasts. However, its deposition in the heart during hypertension also
depends of its degradation [3]. Thus, a large body of studies has shown the contribution of the
MMP, which is the main proteases to collagen degradation, strongly contributing to the cardiac
remodeling after pressure overload or infarct [28, 47]. The imbalances between MMP and
endogenous tissue inhibitor (TIMP) are key mechanisms to control the collagen formation and
deposition [2, 3, 48]. Indeed, some transcriptional factors such as AP-1 and NF-kB may modulate
the MMP activity increasing its MMP expression and also TIMP expression [28, 47]. Posttrans-
lational mechanisms such as oxidative stress, particularly peroxynitrite and hydrogen peroxide,
may activate MMP and inhibit TIMP activity [35, 49, 50], suggesting a possible mechanism to
ROS-induced fibrosis in hypertensive rats [51]. Thus, MMP activity is regulated at three levels:
(i) transcriptional level, (ii) endogenous inhibitors and (iii) factor activators (ROS). Interestingly,
Ang II may increase MMP activity involving redox-sensitive signaling in fibroblast, thus
triggering NF-kB and AP-1 transcriptional factor activation [52]. In fact, antioxidant therapy
reverses Ang II-induced cardiac hypertrophy and MMP activity in left ventricle from hyperten-
sive rats [30]. Taken together, Ang II promotes myocyte on the heart and matrix extracellular
hypertrophy by similar mechanisms involving redox signaling, which not only activates the RNA
expression of proteins in the myocytes or fibroblasts, but also rises the activity of enzymes already
present in the heart, such as MMP.

Furthermore, it must be recognized that Ang II induces inflammation by triggering cardiac
remodeling. The proinflammatory effects of Ang II have been described since 1970 by Finn
Olsen [53]. Thenceforward, several studies have supported the contribution of the inflamma-
tory processes associated with Ang II to cardiovascular disorders, including hypertension and

Figure 2. Main pathways concerning Ang II-induced cardiac remodeling. Nox2 is activated by Ang II via AT1 receptor,
triggering ROS formation, which activates intracellular pathways related to the cardiac hypertrophy. Nox2: NADPH
oxidase isoform 2; ROS: reactive oxygen species; Akt: serine/threonine-specific protein kinase; ERK1/2: extracellular.
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heart remodeling [23, 25, 54]. Since inflammation contributes to this important clinical
condition, numerous evidences have reported the connection between Ang II and two pivotal
mediators for heart remodeling, the cytokines transforming growth factor (TGF)-β [23] and
the tumoral necrosis factor (TNF)-α [25].

4. Angiotensin II and TGF-β in cardiac remodeling

Increased expression of TGF-β was found in the myocardium during cardiac hypertrophy and
heart failure [55]. Classically, TGF-β is a multifunctional cytokine recognized as a powerful
profibrotic factor. Three isoforms of the TGF-β family have been identified in mammals [56],
but TGF-β1 has been constantly associated with several cardiovascular diseases, particularly
during the transition from adaptive cardiac hypertrophy into heart failure [56–59]. The
overexpression of TGF-β1 induced fibrosis and myocyte hypertrophy in transgenic mice after
they were 8 weeks old [58]. Upregulated TGF-β1 mRNA is found in the pressure-overloaded
human heart [60], as well as in the dilated cardiomyopathy [57]. The latent form of TGF-β1 is
composed of 390-amino acid complexed with the signal peptide and the large amino-terminal
prodomains (known as latency-associated proteins, LAPs) which are required for correct
folding and dimerization of the carboxyl terminal domain of the growth factor (the mature
peptide) [61]. TGF-β1 can be released and activated by the proteolytic cleavage, which disrupts
its non-covalent attachment with LAP [62]. The intracellular signaling induced by TGF-β
underlies the activation of serine/threonine kinases receptor resulting in Smad phosphoryla-
tion, which is responsible to activate target genes [61]. TGF-β may also promote the regulation
of the transcription by TGF-β-activated kinase-1 (TAK1) triggering p38 MAPK phosphoryla-
tion and activating transcriptional factor (ATF)-2 [56].

Myriad experimental studies reported Ang II-mediated TGF-beta induction, particularly of its
expression [63–65]. AT1 receptor seems to be involved with TGF-β upregulation expression at
the transcriptional level in as much as losartan treatment inhibited the rise of this cytokine in
animals after Ang II infusion [63].

Since AT1 activation produces ROS via NADPH oxidase, Wenzel et al. [63] demonstrated that
the induction of TGF-β in cardiomyocytes was diminished in the presence of NADPH oxidase
inhibitors. Consistently, antioxidant treatments have shown decreased cardiac TGF-β expres-
sion in the experimental model of RAS activation [23, 30]. The redox signaling involved in Ang
II-induced TGF-β upregulation seems to be dependent on p38 MAPK and AP-1 pathway, such
was observed in ventricular cardiac myocytes [23, 63]. In this regard, the first direct evidence
about the causal relation between two important factors for cardiac hypertrophy (Ang II e TGF-
β) was observed in TGF-β1-deficient mice. The marked cardiac hypertrophy and the impaired
cardiac function induced by chronic suppressor doses of Ang II were not observed in TGF-
β1-deficient mice [66]. Thus, cardiac TGF-β is required to hypertrophy signaling induced by
Ang II, which in turn activates its AT1 receptor upregulating this cytokine expression.

TGF-β and Ang II are involved in fibroblast differentiation and MMP activity control [3]. In this
regard, an imbalance between MMP/TIMP is possibly another common signaling consequently
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involved in the heart hypertrophy. Ang II-induced increased MMP transcriptional expression
has been reported by several studies [30, 42, 44]. Despite AP-1 contribution to the transcription
of MMP-2 [47], the NF-kB inhibition attenuated MMP-2 upregulation in both heart and aorta
from 2-kidney and 1-clip (2K1C) hypertensive rats [44]. Transgenic mice overexpressing cardiac
MMP-2 presented marked decompensated hypertrophy, including not only collagen deposition
but also significant systolic dysfunction [67]. MMP-2 seems to degrade some contractile proteins
from heart sarcomeres, such as myosin and troponin [35], which have constantly been associated
with impaired heart capacity to contract in experimental models of heart disease [68]. In this
regard, several findings have stated that MMP-2 inhibition ameliorates remodeling and cardiac
dysfunction [35, 47, 69]. In addition, Ang II-induced MMP activation may be associated with
adaptive remodeling and cardiac dysfunction in 2K1C rats [69]. The Ang II activates MMP-2 by
mechanisms involving NADPH oxidase activation and ROS formation [30, 42]. In this sense, TGF-
β could increase MMP-2 activation since this cytokine also increases ROS formation. Indeed, some
studies have shown increased TGF-β levels and MMP-2 activity in the left ventricle from
hypertensive rats [3, 30]. Hence, the TGF-β-dependent mechanisms to Ang II-induced cardiac
remodeling may involve MMP-2 activation by redox signaling. However, future studies are
necessary to support the causal relation between MMP-2 activation and TGF-β in Ang II
hypertrophy.

5. Angiotensin II and TNF-α in cardiac remodeling

The proinflammatory cytokine TNF-α was first defined as an antimutagenic. Nowadays,
amount findings revealed a wide range of pleitropic TNF-α effects including cell proliferation,
apoptosis and production of other proinflammatory cytokines [2].

Growing body of evidences evaluated the role of TNF-α in many diseases, particularly in
cardiovascular disease. TNF-α has been found upregulated in myocardial from humans and
animals with heart failure [70]. A wide variety of cells including macrophages, fibroblast and
endothelial cells produce TNF-α. It has been described that cardiomyocytes themselves are
capable of synthesizing TNF-α [71]. Bryant et al. [72] have shown that TNF-α synthesized by
cardiomyocytes was sufficient to cause severe cardiac remodeling suggesting maladaptive
hypertrophy, which may also occur in human heart failure.

The TNF-α is secreted as a cell surface protein (homotrimeric type II transmembrane protein)
containing 233-amino-acid, which is activated by proteolytic cleavage to a 76-amino-acid signal
peptide [73, 74]. The TNF-α released as a mature protein, which acts as a soluble cytokine
through its two receptors: TNF receptor 1 (TNFR1) and TNFR2 [75, 76]. Despite the homology
between TNFR1 and TNFR2 in extracellular domains, both intracellular domains of TNFR1 and
TNFR2 are different. Once activated, TNFR1 leads to recruitment of a protein TRADD (TNFR1
associated death domain protein), which subsequently interacts with three other intracellular
proteins forming a complex. When activated, TNFR2 directly recruits TRAF2 and TRAF1 (TNF
receptor-associated factor). These differences in TNFR-induced intracellular signaling suggest
each receptor has distinct cellular functions. In this sense, dual effects of TNF-α have been
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suggested during the progress of cardiac disease. Low concentration of TNF-α has been
associated with the protective effects while its high concentrations present deleterious effects
[77]. This study did not evaluate the TNF-α receptors contribution. However, other evidences
have been shown that the effects of the two receptors on heart failure were opposite, TNFR1
showed proapoptotic and prohypertrophic while TNFR2 developed antiapoptotic and
antihypertrophic effects [78]. In addition, other findings have suggested that TNFR1 is
responsible for the major deleterious effects produced by TNF-α in hypertrophic signaling [79,
80]. Moreover, soluble TNFR1 is a predictor of mortality and heart failure in patients with acute
myocardial infarct [81]. Preclinical studies demonstrated that TNFR1 plays an important role
in Ang II-induced fibrosis in rats while TNFR2 did not affect the increased collagen deposition
in response to Ang II infusion [80].

TNF-α-induced intracellular signaling involves canonical NF-kB activation. The complex of
intracellular protein is formed when TNFR1 is activated, specific mitogen-activated protein
kinase kinases (MAPKKs) are phosphorylated consequently activating c-Jun N terminal kinase
(JNK), AP1 and p38 MAPK signaling pathways. Taken together, TNF-α-induced intracellular
signaling controls the expression of inflammatory proteins and antiapoptotic genes. Another
signaling complex is triggered as a response to the TNFR1 activation resulting in stimulation
of the effective caspases, which in turn lead to apoptosis [82].

TNF-α has induced increased ROS formation in endothelial cells by a mechanism dependent
of NADPH oxidase subunit: p47 phox subunit [83]. Indeed, cardiomyocytes hypertrophy was
induced by recombinant human TNF-α at least in part due to ROS generation [84]. Through
experimental models of heart failure, TNF-α inhibition decreased oxidative stress and
apoptosis improving cardiac remodeling and dysfunction [85]. Thus, ROS seems to foster a
key function in the cardiac hypertrophy induced by TNF-α.

As described above, it is possible to observe common signaling pathways between TNF-α and
Ang II. Since Ang II notably has increased TNF-α in vivo [86] and in vitro studies [87], some
evidences have reported a potential role of TNF-α in Ang II-induced cardiac hypertrophy [25,
88–90]. In this context, chronic Ang II infusion promotes cardiac hypertrophy, which was
attenuated in TNF-α knockout mice [89]. These findings were further confirmed by the
pharmacological inhibition by etanercept, an inhibitor of TNF-α, which blunted cardiac
hypertrophy in mice under Ang II infusion [25]. Indeed, the authors showed the involvement
of TNF-α in the intracellular signaling in Ang II-induced hypertrophy. Both TNF-α and Ang
II induced activation of NF-kB, p38 MAPK and JNK. Accordingly, heart TNF-α knockout mice
attenuated the activation of NF-kB, p38 MAPK and JNK signaling in Ang II infusion, suggest-
ing TNF-α is required to induce Ang II cardiac hypertrophy by intracellular signaling path-
ways [25]. It was observed that the TNFR1 deficient mice did not develop fibrosis under Ang
II stimulation, while TNFR2 deficient mice showed increased collagen accumulation in the
heart under Ang II infusion [88], which may indicate a promising role of TNF-α in activating
TNFR1 as crucial signaling to Ang II inducing cardiac remodeling.

Ang II and TNF-α are involved in increased production of ROS, which in turn activate NF-kB.
In this regard, Sriramula et al. [25] also suggest that redox signaling induced by Ang II may
be dependent of TNF-α. The authors have found that the increased mRNA, 2 expression and
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also the expression of other NADPH oxidase isoforms were blunted in TNF-α knockout mice,
which have resulted in lower levels of ROS. Collectively, all findings point out to a causal
relation between hypertrophic signaling of Ang II and TNF-α that involve redox pathways on
NF-kB, JNK and p38 activation.

6. Conclusion

Ang II and these cytokines (TGF-β and TNF-α) activate some intracellular pathways involved
in hypertrophy, including increased ROS production through NADPH oxidase. Ang II
activates NF-κB, which is a possible mechanism to Ang II-induced increased levels TNF-α and
other proinflammatory cytokines. NF-κB and ROS pathway seems to be also involved TGF-
β-increased MMP activity. In addition, cytokines, TNF-α and TGF-β, and Ang II are closely
related with a MAPK, which is a known key pathway involved in cardiac hypertrophy and
MMP regulation. Taken together, Ang II is associated to the TNF-α and TGF-β by mechanisms
involving ROS-NF-κB-MMP then contributing to the heart failure.
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Abstract

In the female reproductive system, angiotensin II (ANG II) is a potential signaling mol-
ecule involved in ovarian follicle development, which acts through two transmembrane 
receptors. Within the ovarian follicle, there appear to be species differences in the precise 
pattern of localization of AGTR2 protein and it has an important role in in vitro matura-
tion of oocytes in mammals. The infusion of ANG II induced ovulation in rabbits and the 
use of ANG II antagonists inhibited ovulation in rabbits, rats, and cattle. In fetal ovaries, 
AGTR2 protein was detected in ovigerous cords and preantral follicles throughout por-
cine and bovine gestation. In the oviduct, ANG II is responsible for the orchestration 
of the transport of gametes. In the male reproductive system, there is considerable evi-
dence for the local synthesis of components of renin-angiotensin system (RAS) in male 
reproductive tissues. The roles of RAS in local processes at these sites are still uncertain, 
although there is evidence for involvement in tubular contractility, spermatogenesis, 
sperm maturation, capacitation, acrosomal exocytosis, and fertilization.

Keywords: oviduct, ovary, bovine, reproduction, testis

1. Introduction

Many peptides are responsible for the coordination of functions in reproductive tissues, 
including angiotensin II (ANG II). In the oviduct, ANG II induces morphological and physi-
ological alterations in the infundibulum, ampulla, and isthmus to provide an ideal micro-
environment for oocyte transport and maturation, sperm capacitation and transport, and 
fertilization and early embryonic development.

In the ovary, the AT2 receptor is important for ovulation in many species (cattle, rats, and 
rabbits) and follicle stimulating hormone (FSH) is an important regulator in bovine granulosa 
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cells in vivo and in vitro. Moreover, the presence of this system in bovine, caprine and procine 
fetal ovaries ovaries suggests a role in preantral follicle development. In addition, in female 
germ cells, ANG II plays a key role in the oocytes during in vitro maturation in porcine and 
Cattle. In male reproduction as an important role in spermatogenesis to guarantee fertilization.

Aiming to clarify the localization, role, and practical implications of the renin-angiotensin 
system (RAS) in male and female reproductive biology, this chapter highlights the roles of 
RAS in mammalian reproductive physiology, specifically, in the ovaries, testes, oviducts, and 
other reproductive tissues.

2. Role in follicular microenvironment and ovulatory capacity

Oocyte and follicle development start during the fetal stage. Initially, the primordial germ 
cells migrate from the endoderm of the embryonic yolk sac to the gonadal ridge, where dur-
ing migration the cells undergo mitotic divisions. In the gonadal ridge, cells are internalized 
and cease mitotic division. After being enclosed in ovigerous cords, the cells become referred 
to as oogonia. The oogonia present the onset of meiosis but are interrupted in prophase I, the 
moment that the chromosomes are decondensed and contained in the germinal vesicle. One 
layer of flattened epithelial cells (pre-granulosa cells) is formed around the oogonia, becom-
ing a primordial follicle, and when the pre-granulosa cells become cuboidal granulosa cells 
(primary follicle), follicular growth begins, with the proliferation of granulosa cells turning 
into a secondary follicle (two to six layers), and later an antral follicle (more than six layers) 
(reviewed for [1, 2]).

The presence of prorenin, renin, angiotensinogen, angiotensin-converting enzyme, and ANG 
II and ANG II receptors (AT1 and AT2 receptors) in the ovary is suggestive of a functional 
ovarian RAS. In cattle, the expression of ANG II is greatest in large follicles, suggesting that 
it is important during follicular growth and maturation [9]. Within the ovarian follicle, there 
appear to be species differences in the precise pattern of localization of AGTR2 protein. 
Infusion of ANG II induced ovulation in rabbits and the use of ANG II antagonists inhibited 
ovulation in rabbits, rats, and cattle [3–7].

ANG II acts through two distinct transmembrane receptors, namely AT1 (encoded by the AGTR1 
gene) and AT2 (encoded by the AGTR2 gene [8]). In rabbits, the receptors are mostly AT2 recep-
tors and are expressed in the granulosa cells of preovulatory follicles, consistent with the role of 
ANG II in ovulation. A similar role has been suggested in cattle by [7], who observed that AGTR2 
mRNA in bovine granulosa cells was more abundant in healthy compared with atretic follicles.

Regarding the effects on oocyte maturation, Giometti et al. [9] investigated the role of ANG 
II in bovine oocyte nuclear maturation and suggested a role of ANG II in blocking the inhibi-
tory effect of theca cells on nuclear maturation of bovine oocytes. Moreover, Barreta et al. [10] 
found strong evidence that ANG II mediates the resumption of meiosis induced by a lutein-
izing hormone (LH) surge in bovine oocytes, probably through the effects of prostaglandins 
produced by follicular cells. Recently, Siqueira et al. [11, 12] suggested that progesterone is 
also involved in oocyte meiotic resumption induced by the gonadotropin surge in cattle.
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Furthermore, some reproductive biotechnologies, such as ovarian hyperstimulation, seem to 
affect ANG II in the ovaries. Numerous treatment protocols to induce multiple ovulations in 
cattle, using different gonadotropins, doses, routes of administration, and various hormone 
combinations and schedules, have been proposed in an attempt to improve embryo yield 
[13–16]. Recently, Barros et al. [17] showed higher levels of AGTR2 mRNA in cows submit-
ted to ovarian hyperstimulation using FSH. These findings substantiate those of [7], who 
observed increases in AT2 receptor mRNA and protein levels after adding FSH to granulosa 
cell culture.

Although the focus of RAS is on antral follicle development and oocyte competence, RAS 
has also been detected in fetal ovaries; however, not much is known about the regulation of 
development of pre-antral follicles. ANG II could be one of the factors that activate oogonia 
and oocytes. Embryologically, ovarian development in mammals originates from the neph-
rogenic ridge, as well as fetal kidney [18], where ANG II plays a role in kidney development 
[19]. Renin was identified in pig and mouse mesonephros [18]. It is believed that mesonephric 
cells are the precursors of granulosa cells (reviewed for [1]).

ANG II is produced in fetal porcine ovaries, as well as other components of RAS (prorenin, 
angiotensin, AT1, and AT2 receptors) required for the production and action of ANG II. These 
components are present at about 45 days of gestation. The abundance of mRNA prorenin 
increases until day 90 and then stabilizes [20].

In early gestation in porcines, there is the presence of AT2 mRNA but the abundance decreases 
with the progress of gestation, unlike AT1 mRNA that remains stable during gestation. In 
addition, the protein of the receptors appears alternately; AT1 receptor is present throughout 
gestation but the amount decreases during evolution while AT2 appears steadily [20].

Still in porcines, proteins of the receptors are present in the epithelial surface with a predomi-
nance of AT1 receptors, in primordial germ cells [20, 21], granulosa cells of primordial, pri-
mary, and secondary follicles, and also in oocytes (except for oocytes of secondary follicles). 
However, proteins of the receptors are not present in theca or stroma cells [20].

In cattle, there is only one study confirming the presence of AT2 in fetal ovaries. Protein was 
detected in the cytoplasm of oogonia up to 60 days of gestation, becoming weak and unstable 
from day 75 of gestation. The AT2 protein appears again from day 210 in granulosa cells of 
primary and secondary follicles, and granulosa and theca cells of antral follicles. The mRNA 
AT2 abundance does not change throughout gestation [22].

The difference in the expression pattern of the protein and AT2 mRNA mentioned above is 
easily explained by the differences in follicular development between the species. The primary 
follicles appear earlier in bovines than in porcines, but in bovines the gestation is approxi-
mately three times longer than in porcines [22]. In caprine pre-antral ovaries, a high expres-
sion of AT1 and AT2 has been demonstrated in primordial follicles. It was also expressed in 
secondary follicles, but at a lower level [23].

Despite the presence of RAS components in fetal ovaries, the function of the system is not well 
understood. In pre-antral follicles, ANG II is associated with conserving follicular viability 
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through binding to its receptors [23], and seems to be related to cellular atresia by binding to 
AT2 [20]. Furthermore, when porcine pre-antral follicles are cultured in a long-term culture 
system with the addition of ANG II, it seems to stimulate the division of granulosa cells and 
steroid synthesis [24].

3. Role in oviductal function

In the oviduct, endocrine and paracrine factors induce morphological, biochemical, and physi-
ological alterations in the infundibulum, ampulla, and isthmus to provide an ideal micro-
environment for oocyte transport and maturation, sperm capacitation and transport, and 
fertilization and early embryonic development. Thus, the temporal and spatial organization 
of each of these events is fundamental to reproductive efficiency [6, 25]. It is known that some 
peptides are responsible for the orchestration of these processes, including angiotensin II 
(ANG II) [26, 27].

ANG II is the major bioactive peptide of the renin-angiotensin system. This vasoactive peptide 
is derived from angiotensinogen in a two-step process that first involves the renin-dependent 
conversion of angiotensinogen to angiotensin I (ANG I), followed by ANG I conversion to 
ANG II via angiotensin-converting enzyme I (ACE-I). The fact that ANG II has a reproductive 
role in the female mammal is demonstrated by the presence of ANG II receptors in reproduc-
tive tissues in several species. There are two types of ANG II receptors: type 1 (ANGR1) and 
type 2 (ANGR2) [28].

The oviductal cells are capable of producing ANG II [29]. It has been reported that the ACE-1 
mRNA abundance is higher during the postovulatory phase and that ANG II released by 
oviductal tissues is greater in the follicular and postovulatory phases than the luteal phase of 
the bovine estrous cycle [29]. In women, ANG II concentration in the fallopian tubes is higher 
in the secretory phase of the menstrual cycle [30].

Both receptors are present in the oviduct. In the human fallopian tube, ANGR1 receptor is in 
the epithelial cells of the mucosa; there are higher levels in the ampulla than in the fimbria and 
isthmus [31, 32], and ANGR1 receptor concentration is higher in the proliferative phase than 
in the secretory phase. In the bovine oviduct, the presence of ANGR2 has been demonstrated 
in all oviducts during the pre-ovulatory period [33].

ANG II is involved in the ciliary beat frequency (CBF) of oviductal ciliary cells. ANG 
II stimulates the increase in CBF in the mucosa of human fallopian tubes acting on the 
ANGR1 [31, 32]. Additionally, elevated ANG II interacts with other contraction-release 
substances to activate oviductal smooth muscle contractions [29].The combination of the 
action of ANG II to activate CBF and muscle contraction during the peri-ovulatory phase 
suggests the important function of ANG II in the rapid transport of gametes to the fertiliza-
tion site [29].

In addition, ANG II is involved in sperm survival. In the bovine oviduct, ANG II participates 
in the local immunological response of the oviduct against allogeneic sperm, modulating the 
phagocytic activity of neutrophils [34].
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4. Role in male reproduction

The renin-angiotensin system (RAS) appears to be quite important for fertility in the male 
reproductive system. This system is isolated from the plasmatic RAS by the blood testicular 
barrier, which protects fertility from AT1 blockers and angiotensin-converting enzyme (ACE) 
inhibitors. Many researchers have found strong evidence of renin activity in mouse, rat, and 
human testicular tissue. The Leydig cells have continuously been considered as the most likely 
origin of renin in this tissue. Other key players of the RAS, for example, ACE, ANG I, ANG II, 
and ANG III, have also been extensively detected in many cell types including Leydig cells [35].

As learned from mice, testicular ACE is highly tissue-specific and, although Leydig cells were 
once suggested as being the origin of ACE in the testis, it was later confirmed that germinal 
cells are the actual source of ACE activity in the testes. During spermiogenesis, ACE is highly 
expressed by germ cells and the administration of ANG II can decrease ACE expression in the 
testis [36, 37].

Although present in the prostate, until now there has been no evidence of renin in the epidid-
ymis [38]. One interesting observation was that if the spermatozoa access to the epididymis 
is blocked by efferent duct legation, for instance, the ACE activity is greatly reduced in the 
epididymis, suggesting an important but still unclear role of the RAS in this process [39, 40].

ACE is very active in the seminal vesicle and its levels in the testis are very high; therefore, 
potential ACE secretion in the seminal fluid is strongly suggested [41–43]. Also, both isoen-
zymes of ACE have been detected in rat epididymis [41, 44]. In human seminal plasma, the 
ACE is highly active and probably originates from the epididymal tubules of the vas deferens. 
Known to be highly expressed in germ cells, testicular ACE seems to be dependent on sexual 
maturation, since it exists in mature sperm and in spermatocytes with mature spermatids, 
and also in spermatids of sexually mature mammals [43, 44].

ACE activity is low in the prostate under normal conditions; however, prostatic hyperplasia 
can increase ACE activity [41, 43, 45, 46]. Likewise, ANG II AT1 receptors are predominant in 
the prostate, but their binding is reduced during hyperplasia, suggesting an effect of prostatic 
hyperstimulation [47]. ACE isoforms are strongly present in the vas deferens, but with low 
activity [44, 48]. Low ACE activity has also been identified in seminal vesicles [48].

The activity of the ACE enzyme is low in immature mammals and increases with the onset of 
sexual maturity [42, 49]. Sexual stimulation was shown to enhance ACE activity in semen [50, 51] 
but remains basal in oligospermic males [50]. The ACE enzyme may play a role in fertilization, 
since its levels increase during sperm capacitation [52–55].

The action of ACE in male fertility has been investigated by the use of knockout mice [56, 57], 
where males lacking ACE are indeed infertile; however, their sperm content, motility, viability, 
capacitation, and induction of acrosome reaction were completely normal. Although these knock-
out sperms present normal functionality, barely any of them reach the uterine tube, and even if 
they do, they seem incompetent at zona pellucida binding to the potentially present oocyte in 
the ampulla region of the oviduct. The probable reason for this is that ACE may provide sperm 
with the capacity to detach from the oviduct epithelium in the female reproductive tract. It is 
important to highlight that these genetically modified male mice, such as those resulting from 
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the insertion of a modified ACE allele through homologous recombination [58], present distinctly 
low blood pressure, deeply impaired kidneys, and a high infertility index. In addition, ANG II 
can increase sperm motility and AT1 receptor antagonists can inhibit this action [59].

Additionally, angiotensinogen is present in testicular tissue in the majority of mammals, 
excluding rats [37, 60–66]. Molecular investigations have found that AT1A is the predomi-
nantly expressed receptor in mouse testis [67] and ANG II receptor was also found to be 
acting on Leydig cells of mammals [59, 68]. Likewise, ANG I and ANG II are also present in 
rat epididymis and the level of ANG II in the epididymis can be clearly reduced after efferent 
duct ligation [38, 40, 69]. ANG receptors AT1 and AT2 have been detected in rat epididymis 
[70], where the presence of AT1 receptors is higher than AT2 receptors, and both receptors are 
much more numerous in fully mature rat epididymis than in younger stages. AT1 receptors 
were also found in primary spermatogonia and spermatid tails [59].

There is evidence of linked RAS regulation between the circulatory system and testes, as 
hypophysectomy decreases renin levels in the testes while slightly increasing plasma renin 
[71]. Estrogen and other gonadotrophin hyperstimulation treatments can deplete renin sig-
nalization in Leydig cells [72, 73]. On the other hand, renin activity, as well as ANG produc-
tion, can be increased in Leydig cells in vitro by human chorionic gonadotropin (hCG) or 
bovine luteinizing hormone administration [74]. There is also evidence that renin levels in 
plasma are also increased by hCG [75].

In 1998, Hirai et al. [76] verified that AT1 and AT2 expression in rat testes depends on the 
pituitary action, since after hypophysectomy the gene expression of both receptors was sig-
nificantly increased. In addition, chorionic gonadotropin has been shown to reduce AT1 and 
AT2 gene expression. Furthermore, the AT2 expression in rat testes is variable according to the 
developmental stage of the male. For instance, as the aging process progresses the expression 
of both AT1 and AT2 substantially decreases [77]. Similarly, we can observe plenty of ANG II 
receptors in non-differentiated mesenchymal cells of the interstitium in immature testes, but 
ANG II binding systematically decreases throughout development [68].

ANG is one of the peptide hormones in the epididymis responsible for stimulating the secre-
tion of anion and fluid [39]. Some evidence suggests that the majority of its action is attributed 
to ANG II action on the apical surface of the epididymal epithelium, in which it may exert an 
effect through interaction with the AT1 receptor [70, 78].

In summary, the variability of the RAS in the testes or epididymis is gradually affected as 
development progresses, with a decrease in concentrations of AT1 and AT2 receptors and also 
a reduction in ANG II receptor binding (predominantly AT2 receptor) in the testes. By adult-
hood, the testes contain almost exclusively AT1 receptors [77].
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much more numerous in fully mature rat epididymis than in younger stages. AT1 receptors 
were also found in primary spermatogonia and spermatid tails [59].

There is evidence of linked RAS regulation between the circulatory system and testes, as 
hypophysectomy decreases renin levels in the testes while slightly increasing plasma renin 
[71]. Estrogen and other gonadotrophin hyperstimulation treatments can deplete renin sig-
nalization in Leydig cells [72, 73]. On the other hand, renin activity, as well as ANG produc-
tion, can be increased in Leydig cells in vitro by human chorionic gonadotropin (hCG) or 
bovine luteinizing hormone administration [74]. There is also evidence that renin levels in 
plasma are also increased by hCG [75].

In 1998, Hirai et al. [76] verified that AT1 and AT2 expression in rat testes depends on the 
pituitary action, since after hypophysectomy the gene expression of both receptors was sig-
nificantly increased. In addition, chorionic gonadotropin has been shown to reduce AT1 and 
AT2 gene expression. Furthermore, the AT2 expression in rat testes is variable according to the 
developmental stage of the male. For instance, as the aging process progresses the expression 
of both AT1 and AT2 substantially decreases [77]. Similarly, we can observe plenty of ANG II 
receptors in non-differentiated mesenchymal cells of the interstitium in immature testes, but 
ANG II binding systematically decreases throughout development [68].

ANG is one of the peptide hormones in the epididymis responsible for stimulating the secre-
tion of anion and fluid [39]. Some evidence suggests that the majority of its action is attributed 
to ANG II action on the apical surface of the epididymal epithelium, in which it may exert an 
effect through interaction with the AT1 receptor [70, 78].

In summary, the variability of the RAS in the testes or epididymis is gradually affected as 
development progresses, with a decrease in concentrations of AT1 and AT2 receptors and also 
a reduction in ANG II receptor binding (predominantly AT2 receptor) in the testes. By adult-
hood, the testes contain almost exclusively AT1 receptors [77].
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Abstract

Introduction: Pregnancy is a physiological process that necessitates many cardiovascular 
and hemodynamic adaptations to ensure the survival of the foetus and well‐being of the 
mother. The renin‐angiotensin system (RAS) has been suggested as key player in many 
of these changes as it is critical for blood pressure control as well as fluid and salt homeo‐
stasis in the non‐pregnant state.

Body: Normal pregnancy is characterized by an increase in the circulating levels of pro‐
renin, renin, angiotensinogen and angiotensin‐II. However, this is coupled to a dimin‐
ished endothelial sensitivity to angiotensin‐II, which may explain the lack of increase in 
blood pressure in pregnancy. Conversely, an increase in circulating levels of aldosterone 
and anti‐diuretic hormone during pregnancy can be observed and could contribute to the 
enhanced renal sodium and water reabsorption, respectively. Moreover, dysregulation of 
the RAS has been implicated in the development of gestational hypertensive disorders 
such as preeclampsia.

Conclusion: The difference in the RAS effects observed during normal pregnancy may be 
attributable to local modifications of the RAS as well as to non‐classic RAS such as the 
angiotensin‐(1‐7) axis. These adaptations may be dysregulated during preeclampsia and 
may contribute to the development of the disease.

Keywords: gestation, reproductive system, cardiovascular adaptations to gestation, 
preeclampsia, exercise training

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Menstrual cycle, implantation and pregnancy

The female reproductive system includes the ovaries, fallopian tubes, uterus, cervix and vagina. It 
is involved in the production and transportation of gametes, the production of sex hormones and 
development of embryo. The oviducts extend from the uterus to the ovaries. The egg bursts from 
the ovary and moves through the oviduct towards the uterus. In humans, an egg lives approxi‐
mately 6–24 hours, unless fertilization occurs, which results in zygote formation. A developing 
embryo normally reaches the uterus after several days, and then implantation occurs. During 
implantation, the embryo embeds in the uterine lining, which has been prepared to receive it. The 
lining of the uterus, called the endometrium, participates in the formation of the placenta, which 
has a main role in supplying nutrients needed for embryonic and foetal development [1]. At men‐
arche (first menstrual period), females undergo monthly reproductive cycles regulated by the 
hypothalamus, pituitary gland and ovaries. This so‐called menstrual cycle prepares the reproduc‐
tive system for pregnancy. As shown in Figure 1, each menstrual cycle is composed of an ovarian 
and an uterine cycle based on processes taking place in the ovary and uterus, respectively [1, 2].

Figure 1. Human ovarian and menstrual cycles. Diagram of the menstrual cycle (based on several different sources) by 
Isometrik through Wikimedia Commons licensed under CC BY‐SA 3.0.
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embryo normally reaches the uterus after several days, and then implantation occurs. During 
implantation, the embryo embeds in the uterine lining, which has been prepared to receive it. The 
lining of the uterus, called the endometrium, participates in the formation of the placenta, which 
has a main role in supplying nutrients needed for embryonic and foetal development [1]. At men‐
arche (first menstrual period), females undergo monthly reproductive cycles regulated by the 
hypothalamus, pituitary gland and ovaries. This so‐called menstrual cycle prepares the reproduc‐
tive system for pregnancy. As shown in Figure 1, each menstrual cycle is composed of an ovarian 
and an uterine cycle based on processes taking place in the ovary and uterus, respectively [1, 2].

Figure 1. Human ovarian and menstrual cycles. Diagram of the menstrual cycle (based on several different sources) by 
Isometrik through Wikimedia Commons licensed under CC BY‐SA 3.0.
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The ovarian cycle begins with the menstrual phase from day 1 and lasts, on average, for 5 
days. The menstrual phase is followed by the follicular phase, which ends at ovulation at 
approximately day 14. The third phase is called the luteal phase which lasts from day 14 to 
28 and ends with the beginning of menstruations and the start of a new cycle (Figure 1) [3]. 
During the ovarian cycle, there are two hormones released from the anterior pituitary by 
the stimulatory action of the gonadotropin‐releasing hormone (GnRH): the follicle‐stimulat‐
ing hormone (FSH), which stimulates the development of ovarian follicles and production of 
estrogen by the follicular cells, and the luteinizing hormone (LH), which serves as the trigger 
for ovulation and stimulates the follicular cells and corpus luteum to produce progesterone 
[2]. The cyclic changes in the ovaries with hormonal stimulation of FSH and LH allow follicle 
maturation and oogenesis, and lead to the release of the secondary oocyte into the oviduct 
during a process called ovulation (Figure 1) [1].

Estrogen and progesterone produced by the ovarian follicles and corpus luteum during the 
ovarian cycle cause cyclic changes in the endometrium of the uterus, also known as the uter‐
ine cycle. Both ovarian and uterine cycles last on average 28 days. Menstruation, character‐
ized by the endometrium’s breaking down, is the first phase of the uterine cycle and lasts 
from day 1 to day 5. It also spans part of the follicular phase of the ovarian cycle. Menstruation 
is followed by the proliferative phase, characterized by estrogen secretion from the primary 
follicles and lasts for almost 9 days. This phase, which coincides with the growth of the ovar‐
ian follicles in the ovarian cycle, leads to increasing thickness of the endometrium. At the very 
end of the proliferative phase on day 14, the ovulation occurs. After that, the uterine secretory 
phase begins. This phase lasts for 13 days and coincides with the formation, function and 
growth of the corpus luteum in the ovarian cycle [1, 2]. During days 15–28, increased produc‐
tion of progesterone by the corpus luteum in the ovary causes the endometrium of the uterus 
to double or triple in thickness [1]. This phenomenon prepares the endometrium for receiving 
the developing embryo in the short period of receptivity known as the window of implanta‐
tion [4]. If fertilization does not occur, the corpus luteum degenerates and the concomitant 
decrease in progesterone level causes timely destruction of the fully developed endometrium, 
leading to menstruation. However, if fertilization occurs, the zygote cleavage (increase in cell 
number without increase in mass) takes place. Following blastocyst formation, the embryo 
implantation occurs, typically on the sixth day of the luteal phase. This leads to the secretion 
of the human chorionic gonadotropin (hCG) by the syncytiotrophoblasts of the developing 
placenta, which acts on the ovaries to maintain the secretion of estrogen and progesterone 
and prevent the degradation of the corpus luteum. As a result, the luteal phase is prolonged, 
which prevents the start of the menstrual cycle, and the endometrium continues to grow and 
undergoes further morphological and molecular changes to provide sufficient support for the 
growing embryo during the pregnancy [2].

Although it was once thought to be a systemic entity, the presence of local tissue‐specific 
renin‐angiotensin systems (RASs) has been recently demonstrated. Indeed, different tissues 
have been found to express all the functional components of the RAS [5, 6]. The reproductive 
system and placental RAS play a key role in ovulation, implantation, placentation and devel‐
opment of the uteroplacental and umbilicoplacental circulations [7]. Additionally, this local 
RAS contributes to the activity of circulating maternal renin‐angiotensin‐aldosterone system 
(RAAS), and as such, influences maternal cardiovascular and renal function [8]. Moreover, 
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the reproductive system RAS has been shown to be implicated in different aspects of repro‐
duction, from fertility to embryo implantation and later through pregnancy [9, 10]. Important 
modulations of the RAS are observed from the very beginning of pregnancy and aberrant 
changes in RAS component expression can cause gestational problems such as preeclampsia 
[11–13]. The implication of the RAS in both normal and pathological pregnancy will be dis‐
cussed in this book chapter.

2. RAS in the reproductive system

2.1. RAS and ovary and follicular development

Prorenin is produced by the ovarian follicular cells at different stages in oocyte matura‐
tion. As the ovarian follicle undergoes maturation, the prorenin concentration increases and 
remains elevated until the end of the luteal phase, near the start of menstruation, where it 
falls in parallel with progesterone levels [14]. Prorenin secretion in the ovary is regulated by 
gonadotropins, and thus, the rise in plasma‐luteinizing hormone (LH) levels shortly precedes 
the elevation of plasma prorenin, secreted into circulation mainly by the ovary [15, 16]. Of 
note, concentrations of prorenin, the inactive precursor of renin, are typically higher in the 
reproductive system than those of renin and it was originally postulated that it was locally 
activated by an unknown process. As such, studies demonstrating the expression of cathep‐
sin B, a potential activator of prorenin, in the maturating oocyte suggest that the increase in 
prorenin expression in the ovary can contribute to the rise in renin levels in the follicular fluid. 
Moreover, prorenin can activate the prorenin/renin receptor ((P)RR) and thus become active 
as well as stimulate Ang‐II‐independent pathways, which are associated to this receptor [17]. 
For instance, binding of prorenin to the (P)RR can promote cell growth and oocyte maturation 
[18]. More specifically, the (P)RR has recently been suggested to induce resumption of meiosis 
in oocytes [19].

Similarly to prorenin, local ovarian renin activity has been shown to be increased following 
the LH surge in rats, rabbits and human [20–22]. Moreover, increased renin mRNA expression 
has been measured in rat and primate following follicle‐stimulating hormone (FSH), estradiol 
or human chorionic gonadotropin (hCG) stimulation [23], suggesting that prorenin could be 
activated locally in the ovary and could contribute to the stimulation of the local RAS [15].

The ovarian expression of angiotensinogen (Agt) has been studied in rats and humans and 
has been shown to vary between species. In rat, Agt expression is found in ovaries, more spe‐
cifically during the mid‐ and late‐maturation of follicles (not during maturation of early‐pri‐
mary or primary follicles) [24]. The timing of Agt expression in maturing follicles matches the 
expression of gonadotropins. As such, given that Agt expression has been shown to be stimu‐
lated by estradiol in rat liver, it has been suggested that Agt expression in maturating follicles 
could be driven by gonadotropin‐stimulated‐estradiol local production. In humans, Agt has 
been measured in the follicular fluid and its levels are comparable or lower to circulating Agt 
[7]. However, there is no evidence of local ovarian Agt mRNA expression, suggesting that 
local ovarian Agt protein levels are derived from the circulation [15].
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In contrast to the other RAS components mentioned above, the angiotensin‐converting enzyme 
(ACE) expression in the ovary does not follow gonadotropin‐stimulated cyclic expression 
pattern during the oestrous cycle since high ACE levels are found in the early stages of follicle 
maturation and in atretic follicles with very low levels in preovulatory follicles. This suggests 
that ACE has a role in early maturation of the follicles as well as their atresia [15].

Angiotensin II (Ang II) has been found to be produced and secreted by rabbit and rat ovaries 
in response to hCG elevation [21]. Since renin activity is stimulated by gonadotropins dur‐
ing preovulation, this increased renin activity probably drives the production of local Ang 
II. Similar observations have been made in women with natural or gonadotropin‐stimulated 
cycles [25].

Ang II mediates its actions in the ovary through both AT1R and AT2R. However, each recep‐
tor has different functions within the reproductive system. Indeed, AT1R has been reported to 
be mainly involved in the maintenance of ovarian vasculature which supplies nutrients to the 
developing follicles [26], whereas AT2R would be implicated in both the follicular develop‐
ment as well as in the regression of the luteal vasculature towards the end of the ovarian cycle. 
However, the timing of AT2R expression during oocyte maturation is uncertain and varies 
between species. Indeed, a study using autoradiography and gene expression measurements 
reported the expression of AT2R in granulosa cells of rat atretic follicles while it is almost 
absent in healthy follicles [27]. In contrast, studies in bovine ovaries demonstrate that AT2R 
expression is increased during follicular growth and maturation [15]. As such, it is very dif‐
ficult to conclude on a clear role of the ATRs in the ovary. In addition, the signalling pathways 
involved in AT2R modulation of follicular growth and maturation have not yet been studied. 
However, neuronal studies of AT2R signalling demonstrate that the MAPK pathway and acti‐
vation of nitric oxide promotes cell differentiation and could be putative pathways involved 
in follicular maturation in the ovary [28]. On the other hand, studies in rabbits have shown 
that ovarian RAS activation leads to estradiol production through AT2R stimulation. Based 
on the fact that gonadotropins stimulate the expression of many components of the RAS cas‐
cade, an intra‐ovarian paracrine or autocrine loop would exist between Ang II and estradiol 
[15]. However, the mechanisms responsible for the control of the autocrine loop are not well 
understood and more data are needed to confirm its activity in other species such as rodents 
and humans.

2.2. RAS during ovulation

The process of ovulation depends on different signalling cascades involving cAMP release, 
steroids, prostaglandins and other chemical mediators [29, 30]. Several in vitro and in vivo 
studies have demonstrated that the RAS, especially through AT2R stimulation, has a role to 
play in ovulation. In particular, studies using in vitro perfused ovaries have demonstrated a 
dose‐dependent effect of Ang II on estradiol and prostaglandin secretion, correlating with 
the initiation of ovulation [31]. Therefore, the use of ACE inhibitors (which would lead to 
a decrease in Ang II production) for the treatment of hypertension in women who want to 
become pregnant may not be recommended. Of note, insulin‐like growth factor 1 (IGF‐1), 
through the activation of the plasminogen activator (PA), has been proposed to increase Ang 
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II production, leading to the production of prostaglandins necessary for the rupture of the 
follicular wall and ovulation [32]. Hence, this could be a mechanism by which the IGF‐1 pro‐
duces its important effects on ovarian physiology and follicle development [33].

Studies on human follicular fluid samples collected from in vitro fertilization samples suggest 
that RAS activity correlates with follicular development. In particular, prorenin activity in 
follicular fluid is associated with the development, maturity and viability of the oocytes [18]. 
Indeed, low levels of follicular prorenin are associated with immature follicles while high pro‐
renin levels are correlated with atretic follicles, the latter being characterized by high levels of 
testosterone and low levels of estradiol. Intermediate levels of prorenin would therefore be 
necessary for normal ovulation to proceed. Interestingly, in our recently characterized model 
of preeclampsia superimposed on chronic hypertension, mice that overexpress both human 
renin and angiotensinogen (R+A+), we observed that these mice have reduced litter size [34]. 
Given that this is not associated with increased foetal or neonatal mortality, this suggests that 
hypertension or the overexpression of the RAS in the reproductive system may decrease fer‐
tility by modulating ovulation or embryo implantation.

2.3. Corpus luteum

Following ovulation, the remaining follicular cells undergo rapid remodelling and capil‐
lary invasion. Studies have shown that microvascular endothelial (MVE) cells in the corpus 
luteum express ACE and can convert Ang I to Ang II [26]. Both AT1R and AT2R have been 
detected in MVE cells with different levels of expression throughout the ovarian cycle: AT1R 
expression levels seem unchanged, whereas AT2R expression is lowest during the mid‐luteal 
phase and highest during the late luteal phase [26]. The regulation of angiogenic processes 
is a crucial step to ensure the constant flow of growth, maturation and demise of the corpus 
luteum. This angiogenic step requires the secretion of angiogenic factors such as the basic 
fibroblast growth factor (bFGF). Ang II would be one of the drivers of this rapid capillary 
invasion through AT1R‐dependent stimulation of bFGF expression. Hence, in luteal cells, 
the surge in LH that precedes ovulation would lead to increased Ang II production and 
enhanced AT1R stimulation which would drive the expression of bFGF. This would then 
promote angiogenesis and appropriate maintenance of the corpus luteum [35]. In contrast, 
the regression of the luteal vasculature would be attributed to the Ang II‐AT2R axis of the 
RAS [36].

2.4. Atresia

At the beginning of each ovarian cycle, several primordial (immature) follicles undergo mat‐
uration. Due to the inefficient nature of folliculogenesis, most of those primordial follicles 
will not reach the final stage of maturation, and in humans, only one follicle will undergo 
ovulation. The remaining follicles degenerate through a process known as atresia. Atretic fol‐
licles are characterized by abnormally high prorenin levels associated with a low estradiol/
progesterone ratio [37]. These follicles have a thin layer of degenerated granulosa cells and 
the remaining active theca cells secrete prorenin [38]. In atretic granulosa cells, the Ang II 
receptor isoform that is most expressed is AT2R, which has been shown to drive apoptosis 
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[27]. In follicles, FSH acts as a mild repressor of AT2R expression, so apoptosis cannot be trig‐
gered during the maturation phase of follicular development. However, in the luteal phase, 
FSH levels are reduced which relieves the inhibition on AT2R expression. As such, given the 
high Ang II level, AT2 stimulation increases granulosa cells apoptosis, promoting the atresia 
of immature follicles.

2.5. RAS and the placenta

The placenta is an organ that provides nutrients and oxygen to the developing foetus and 
removes toxic waste products from the foetal circulation [39]. The formation of the pla‐
centa starts with the implantation of the embryo (at this developmental stage, the blas‐
tocyst) in the endometrium (known as the decidua during pregnancy). The blastocyst is 
composed of an inner cell mass (which will give rise to the foetus and the amniotic cavity) 
and the trophoblastic cells (a ‘sticky’ layer of cells forming the outer layer of the blastocyst). 
Implantation is initiated when the trophoblastic cells adhere to the surface of the decidua. 
This stimulates the proliferation of the trophoblastic cells, which divide into two cell types: 
the syncytial trophoblasts and cellular trophoblasts (also known as the chorion). The syn‐
cytial trophoblastic cells are multinucleated cells which are highly invasive. They secrete 
proteolytic enzymes that are responsible for the destruction of the decidua which creates 
cavities (known as endometrial lacunae). Simultaneously, the proliferating trophoblastic 
cells form protrusions, known as the chorionic villi, which become highly branched as well 
as vascularised by ramifications of the umbilical vein and artery. The endometrial lacu‐
nae will then be invaded by the branching chorionic villi, allowing the blastocyst to pen‐
etrate into the decidua and establishing the interface between the maternal and foetal blood 
where nutrients, blood gas and wastes will be exchanged. By the end of the first trimester, 
the uteroplacental circulation is fully established [40]. Maintaining optimal placental blood 
osmotic pressure and flow is crucial for the production of a viable offspring. Placental RAS 
is a key player in the regulation of maternal‐foetal blood flow during pregnancy [41]. Since 
many components of the RAS have been shown to be expressed in whole human placental 
extracts, human placental cell lines (human umbilical venous endothelial cells (HUVEC)), 
and in isolated primary placental cell fractions (primary trophoblastic cells fraction, pri‐
mary macrophage‐rich fraction and primary villous endothelial cells) [42–44], the RAS is 
believed to have a considerable influence in this organ [11, 45–48]. However, functional 
data of the placental RAS are very rare. RAS proteins have different level of expression in 
various areas of the placenta. Agt, renin, Ang I, Ang II, ACE, AT1R, and AT2R have been 
localized to the human and rat maternal decidua [49, 50], whereas Ang II and ACE have 
also been found in pericytes of endometrial spiral arteries. RAS components such as Agt 
and renin have also been detected in foetal capillaries [51] and AT1R has been found in 
cytotrophoblastic and syncytiotrophoblastic cells as well as in foetal capillaries. Many stud‐
ies have suggested the implication of the placental RAS in promoting trophoblastic cell 
migration, proliferation of the foetal vascular endothelium and vasodilation of the maternal 
vasculature [52, 53]. Hence, changes in placental RAS potentially contribute to alterations 
in uteroplacental perfusion, which are associated with gestational complications such as 
preeclampsia [54].
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2.6. RAS and the uterus/endometrium

Most components of the RAS can be found in both myometrium and endometrium of the 
uterus. However, the role of the RAS in the non‐pregnant uterus is still unknown [55]. Elevated 
expression and secretion of prorenin in stromal cells have been associated with decidualisation 
of the endometrium in early to mid‐proliferative phase [56]. Activation of the (P)RR by prorenin 
has been shown to promote vascular endothelial growth factor (VEGF) expression and could 
thus increase vascularity of the decidua to ensure an adequate blood flow to the placenta [56]. 
In addition, Ang II as well as AT1R and AT2R show a cyclical pattern of expression depending 
on the phase of the uterine cycle. First, AT2R is expressed at higher levels compared to AT1R, 
although both receptors show a similar expression pattern. Their expression gradually increases 
during the proliferative phase, reaching a maximum in late proliferative and early secretory 
phases, followed by a gradual decrease in expression through the rest of the secretory phase 
[57]. In comparison, plasma Ang II levels gradually increase through the menstrual cycle, reach‐
ing a peak in the late secretory phase [58]. Moreover, in the early to mid‐proliferative phase, 
endometrial Ang II levels and ATRs expression are mostly localized to the glandular and stro‐
mal cells of the endometrium, which could highlight a role for the RAS in modulating decidu‐
alisation and neovascularisation of the endometrium. Alternatively, in late secretory phase, they 
are localized mostly around blood vessels, where Ang II could contribute to the vasoconstriction 
of spiral arterioles which is necessary for the induction of menstruation [57]. In addition, angio‐
tensin‐(1‐7) (Ang‐(1‐7), a heptapeptide generated from Ang II cleavage by the enzyme ACE 2) 
and its receptor MAS (MAS‐R) have been shown to be expressed in the endometrium. While 
MAS‐R expression is localized to the epithelial and stromal cells and does not change through‐
out the menstrual cycle, Ang‐(1‐7) concentrations are highest in the glandular epithelium and 
in the stroma of the endometrium in mid‐ to late‐secretory phase [59]. Although the function 
of the Ang‐(1‐7)—Mas‐R axis is not well understood in the endometrium, by its vasodilatory, 
antiangiogenic and antimitotic properties, Ang‐(1‐7) could counterbalance Ang II actions and, 
possibly regulate endometrial regenerating processes according to homeostatic needs.

3. Pregnancy and RAS

Pregnancy is characterized by an elevation in the levels of maternal circulating estrogen. 
Consequently, maternal circulating prorenin and renin are also increased during pregnancy. 
Prorenin reaches a peak within 20 days after conception and remains high until parturition 
while plasma‐renin activity rises during the first few weeks of pregnancy [60]. ACE is the only 
RAS component that decreases during pregnancy [61] while plasma Agt and Ang II levels are 
particularly elevated during the last trimester of normal gestation [62]. The elevated Ang II 
levels could be attributed in part to the stimulatory effect of estrogen on Agt expression but 
also to the elevated renin levels [63]. In addition, increased urinary and plasma aldosterone 
levels are observed during pregnancy which produces the increased plasma volume required 
for the growing placenta and foetus [64].

The increase in RAS in pregnant women should normally be associated with an increase in 
blood pressure. However, elevated blood pressure in not typically observed during normal 
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pregnancy. On the contrary, due to the vasodilating effect of progesterone, a decrease in blood 
pressure is typically seen in the first and second trimesters, returning to baseline by deliv‐
ery [65]. Indeed, although Ang II levels are increased during pregnancy, normotensive preg‐
nant women are actually refractory to its vasopressor effects. Studies have reported a twofold 
increase in plasma Ang II levels concomitantly with a twofold decrease in the sensitivity to 
Ang II vasoconstrictive effects [66, 67]. Moreover, studies in pregnant women and animals have 
demonstrated that the elevation of plasma Ang‐(1‐7) would contribute to the reduction in blood 
pressure during pregnancy by counterbalancing the vasoconstrictor actions of elevated Ang II 
[68–70]. It was also demonstrated in rats, that arteries were more responsive to the vasodilatory 
effects of Ang‐(1‐7) during pregnancy [71]. The capacity of Ang‐(1‐7) to stimulate the release of 
the vasodilatory molecules prostaglandins would potentiate its own vasodilatory actions and 
would oppose Ang II effects [72]. A balance of the two biologically active peptides of the RAS, 
Ang II, a vasoconstrictor and angiogenic molecule, and Ang‐(1‐7), a vasodilator and anti‐angio‐
genic molecule, may therefore be essential for the maintenance of normal pregnancy [11, 73].

Trophoblasts are rich in AT1Rs and are thus responsive to the changes in Ang II concentra‐
tions that occur during pregnancy [74]. Recent studies demonstrate that multiple genes are 
regulated by AT1R signalling and include those encoding secreted proteins associated with 
trophoblast invasion (e.g., plasminogen activator inhibitor‐1, PAI‐I) and angiogenesis (soluble 
fms‐like tyrosine receptor‐1, sFlt‐1) which could promote endometrium decidualisation. Ang 
II signalling also activates NF‐kappa B and stimulates NADPH‐oxidase synthesis by tropho‐
blasts which would promote trophoblastic proliferation and invasiveness [75].

4. RAS and gestational pathophysiological conditions

Since the RAS has a wide array of important functions in the body, any dysfunction in this 
system may lead to complications [41]. Studies have shown that the RAS is involved in repro‐
ductive conditions such as preeclampsia, polycystic ovary (PCOS) [76]. Moreover, it has a role 
in tumour progression in gynaecological cancers, highlighting the implication of the RAS in 
on tumour cell proliferation, vascular function and angiogenesis [54]. The following sections 
will describe the implication of RAS in the development of gestational pathologies, with the 
main emphasis being put on preeclampsia.

4.1. Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is the leading cause of anovulatory infertility in women of 
reproductive age. Evidence of enhanced systemic RAS activity (increased plasma renin, Ang II 
and aldosterone) has been demonstrated to be responsible for the development of this disease 
[76, 77]. In PCOS patients, the maturation and oocyte quality are both affected by the increased 
intra‐follicular renin level [54]. Moreover, there is evidence indicating that a polymorphism in 
ACE gene is associated to insulin resistance (IR) in women with PCOS [76, 78, 77]. Thus, treatment 
with ACE inhibitors aiming at increasing insulin sensitivity could result in an increased fertility 
in PCOS patients, but since RAS inhibitors are known to be teratogenic, further studies and much 
care would be needed to validate this therapeutic approach.
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4.2. Ovarian cancer

Ovarian cancer is the most lethal gynaecological malignancy in women worldwide [79]. 
Ovarian cancer cells express Ang II and AT1R [80]. Elevated AT1R levels have been mea‐
sured in borderline lesions and in invasive epithelial ovarian cancers [81]. Moreover, prog‐
nosis is worse for patients with tumours expressing high AT1R levels compared to patients 
with AT1R‐negative tumours. The Ang II—AT1R pathway stimulates cell proliferation while 
the simultaneous increase in VEGF expression and Ang II levels promotes angiogenesis [54]. 
Therefore, targeting the Ang II‐AT1R pathway could be part of a future treatment strategy for 
invasive epithelial ovarian cancer.

4.3. Endometrial cancer

Endometrial cancer (EC) is the most common gynaecological malignancy. Moreover, since 
obesity is a major risk factor, its incidence could increase in the future in parallel with the 
growing metabolic syndrome pandemic [82]. The endometrial RAS, like other tissue RASs, 
has been implicated in angiogenesis, neovascularisation and cell proliferation, which are 
processes involved in tumour growth and metastasis. Increased expression of Ang II, AT1R, 
AT2R, VEGF and estrogen receptor alpha (NR3A1) has been identified in EC tissues [83]. 
Moreover, a strong positive correlation has been detected between the levels of Ang II and 
AT1R/AT2R expression in endometrial tumours with advancing stage of the tumour [54, 83]. 
Overactivation of the RAS can often be attributed to single nucleotide polymorphisms (SNPs) 
in a RAS gene [84]. In a study by Freitas‐Silva et al., an ACE polymorphism was described to 
be associated with early onset of EC. In summary, high activity of the local RAS in endome‐
trial cancer is associated with higher incidence, earlier onset and increased rates of angiogen‐
esis [54].

4.4. Preeclampsia

4.4.1. Definition of the pathology

Preeclampsia is a gestational complication that affects 2–5% of women in North America [85]. 
Preeclampsia risk factors include primiparity, multiparity as well as pre‐existing conditions 
such as type 2 diabetes mellitus, obesity, hypertension and thrombophilia [86]. Moreover, 
women with preeclampsia are more likely to develop cardiovascular diseases later in life [87]. 
Clinical diagnostic is determined by the presence of new onset of hypertension (systolic pres‐
sure ≥140 mmHg or diastolic pressure ≥90 mmHg) and proteinuria (≥300 mg in 24h) after 20 
weeks of gestation. Other potential clinical manifestations are placental alterations, cerebral 
ischemia, liver abnormalities, cardiac hypertrophy and impaired vascular reactivity, although 
they are not seen in all preeclamptic women [88]. Patients with severe preeclampsia can also 
develop pulmonary oedema, haemolysis, elevated liver enzymes and low platelets syndrome, 
severe central nervous system symptoms, renal failure and intrauterine growth restriction [89].

Several factors have been involved in the development of preeclampsia, such as placental 
abnormalities, oxidative stress, endothelial dysfunction, inflammation and immunity, but none 
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have been clearly proven [86]. Preventive therapies such as antioxidants have not demonstrated 
any beneficial effects while calcium supplementation only helps patients with calcium deple‐
tion [90, 91]. Therefore, physicians usually try to control the progression of the disease using 
antihypertensive therapies, such as methyldopa (an α‐adrenergic agonist), labetalol (an α‐ and 
β‐blocker) and nifedipine (a calcium channel antagonist), which are considered relatively safe 
for the foetus. On the contrary, other drugs, such as RAS inhibitors, which are teratogenic and 
diuretic, are not compatible with regards to the hypovolemic state associated with preeclamp‐
sia. As such, they are not recommended for the treatment of this disease [92]. Ultimately, pre‐
mature delivery of the foetus is the only effective treatment available, which can be problematic 
if the development of the foetus, has not sufficiently progressed.

4.4.2. Preeclampsia and RAS

Dysregulation of the RAS has been observed in preeclampsia compared to women with 
healthy pregnancies [6, 93, 94]. In particular, contrarily to normal pregnancy, preeclamptic 
women suffer from a hypovolemic hypertension (as mentioned above) characterized by a 
reduction in plasma renin, Ang I, and Ang II levels [70]. However, PE is characterized by a 
heightened sensitivity to vasoconstrictors when compared to normal pregnancy [6] partly due 
to an upregulation of the Ang II type 1 receptors [93], which would contribute to the increased 
blood pressure associated with this condition. Moreover, recent human studies revealed that 
both plasma Ang‐(1‐7) and Ang II are increased in normal pregnancy but decreased in pre‐
eclampsia [70]. However, the analysis of the Ang‐(1‐7)/Ang II ratio demonstrates that there 
is a greater decrease in Ang‐(1‐7) relatively to Ang II levels in preeclamptic [70], tipping the 
vasopressive balance towards increased vasoconstriction in pathological pregnancies. In addi‐
tion, many epidemiological studies have suggested a relation between alleles of the RAS and 
PE [95]. For instance, women carrying specific polymorphisms of ACE [96] or Ang [97–99] 
genes have been reported to have an increased PE risk. Interestingly, these alleles are associ‐
ated with an increase in systemic RAS [100].

In contrast, patients with preeclampsia have also been reported to have an increased Ang 
II content and AT1R expression in maternal decidua and in the placenta itself. Brosnihan’s 
group also found in placental chorionic villi from human preeclamptic pregnancies an 
increase in Ang II and AT1R while Ang‐(1‐7) was not elevated and the Mas‐R was significantly 
decreased [44]. They proposed that this increased Ang II effect in the chorionic villi could 
produce a decrease in foetal blood flow, and thus contribute to a reduction in foetal oxygen 
and nutrients as well as to the development of the intra‐uterine growth restriction observed 
in these pregnancies. The same group showed that the placental increase in Ang‐(1‐7) content 
observed during normal pregnancy was reduced in a rat model of PE (the reduced uterine 
perfusion pressure model), although this was not accompanied by a concomitant decrease in 
ACE2 [101]. Moreover, we have demonstrated that R+A+ mice, an animal model of preeclamp‐
sia, have increased AT1Rand decreased Mas‐R protein in both placenta and aorta, a condition 
expected to decrease angiotensin‐(1‐7) effects in favour of angiotensin II effects [102]. The 
importance of different RAS components in the development of preeclampsia will be further 
discussed below.
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4.4.3. Prorenin and prorenin receptor ((P)RR) and preeclampsia

Expression of the (P)RR has been shown to be localized to the syncytiotrophoblasts both in 
normotensive and preeclamptic pregnant women [103]. Placental prorenin and (P)RR levels 
as well as the circulating soluble form of (P)RR (s(P)RR) were shown to be significantly higher 
in preeclamptic compared to normotensive pregnant women [104]. Moreover, placental (P)RR 
expression positively correlates with systolic blood pressure only in preeclamptic women. The 
concomitant modulations of prorenin and (P)RR in preeclamptic women reinforce the idea that 
an increase in RAS local activation could promote the elevation of blood pressure in this pathol‐
ogy. However, the implication of an increase in s(P)RR in the development of preeclampsia is 
still misunderstood.

4.4.4. AT1 receptors autoantibodies in preeclampsia

In recent years, a wealth of evidence has emerged supporting a role for AT1R autoantibodies 
(AT1‐AA) in the development of preeclampsia. Studies have shown that these autoantibod‐
ies are elevated in patients with preeclampsia compared to normal pregnancies and have 
been shown to specifically stimulate Ang II type 1 receptors, suggesting that these autoan‐
tibodies may be involved in the development of preeclampsia [93, 105]. Studies in animal 
models of preeclampsia have shown that the hypoxia used to induce the disease (caused by 
the reduction in placental perfusion in pregnant rats) strongly stimulated AT1‐AA produc‐
tion [106]. Moreover, infusion of AT1‐AA from preeclamptic patients in normal pregnant 
animal was able to trigger hypertension through an increase in endothelin‐1 expression, a 
potent vasoconstrictor [107]. In vitro and in vivo studies have demonstrated the binding of 
those autoantibodies to AT1R on different cell types [108]. In particular, AT1‐AA binding at 
the surface of human trophoblastic cells cause an activation of NADPH oxidase, contribut‐
ing to the rise in oxidative stress putatively involved in the development of preeclampsia 
[109]. In addition, activation of AT1R in this cell‐type stimulates the release of PAI‐1, result‐
ing in decreased trophoblastic invasiveness causing a defect in placentation [110]. It was 
also observed that AT1‐AA stimulates the release of sFlt‐1 and s‐Eng by the placenta which 
stimulates endothelial dysfunction [111, 112]. Overall, these results indicate that the vaso‐
constrictor angiotensin receptor signalling is a key pathway involved in the development 
of PE.

4.4.5. RAS and angiogenic factors in preeclampsia

A molecular hallmark of preeclampsia is a decrease in plasmatic angiogenic markers, free 
VEGF and placental growth factor (PlGF), along with an increase in the circulating levels of 
anti‐angiogenic markers, soluble fms‐like tyrosine‐1 (sFlt‐1, a soluble variant of the VEGF 
receptor) and soluble endoglin (sEng), compared to normal pregnancies [113–115]. The 
decrease in VEGF and PlGF would lead to the improper spiral artery remodelling which is 
associated with preeclampsia [116]. Moreover, hypoxia, through an increased expression 
of hypoxia‐inducible factor 1 α (HIF‐1α), stimulates the expression of sFlt‐1, and therefore 
amplifies the hypoxic placental microenvironment [117, 118]. HIF‐1α has also been shown 
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to upregulate the expression of both endothelin‐1 and endoglin, a membrane‐bound precur‐
sor of sEng [119, 120]. In addition, increased secretion of sEng has been measured from both 
chorionic villi from preeclamptic placenta and hypoxic trophoblastic cells [121]. The increase 
in endothelin‐1 would promote the increase in blood pressure associated with preeclampsia, 
while the increase in sEng levels would prevent trophoblastic differentiation and invasion.

4.4.6. Beneficial effects of exercise training on preeclampsia could be through modulation of the RAS

While exercise training is well known for its health benefits in the general population, it 
has also been shown to improve pregnancy outcome during normal human gestation [122]. 
Moreover, there are data demonstrating that it can also reduce the prevalence of human 
pregnancy disorders such as gestational diabetes. There is also a significant body of evi‐
dence supporting the exercise training‐induced reduction in risk of developing PE by 35% 
to 78% [123]. We have recently demonstrated that exercise training (mouse voluntary wheel 
running) before and during gestation significantly prevents the development of preeclamp‐
sia superimposed on chronic hypertension phenotypes in our mouse model of that disease 
[102]. We noted that the pregnant mice naturally reduce the duration and intensity of their 
exercise training throughout pregnancy and cease exercising 2–3 days prior to delivery, 
a phenomenon we call the graded intensity or GI‐exercise training program. Indeed, this 
GI‐exercise training program normalized the mouse preeclampsia phenotypes, and: (1) pre‐
vented the increase in blood pressure; (2) reduced the development of the proteinuria; (3) 
abolished the increase in placental mRNA and circulating levels of sFlt‐1; and (4) prevented 
the development of the placental pathology characteristic of preeclampsia, and thus also 
prevented the associated foetal intra‐uterine growth restriction phenotype. In support of 
this beneficial effect of the GI‐exercise training program, we also observed similar benefits 
in a mouse model of preeclampsia (hAGT*hREN model; normotensive female mice which 
overexpress human angiotensinogen, bred with males that overexpress human renin) [124]. 
Interestingly, we found that these beneficial effects of exercise training in R+A+ mice were 
associated to a normalisation of AT1R and MasR in the placenta as well as an increase Mas 
receptor content in the aorta [102]. Hence, this could contribute to the prevention of the 
increase in blood pressure and the normalisation of placental development observed in this 
animal model.

5. Conclusion

In conclusion, the reproductive system’s local RAS has been clearly shown to be implicated 
in fertility, reproduction and pregnancy. Moreover, dysregulation of the RAS has been asso‐
ciated with gestational pathologies, although more work is needed to clearly identify the 
molecular mechanisms involved. As such, the development of new therapies aiming at ampli‐
fying the vasodilating arm of the RAS could help in improving both maternal and foetal out‐
comes although caution needs to be taken given that RAS inhibitors have been shown to be 
teratogenic.
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Abstract

The renin-angiotensin system (RAS) plays an important role in the pathogenesis of 
inflammation and autoimmune dysfunction. Uveitis is a sight-threatening intraocular 
inflammatory disorder caused by infectious agents, autoimmune mechanisms, expo-
sure to toxins and many other unknown factors. Most components of RAS have been 
identified in every organ including the eye. The tissue-specific RAS is believed to exert 
diverse physiological effects locally independent of circulating angiotensin II (AT II) 
which functions as the effector arm of RAS causing potent proinflammatory responses 
via Angiotensin type 1 receptor (AT1R). AT II mediated stimulation of tissue factor (TF), 
the principal initiator of the clotting cascade and a major regulator of haemostasis and 
thrombosis rapidly inducible by inflammatory agents in several cell lines including 
monocytes. Activation of NFκB, a key redox-sensitive transcription factor encoding for 
the TF gene, plays a key role in that mechanism amplified by locally synthesized angio-
tensin I. (AT I) The second arm of RAS establishes systemic and local protective axis 
against inflammation and autoimmune dysfunction via angiotensin-converting enzyme 
2 (ACE2) which is a zinc-metallopeptidase able to cleave AT II to form angiotensin-(1–7) 
[AT-(1–7)]. AT-(1–7), a biologically active peptide, binds to a G-protein coupled receptor 
Mas, and activates signaling pathways that counteract the effects of AT II by negatively 
effecting inflammatory responses and negatively modulating leukocyte migration, cyto-
kine expression and release, and fibrogenic pathways. The purpose of this chapter is to 
analyze both pro-inflammatory and protective role of RAS in ocular inflammation and 
uveitis both in humans and experimental models.

Keywords: uveitis, renin, angiotensin, angiotensin converting enzyme, tissue factor
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1. Introduction

The renin-angiotensin system (RAS) is a hormone system playing an important role in the 
pathogenesis of inflammation and autoimmune dysfunction [1]. RAS pathway elements 
are produced intrinsically in many diverse tissues, including the retina for controlling local 
inflammatory responses and maintaining local homeostasis [1]. While RAS is important for 
controlling normal inflammatory responses, hyperactivation of this pathway is disclosed to 
potentiate oxidative stress and inflammatory responses by the activation of nicotinamide 
adenine dinucleotide phosphate (NAD(P)H) oxidases [2]. The tissue-specific RAS is believed 
to exert diverse physiological effects locally independent of circulating angiotensin II (AT II), 
which functions as the effector arm of RAS causing potent pro-inflammatory responses via 
angiotensin type 1 receptor (AT1R) [1]. AT II is considered to stimulate tissue factor (TF), which 
induces synthesis of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
in several cell lines including monocytes [3]. The second arm of RAS is considered to estab-
lish systemic and local protective axis against inflammation and autoimmune dysfunction 
via angiotensin-converting enzyme 2 (ACE2), which cleaves AT II to angiotensin-(1–7) [2]. 
AT (1–7) is reported to counteract the effects of AT II by negatively affecting inflammatory 
responses, negatively modulating leukocyte migration, cytokine expression and release, and 
fibrogenic pathways [2].

Uveitis is considered as an intraocular inflammatory disorder caused by infectious agents 
or autoimmune mechanisms [4]. The purpose of this chapter is to analyze both pro-inflam-
matory and protective role of RAS in ocular inflammation and uveitis both in humans and 
experimental models.

2. RAS as an inflammatory cascade

Renin is considered to cleave angiotensinogen to AT1 that is further processed by ACE/ACE2 
to different AT cleavage products including AT II, which is regarded as a principle effector 
molecule of the RAS [3]. The major functions of AT II are reported to be mediated by AT1R, 
which is considered to activate directly the key signaling pathways for cell growth and hyper-
trophy [4]. AT1R has been also shown to activate NF-κB and activator protein 1 (AP-1) to 
initiate the transcription of multiple proinflammatory genes [4]. AT II is disclosed to activate 
epidermal growth factor receptors (EGFR) to induce fibronectin synthesis and transforming 
growth factor beta (TGF-β) activity to promote fibrosis and extracellular matrix formation [3]. 
The effects of circulating and tissue RAS are considered to be controlled with RAS inhibitors, 
which prevent not only hypertension but also protect tissues against injury by limiting the 
potency of deleterious inflammatory responses [3].

Recently, several studies have revealed that modulators of the RAS-including ACE inhibitors 
or AT1R antagonists display beneficial effects in the treatment of cardiovascular diseases, ath-
erosclerotic, neurodegenerative, autoimmune, and inflammatory diseases [5–8].
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3. Angiotensin II and autoimmunity

The modulatory effect of AT II on T-cell responses in autoimmune diseases has been disclosed 
by a recent study [9]. The effect of AT II in the development of Th1/Th17-mediated multiple 
sclerosis (MS) has been disclosed in experimental autoimmune encephalomyelitis (EAE)[10]. 
Elevated levels of AT II, IFN-γ, and IL-17 cytokines have been shown in the peripheral CD4+T 
cells from EAE mice [10]. AT1R is also considered to involve in experimental autoimmune 
uveitis (EAU) and experimental autoimmune myocarditis (EAM) through its effect on T-cell 
function [11]. A recent study has highlighted the role of AT1R in glomerular inflammation 
associated with autoimmune disease in mice leading to the inflammation resembling human 
systemic lupus erythematosus [12]. AT1R has also been disclosed in the pathogenesis of 
myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis 
(MOG-EAE) [13]. The expression of renin, ACE, and AT1R has been shown to be upregulated 
in macrophages, DCs, and T cells during the course of the MOG-EAE [13].

4. Angiotensin II promotes inflammation and tissue injury

Inflammatory process is considered to involve activation of the endothelium of blood vessels 
and expression of diverse endothelial cell selectins that have been shown to lead the extrava-
sation of specific leukocyte populations to the site of injury [14].

The expression and secretion of vascular endothelial growth factor (VEGF) by RAS and AT 
II have been disclosed to increase local vascular permeability [14]. AT II has also been dis-
closed to promote endothelial dysfunction through COX-2 activation, which generates vaso-
active prostaglandins and reactive oxygen species (ROS) [15]. AT II is considered to favor the 
recruitment of infiltrating inflammatory cells into tissues by stimulating the production of 
specific cytokine/chemokines. AT II has been shown to induce the production of the potent 
monocyte chemoattractant MCP-1 in cultured monocytes [15]. Elevated levels of AT II asso-
ciated with increased expression of MCP-1 and C–C chemokine receptor, CCR2, have been 
disclosed in the aorta of spontaneously hypertensive rats [16]. Modulation of MCP-1/CCR2 
via AT1R blockade has been revealed to reduce vessel inflammation in hypertensive rats [16]. 
AT II-induced macrophage infiltration in the arterial wall was shown to be virtually absent in 
CCR2-deficient mice [16]. In models of progressive nephropathies, interstitial accumulation 
of macrophages was shown to be accompanied by increased renal expression of MCP-1, and 
renoprotection was provided by the ACE inhibitor lisinopril, which was considered to reduce 
MCP-1 expression and control inflammation [17]. Dendritic cells (DCs) and highly specialized 
antigen-presenting cells (APCs) were considered to mediate the pro-inflammatory activity of 
AT II [18]. Cultured DCs have been shown to express both AT II receptors and AT II, which 
were considered to enhance DCs migration, maturation, and antigen presenting ability [18]. 
Recent study in rats with subtotal renal ablation has disclosed blockade of AT II synthesis and 
its biological activity that resulted in reduction of local DC accumulation and attenuation of 
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tubulointerstitial damage [19]. In another study considering cultured mesangial and vascular 
smooth muscle cells, AT II via AT1R signaling was shown to stimulate TLR-4 expression that 
was considered to promote cellular oxidative injury, apoptosis, and inflammation [20]. T cells 
were considered to show the pro-inflammatory effects of AT II via AT1R and endogenous 
RAS, which has been disclosed to modulate T-cell proliferation, cytoskeletal rearrangements, 
migration, and release of specific cytokines and chemokines [20].

5. Angiotensin II: role in immunosenesence

AT II is considered to stimulate the production of molecular oxygen species that trigger mito-
chondrial dysfunction and cellular injury [21]. AT II via AT1R stimulation has been shown to 
activate NAD(P)H oxidase to produce ROS, resulting in oxidative stress damage [21]. It has been 
proposed that ROSs are the most prominent molecular species involved in the aging process 
[22]. ROSs have been revealed to contribute significantly to various age-associated organ failures, 
including hypertension, cardiovascular diseases, and renal damage [22]. Hence, AT II is consid-
ered to be involved in organ senescence related to its ability to mediate the release of oxidant spe-
cies [23]. Recent studies have disclosed that AT II-induced ROS production leads to functional 
and structural changes of blood vessels that result in vascular senescence and age-related vas-
cular diseases [23]. Previous studies related to the long-term effects of AT II inhibition by either 
ACEi or ARBs disclosed protective effects on the cardiovascular system of rats and revealed the 
prolongation of the life span of rats [24, 25]. Another study disclosed that old mice lacking AT1R 
did not develop age-related cerebral circulation damage caused by the accumulation of oxygen 
radicals [26]. The inhibition of RAS has been disclosed to reverse age-related advanced myo-
cardiac hypertrophy and fibrosis in old hypertensive rats, and the protective effect presumably 
was considered to involve the suppression of AT II-mediated oxidative stress, as disclosed by 
reduced expression of NAD(P)H oxidative components in the hearts of aged rats [26].

6. Further mechanisms of angiotensin II-induced inflammation:  
human T and natural killer cells

Co-stimulatory effects of angiotensinogen, AT I, and AT II on the proliferation of T and NK 
cells have been revealed [27]. T and NK cells were considered to have RAS elements, and they 
have been synthesizing AT II at the sites of inflammation creating a potential inflammatory 
amplification system [27, 28]. Th1 immune response has been disclosed to be crucial in the 
pathogenesis of inflammatory vascular diseases [28].

However, the interaction of AT II with Th1/Th2 cytokines during the development of inflamma-
tion is considered debatable. Recent studies have demonstrated the presence of RAS elements in 
human T and NK cells that they were capable to synthesize their own AT II [29]. Renin-induced 
inflammation has been related to the binding of AT II to the renin receptor in T cells, NK cells, 
and DC [29]. AT 2R which was previously considered to antagonize the actions of the AT1R and 
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inflammation, currently, it has been thought to orchestrate the collective recruitment of leuko-
cyte subsets to the sites of inflammation through mediating the effect of AT II [29, 30].

7. Clinical implications

New medical applications of RAS antagonists as anti-inflammatory and immunomodulatory 
agents without significant side-effects are being considered in the treatment of autoimmune 
diseases [31, 32].

7.1. Captopril suppresses inflammation in endotoxin-induced uveitis in rats

It has been suggested that ACEi captopril has a strong anti-ocular inflammatory effect in 
endotoxin-induced uveitis (EIU) [33]. Captopril has been shown to suppress the NF-κB activa-
tion in the iris and ciliary body cells by inhibiting the production of AT II [34]. The inhibitory 
effect of captopril on leucocyte infiltration, protein leakage, and other inflammatory markers 
in the aqueous humor including TNF-α, PGE-2, MCP-1, NO have also been revealed [35].

TNF-α is an inflammatory cytokine, which plays an important role in the recruitment of 
inflammatory cells, synthesis of other inflammatory cytokines, eicosanoids, and NO [35]. Anti 
TNF-α therapy has been used for the treatment of Behcet's disease [36]. The transcription of 
TNF-α was shown to be under the control of NF-κB [35, 36]. It has previously been disclosed 
that ACE inhibitors suppress TNF-α synthesis in vivo and in vitro and captopril was shown 
to successfully down regulate TNF-α in the aqueous humor by interfering the positive loop 
between TNF-α and NF-κB [36]. PGE2 and NO in the aqueous humor were considered to 
have profound effects on local inflammatory processes mainly by increasing vascular permea-
bility and breaking down the blood-aqueous barrier in uveitis [37]. Their concentrations in the 
aqueous humor were disclosed to be down-regulated by captopril treatment [37]. Inhibition of 
both TNF-α and PGE2/NO pathways by captopril has been shown to improve EIU in rabbits 
[38]. Another inflammatory marker MCP-1, which is under NF-κB control, is considered as 
an important mediator of monocyte infiltration. MCP-1 has been shown to be over expressed 
in human eyes during acute anterior uveitis as well as in the rat EIU model [38]. The results 
of the recent studies have disclosed that captopril successfully down-regulated MCP-1 levels 
in anterior chamber, and it showed its anti-inflammatory properties by affecting monocyte 
recruitment in EIU in rats [34, 37, 38].

The beneficial effect of AT II blockers on tissue inflammation was also considered to be related 
to the blockage of Ang II-mediated activation of Toll-like receptors (TLRs) [39]. Drugs that limit 
AT II synthesis and its biological activity, ACEi lisinopril, or ARB Candesartan were disclosed 
to result in the suppression of Th1 and Th17 cytokine release and the induction of  powerful 
antigen-specific regulatory T cells (Treg) through the modulation of the NF-κB pathway [40]. 
Administration of ARB was disclosed to suppress EAU and reduce the severity of myocardial 
lesions in EAM by inhibiting antigen-specific T-cell activation and contributing to the shift 
of Th1–Th2 immune response [41]. Chronic treatment with ACEi or ARB has been shown to 
reduce kidney damage associated with age, and the beneficial effect of RAS  inhibition was 
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considered to be related to the preservation of renal mitochondria [40]. Enalapril and losartan 
treatments have been shown to prevent the age-associated decline in the renal mitochondrial 
capacity for energy production and to attenuate the age-associated increase in mitochondrial 
oxidant production [40]. RAS inhibition was disclosed to exert a similar protective effect in 
the liver from aged rats through the maintenance of an adequate mitochondrial function by 
enhancing expression of genes responsible for mitochondrial respiration and biogenesis [41]. 
Aging is considered to be the result of chronic inflammation, and the use of RAS inhibitors or 
genetic deletion of AT1R was considered to extend the life span [41].

7.2. Oral delivery of ACE2/Ang-(1–7) bioencapsulated in plant cells protects against 
experimental uveitis and autoimmune uveoretinitis

Improving the systemic and local activity of the protective axis of the RAS by oral delivery 
of ACE2 and Ang-(1–7) bioencapsulated in plant cells has been considered as a therapeutic 
option for the ocular inflammation. Increased levels of ACE2 and Ang-(1–7) were observed in 
the retinal circulation after oral administration of ACE2 and Ang-(1–7) expressing plant cells 
[42]. Oral feeding of mice with bioencapsulated ACE2/Ang-(1–7) was shown significantly to 
reduce the incidence of EIU [42]. Treatment with bioencapsulated ACE2/Ang-(1–7) in mice 
disclosed dramatical decrease of cellular infiltration and retinal vasculitis in EAU [42]. It has 
been concluded that enhancing the protective axis of RAS by oral delivery of ACE2/Ang-(1–7) 
bioencapsulated in plant cells provide an innovative, highly efficient, and cost-effective thera-
peutic strategy for ocular inflammatory diseases [42].

8. Conclusions

Hyperactivity of the RAS resulting elevated AT II might contribute to all stages of inflam-
matory responses including ocular inflammation. ACE2 is more likely to establish a  protective 
axis of RAS involving ACE2/Ang-(1–7)/Mas, which counteract the proinflammatory and 
hypertrophic effects of the ACE/AngII/AT1R axis. AT II might have also co-stimulatory effects 
on T cells, NK cells, and DC, which have specific elements of the RAS. RAS antagonists might 
be used in conjunction with other anti-inflammatory agents as therapy for common diseases 
in which inflammation plays a major pathogenic role.
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Abstract

Angiotensin II (Ang II), the major effector of the renin-angiotensin-aldosterone system
(RAAS), stimulates the production of reactive oxygen species (ROS) which are critically
involved in Ang II-induced effects. Noteworthy, accumulating evidence indicates that
ROS also regulate the activation of RAAS, contributing to the fine-tuning of this system
under physiological conditions or to the amplification of the deleterious signaling in
several pathologies. This chapter aims at giving an overview of the role of ROS in the
regulation of expression, secretion and/or activity of several RAAS components.

Keywords: reactive oxygen species, superoxide, hydrogen peroxide, angiotensinogen,
renin, pro(renin) receptor, angiotensin converting enzyme, angiotensin converting
enzyme-2, angiotensin II, angiotensin 1–7, aldosterone, angiotensin II type 1 (AT1)
receptor, angiotensin II type 2 (AT2) receptor, MAS receptor, regulation of expression,
secretion or activity

1. Introduction

In the last two decades, reactive oxygen species (ROS) have emerged as downstream media-
tors of angiotensin II (Ang II) effects. The Ang II-induced activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases within the cardiovascular system, the kidney and
the brain result in increased generation of ROS, such as superoxide radical (O2

•−) and hydro-
gen peroxide (H2O2), which are involved in diverse signaling functions. Interestingly, increas-
ing evidence suggests that ROS also act as upstream regulators of the renin-angiotensin-
aldosterone system (RAAS) in various cells and tissues. In several pathological conditions,
ROS have been shown to increase RAAS activation, thus creating a vicious cycle that amplifies
the deleterious signaling pathways orchestrated by this endocrine system. This chapter aims at

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



giving an overview of the interactions between ROS and RAAS, focusing on the effects of ROS
on the expression, secretion and/or activity of RAAS components that may contribute to the
development and progression of cardiometabolic and renal diseases.

2. ROS as regulators of the RAAS

2.1. ROS and angiotensinogen (AGT)

AGT is a 60-kDa α2-globulin glycoprotein with 452 amino acids in humans (453 in rodents)
that is mainly secreted by hepatocytes and constitutes the precursor of the RAAS [1]. AGT is a
specific human substrate for renin which catalyzes the conversion of intact AGT into angioten-
sin I (Ang I), by releasing this decapeptide from the 63-residue NH2-terminus.

The exact dynamics of AGT cleavage by renin has been a question of debate. In 2010, Zhou
et al. suggested that the renin-cleavage site is normally in a buried position and that access and
binding of renin to intact AGT would imply a conformational change that results from a
disulfide bridge between two cysteines residues (Cys 18-138 in humans, Cys 18-137 in mouse)
[2]—the only two conserved in all species [3, 4]. This disulfide bridge seems to be quite labile
and both reduced and oxidized forms of AGT circulate in human plasma with a consistent
reduced-to-oxidized ratio of 40:60 [2]. Furthermore, the study of Zhou et al. showed (although
with no statistical analysis) that the affinity for renin is higher for the oxidized form of AGT
when compared with the reduced form and that the affinity was even further increased in the
presence of the (pro)renin receptor (PRR) [2]. These results suggest that prooxidant conditions
might favor the oxidized conformation of AGT and, subsequently, activation of the RAAS.
However, a very recent study of Wu et al. [5] challenged these data. They used AGT floxed
mice which are almost depleted of liver-derived plasma AGT and, through the use of viral
vectors specifically targeting hepatocytes, injected either wild-type AGT or AGT containing
Cys18Ser and Cys137Ser mutants that were unable to form the disulfide bridge. The study
showed that in mice most of the AGT exists in the oxidized bridged form and intriguingly, it
was not possible to distinguish its effects on plasma renin and Ang II concentrations, in renal
Ang II concentration or Ang II-dependent effects (increase in systolic blood pressure and pro-
atherosclerotic effect in low-density lipoprotein (LDL) receptor−/− mice) [5]. So, it seems that at
least in mice, the disulfide bridge is not relevant for the cleavage of AGT by renin in both the
plasma and the kidney. However, species differences certainly exist and might be worth
studying in the near future. In this context, it has recently been published a suggested protocol
in order to modify commercially available enzyme-linked immunosorbent assay (ELISA) kits
so that accurate measurements of intact AGT, in both oxidized and reduced forms, can be
performed [6]. This will enable researchers to expand their studies and push forward the state-
of-the-art on this field.

The evidence that ROS regulate the expression of AGT is mostly characterized in the kidney.
The original study was performed in 2002, by Hsieh et al., who suggested that the mechanism
through which high glucose induces AGT expression in immortalized renal proximal tubule
cells (IRPTCs) was ROS generation [7]. They found that cultured IRPTCs stimulated with
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high-glucose medium increased the accumulation of AGT mRNA and its secretion into the
culture medium. This effect was blocked by taurine (an antioxidant), tiron (an O2

•− scavenger),
MnTBAP (a manganese-dependent superoxide dismutase (SOD) mimetic) and catalase (a
H2O2 neutralizing enzyme), thus suggesting the involvement of ROS, namely O2

•− and H2O2.
Indeed, the increase in AGT mRNA accumulation and secretion was also observed when
IRPTCs were directly stimulated with H2O2 in high-glucose but not in normal-glucose condi-
tions. The stimulatory effect of high glucose on AGT expression via ROS has been further
confirmed to occur in IRPTCs by the same group [8] and suggested to occur through mito-
gen-activated protein kinase (MAPK) activation [7] and also protein kinase C (PKC) and
hexosamine biosynthesis pathway signaling [8]. ROS also mediate the effect of TGFβ1 on
AGT expression. Again in IRPTCs, it was observed that TGFβ1 induced the expression of
AGT mRNA and that this effect was blocked by tiron and diphenylene iodonium (DPI, an
NADPH oxidase inhibitor) pointing to a ROS-mediated effect [9]. Once more, MAPK signaling
seemed to be involved since the effect was blocked by SB203580, an inhibitor of p38 MAPK [9].

The role for ROS in mediating AGT expression has also been studied through a different
approach that is the use of transgenic mice overexpressing catalase, therefore reducing the
levels of endogenous H2O2. Using this approach, it was observed that overexpression of
catalase specifically in the renal proximal tubule cells (RPTCs) decreased the renal expression
of AGT (evaluated by immunohistochemistry, Western Blot (WB) and polymerase chain reac-
tion (PCR)) compared to that found in wild-type (WT) control mice. Although this was not
confirmed in another study using the same approach [10], it suggests that the regulatory effect
of H2O2 over AGT expression might be physiological, at least in the RPTCs of the mice kidney.
Brezniceanu et al. expanded this view and reported that ex vivo exposure of RPTCs from WT
mice to high glucose or to Ang II increased the generation of ROS or AGT (mRNA or protein)
but this increase was not observed in cells from transgenic mice overexpressing catalase in
their RPTCs [11], suggesting that ROS-mediated AGT expression might also occur in high-
glucose conditions. In line with this, induction of diabetes in mice with streptozotocin (STZ, an
experimental model of type I diabetes) increased the expression of AGT (mRNA and protein),
plasminogen activator inhibitor-1 (a marker of ROS-inducible gene), p53 and Bax mRNA
(proapoptotic markers) in RPTCs but these effects were absent when STZ-diabetes was
induced in transgenic mice overexpressing catalase in their RPTCs [11]. Also, the negative
impact of catalase on AGT expression was also observed when overexpression of catalase was
induced in RPTCs of Akita mice (a spontaneous genetic model of type 1 diabetes), which per se
showed increased AGT expression compared with WT controls [12]. This was further con-
firmed in another study in which overexpression of catalase markedly attenuated the increase
in the urinary excretion of AGT and Ang II [10]. Even though, catalase overexpression attenu-
ated but did not prevent the alterations seen in the diabetic kidney [11, 12]. It was suggested
that endogenous H2O2 stimulates nuclear, but not cytoplasmatic, Nrf2 (Nuclear factor ery-
throid 2-related factor 2, a master regulator of redox balance in cellular cytoprotective
responses) levels that, in turn, stimulate intrarenal AGT expression and RAAS activation,
possibly contributing to hypertension and development of nephropathy in the Akita model of
diabetes [10]. This was suggested to be a tissue-specific regulatory mechanism since in vivo
treatment with oltipraz, an Nrf2 activator, stimulates the expression of Nrf2 and AGT in
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RPTCs but not the expression of AGT mRNA in the liver [10]. Taken together, these results
highlight H2O2 as a key element in the regulatory effect of ROS over AGT expression.

Regulation of AGT expression by ROS has also been studied in kidney structures other than
the RPTCs. The Zucker diabetic fatty (ZDF) rat is an experimental model of type II diabetes
that develops diabetes by 17 weeks of age with renal injury starting between 18 and 20 weeks
of age and being associated with oxidative stress [13]. Ohashi et al. observed that in 18-week-
old ZDF rats, the immunoreactivity against AGT was increased in the glomeruli compared
with that of the lean rat and that the majority of glomerular AGT staining was found in
mesangial cells, although it was also found in podocytes [13]. Moreover, in primary cultures
of rat mesangial cells from ZDF rats, H2O2 increased the expression of AGT mRNA and
protein via phosphorylation of extracellular signal-regulated kinase (ERK), Jun kinase (JNK)
but not p38 MAPK and these effects were suppressed by catalase treatment [13]. Also, cultur-
ing the rat glomerular mesangial cell line HBZY-1 in high-glucose conditions increased AGT
mRNA levels and increased Ang II concentration in the culture media through activation of
NADPH oxidase, since the inhibitor DPI abolished these effects in high-glucose but not under
normal-glucose conditions [14]. The ROS-associated stimulation of AGT expression seems to
be crucial for the pathophysiology of renal damage, at least in the ZDF rat, since increased
urinary excretion of 8-isoprostanes (a marker of oxidative stress) and increased kidney AGT
levels precede the development of renal damage [15, 16]. More generally in the kidney, we
have also previously reported that in Ang II-induced hypertension there is an associated
increase in the renal medullary (not cortical) production of H2O2 which induces the transloca-
tion of nuclear factor kappa B (NF-κB) p50/p50 homodimer and, subsequently, increases the
renal production of AGT [17]. This was shown by direct measurements of H2O2 production
and by the urinary excretion of AGT on Ang II-hypertensive animals and corroborated by the
results from PEG-catalase-treated Ang II-hypertensive rats. Interestingly, this study from our
group [17] raised the possibility for H2O2 to be a key element in the fine-tuning processes of
AGT regulation. Indeed, we have also observed that both in normotensive Wistar and sponta-
neously hypertensive rats (SHR), STZ-induced diabetes was associated with an increase in the
medullary production and urinary excretion of H2O2 and an increased AGT urinary excretion
but a decreased plasma AGT concentration [18]. Of note, Ang II-hypertensive rats had also
decreased plasma AGT concentration on day 14 of Ang II infusion, while PEG-catalase-treated
Ang II-infused rats exhibited a marked increase in plasma AGT concentration [17].

The highly reactive O2
•− has also been implicated in the regulation of AGT expression by ROS

in the kidney. Feeding Dahl salt-sensitive rats with a high-salt diet increased blood pressure,
urinary excretion of thiobarbituric reactive substances (TBARS) and kidney AGT protein levels
while decreased plasma AGT levels [19]. In vivo treatment of these rats with tempol (a SOD
mimetic) totally prevented the increase in the urinary excretion of TBARS, attenuated the
hypertension and although it did not affect the plasma levels of AGT, it prevented the increase
in kidney AGT levels and, subsequently decreased kidney Ang II levels [19]. On the other
hand, in vivo treatment with hydralazine was associated with similar reduction of blood
pressure and no change in plasma levels of AGT, but only partially attenuated the urinary
excretion of TBARS, did not prevent the increase in kidney AGT levels and actually increased
kidney Ang II levels [19]. So, attenuation of ROS, namely of O2

•−, more than controlling
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hemodynamic-mediated renal injury, it attenuates the tissue-specific increase in renal RAAS
activity seen in Dahl salt-sensitive rats on a high-salt diet [19]. In endothelial nitric oxide
synthase (eNOS)−/− mice, a high-salt diet also elevates blood pressure and causes progressive
renal injury associated with increased glomerular O2

•− production and urinary AGT excretion
and renal AGT expression (mRNA and protein) [20]. This was observed mostly in the glomer-
uli (endothelial and mesangial cells) although also in the renal tubules [20]. Interestingly, the
increase in O2

•− production was seen immediately since the beginning of the high-salt diet,
while the increase in AGT production started only 3 days after the beginning of the high-salt
diet [20]. Once more, tempol prevented these effects [20]. Besides, tempol prevented the
increased expression of AGT, renin and angiotensin-converting enzyme (ACE) mRNA and
increased the levels of systemic and renal ROS observed in SHR rats on a high-fat diet [21].

Although, as previously said, evidence for ROS-mediated regulation of AGT expression comes
mostly from studies concerning the kidney, other tissues have recently started to be analyzed.
For instance, in primary cultures of cardiac fibroblasts, H2O2 induced a fivefold increase in
AGT mRNA expression [22] and this effect might be relevant for the development of cardiac
fibrosis since it was associated with increased collagen expression [22]. Also, human placenta
explants subjected to experimental hypoxia-reperfusion for 24 h or treatment with H2O2 under
normoxia increased AGT protein expression without affecting the expression of the other
RAAS components [23]. Surprisingly, in the adipose tissue, ROS seem to downregulate the
expression of AGT. Indeed, during adipocyte hypertrophy, ROS production increased along
with inflammatory markers such as monocyte chemoattractant protein 1 (MCP-1) and inter-
leukin 6 but AGT mRNA and secretion into the culture medium was decreased [24]. This was
observed in differentiated 3T3-L1 adipocytes and in primary adipocytes. Inversely, treatment
with the antioxidant N-acetylcysteine (NAC) suppressed the ROS production, inhibited the
increase of the MCP-1 expression of hypertrophied adipocytes and increased AGT mRNA
level [24]. Similar results were obtained in the obese db/db mice. In fact, compared with their
lean littermates, the obese db/db mice showed decreased AGT mRNA in epididymal adipose
tissue, but increased systemic and local tumor necrosis factor α (TNF-α) and oxidative stress
[24]. Again, treatment with NAC reduced oxidative stress, interleukin 6 and TNF-α, but
increased the AGT mRNA level in the epididymal adipose tissue, while liver AGT mRNA
levels were not altered [24]. In this study, Okada et al. raised the hypothesis that tissue-specific
decrease of AGT in obese adipose tissue may serve as a defense against further exacerbation of
adiposity [24]. In line with this, we just recently observed (Morato et al., unpublished observa-
tions) that in obese prepubertal children, the duration of obesity seems to trigger a systemic
H2O2/AGT pathway (eventually originated from the adipose tissue) that might help to control
plasma AGT levels and, subsequently, Ang II-mediated increase in renal AGT expression and,
thus, renal RAAS activation. Moreover, this interplay seems to be implicated in renal tissue
remodeling since urinary excretion of AGT was associated with the urinary excretion of
profibrotic cytokines endothelin 1 (ET-1) and transforming growth factor β (TGF-β) [25]. So,
further studies are needed to expand the knowledge concerning the regulation of AGT expres-
sion by ROS in different tissues and experimental models of disease so that the big picture can
be taken.

Figure 1 summarizes the role of ROS in the regulation of AGT.
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2.2. ROS, renin and the prorenin receptor

Renin is the enzyme responsible for the initiation of the RAAS pathway. It is an aspartyl
protease with high specificity toward AGT which is its only known substrate [26, 27]. Renin
catalyzes the rate-limiting step of Ang II formation, cleaving 10 amino acids from the NH2-
terminus of AGT with resulting production of Ang I which is subsequently transformed into
Ang II by ACE [28, 29]. Circulating active renin is predominantly derived from the
juxtaglomerular (JG) cells in the renal afferent arterioles [26, 27, 30]. In the kidney, renin can
also be synthesized, although to a lesser extent, in the renal proximal and connecting tubules
and in the collecting duct [26, 31]. There are also extrarenal sources of renin where renin is
generated as part of the tissue-specific RAAS, but in much lower levels than in the kidney [26].

Renin is initially produced as a preprorenin protein that is further cleaved originating
prorenin. This renin precursor is either directed to dense-core secretory granules for controlled
exocytosis or constitutively secreted [26, 32]. Directly released prorenin accounts for 80–90% of
the total renin in human circulation [26, 30, 32]. Therefore, questions have arisen regarding the
physiological role of prorenin, namely if circulating prorenin can be activated into renin, or if it
acts independently of the formation of active renin, for example by binding to a specific
receptor [26, 33]. This receptor has been identified and named PRR and can bind both prorenin
and renin [26, 33, 34]. The catalytic activity of renin is fourfold increased when renin is bound
to PRR [26]. The binding of prorenin to PRR also confers enzymatic activity to prorenin which
then becomes able to convert AGT into Ang I, without proteolytic removal of the prosegment

Figure 1. Regulation of AGT by ROS. AGT, angiotensinogen; Ang II, angiotensin II; eNOS, endothelial nitric oxide
synthase; HF, high-fat; HS, high-salt; NG, normal glucose; TGFβ, transforming growth factor beta; ROS, reactive oxygen
species; SHR, spontaneously hypertensive rats; UAGT, urinary AGT.
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[26, 33, 34]. Binding of prorenin and renin to PRR also triggers a range of intracellular events in
the receptor-expressing cells, contributing to the upregulation of profibrotic genes [26, 33, 34].
Activation of renin occurs by proteolytic cleavage of prorenin within the secretory granules
[26, 32]. It is currently not known if prorenin can be activated in the extracellular space, but it
has been reported that it can be taken up by some tissues and contribute to the local produc-
tion of angiotensin peptides [32, 35].

The initial evidence of the involvement of ROS in the regulation of renin came from the studies
of Galle et al. [36–38]. The existence of ROS-producing cells in the close vicinity to JG cells led
these authors to question if ROS modulate renin release [37]. In these studies, performed in
primary cultured mouse JG cells, renin activity was measured by radioimmunoassay both in
cells and supernatants and the renin release rates were expressed as the percentage of extra-
cellular renin activity compared to the total renin activity [36–38]. The viability of cells after the
incubation periods was tested and shown to be preserved [36–38]. It was found that the
prolonged exposure (20 h) of JG cells to the O2

•−-generating xanthine/xanthine oxidase (XOD)
reaction had a stimulatory effect on renin release. This increase was only modestly inhibited by
the O2

•−-removing enzyme, SOD, but was eliminated by catalase, an H2O2-neutralizing enzy-
matic defense [37]. Furthermore, H2O2 applied exogenously for 20 h dose-dependently stimu-
lated renin release and this effect was also prevented by catalase. Therefore, it was concluded
that H2O2 or a subsequently formed reaction product, such as the hydroxyl radical (•OH),
promotes renin release [37]. In subsequent studies, these authors investigated the effects of the
treatment for 20 h with native and oxidized LDL and lipoprotein A (LpA) on renin release in
JG cells, as well as the contribution of ROS to the putative lipoprotein-stimulated renin release
[36, 38]. They observed that although renin release was not affected by native LDL or LpA, it
was markedly stimulated by oxidized LDL and LpA, with oxidized LpA being about 30-fold
more potent than oxidized LDL [36, 38]. SOD further enhanced the oxidized LpA-stimulated
renin release but partly inhibited the renin release induced by oxidized LDL [38]. Catalase
abolished the stimulatory effect of oxidized LpA on renin release, both in the absence and
presence of SOD. The oxidized LDL-induced renin release was strongly inhibited by catalase
and completely prevented in the presence of both catalase and SOD [38]. These findings
indicate that oxidized LDL and LpA are stimulants of renin release by a mechanism that
involves the formation of ROS [36, 38]. This conclusion was further reinforced by the observa-
tion that high-density lipoprotein (HDL) prevents the stimulatory effect of oxidized lipopro-
teins on renin release and O2

•− in JG cells [36], which is in accordance to the now well-
established antioxidant activity of HDL [39].

Recent evidence also indicates that ROS promote renin release. In primary cultures of mouse
JG cells, the exposure for 60 min to an O2

•−-generating reaction mixture with hypoxanthine
and XOD significantly increased renin release [40]. Tempol prevented this stimulatory effect
but did not change basal renin release [40]. Furthermore, the incubation with exogenous H2O2

for 60 min enhanced the renin release rate and treatment of JG cells with catalase reduced the
basal renin release rate by 45%. These results indicate that ROS such as O2

•− and H2O2 can
acutely stimulate renin release [40]. Further work by the same group showed that this effect of
H2O2 on renin release is most likely mediated by cyclic adenosine monophosphate (cAMP)
[41]. Moreover, since the NADPH oxidase isoform (Nox) 4 was shown to be expressed in JG
cells and silencing of this isoform resulted in a significant reduction of renin release, it was
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suggested that endogenously Nox4-derived H2O2 in JG cells promotes renin release [42]. In
vivo experiments were also performed in mice to test the hypothesis that the augmentation of
H2O2 in the renal cortex stimulates renin release and increases blood pressure. A subcapsular
renal catheter connected to an osmotic mini pump to achieve a concentration of 1 μM H2O2

was implanted in mice. Two days after the infusion, the systolic blood pressure, measured by
radiotelemetry, was shown to be increased by 22 ± 2 mmHg and there was a twofold increase
in plasma renin concentration [42]. Overall, these results indicate that renal cortical ROS might
contribute to arterial hypertension by increasing renin release [40, 42]. In addition, increased
ROS generation appears to reverse the inhibitory influence of other hormones on renin release
[43]. Leptin, an adipocyte-derived hormone, exhibits natriuretic effects on normotensive,
nonobese animals [43, 44]. However, the natriuretic response to the infusion of leptin appears
to be attenuated in animal models of arterial hypertension or obesity [43–45], which are known
to be associated with oxidative stress [17, 46–49]. Since the infusion of leptin tends to elevate
blood pressure and increased renin levels might contribute to this effect [43, 50], experiments
were performed to evaluate the effects of leptin on renin release, under normal conditions or
during high oxidative stress [43]. It was observed that leptin treatment for 1 hour reduced
renin release in JG cells. However, in cells pretreated with H2O2, leptin significantly promoted
renin release [43]. These results suggest that increased ROS levels change the impact of leptin
on renin release [43] and are in accordance with previous observations that plasma renin
activity is positively correlated with systemic leptin concentration in hypertension [51, 52].

In physiological conditions, renin expression and release are under a negative feedback in
response to Ang II, macula densa sodium chloride concentration and renal perfusion pressure
[26, 53]. The cytokine TNF-αwas shown to mediate the drinking and pressor responses to Ang
II and to markedly inhibit renin expression [54–56]. Since TNF-α can increase ROS generation
and contribute to oxidative stress [57, 58], Itani et al. using an in vitro model of JG cells (As4.1
cells) tested the hypothesis that TNF-α increases the production of ROS which in turn inhibit
renin mRNA expression [54]. They observed that treatment with TNF-α increased the produc-
tion of both O2

•− and H2O2 in these cells and that NAC reduced the H2O2 generation induced
by TNF-α [54]. NAC itself had no effect on renin mRNA expression but prevented its attenu-
ation in cells treated with TNF-α [54]. Moreover, H2O2 was found to negatively regulate renin
mRNA expression and the renin-promoter activity through a mechanism independent of NF-
κB activation [54].

The in vivo effects of antioxidants or inhibitors of ROS production on renin expression and
activity have also been studied in animal models of hypertension. In order to test the hypoth-
esis that in hypertension the increased ROS generation modifies type 1 nitric oxide synthase
(NOS1) and cyclooxygenase-2 (COX-2) expression in the JG apparatus, thereby altering renin
synthesis and secretion, the NADPH oxidase inhibitor apocynin was given for 3–7-week old
Wistar-Kyoto (WKY) and SHR rats [59]. Untreated SHR rats exhibited higher oxidative stress
and NOS1 immunoreactivity and lower COX-2 immunoreactivity, renin mRNA expression,
renin immunoreactivity and plasma renin activity than the untreated WKYrats [59]. Apocynin
treatment reduced oxidative stress and the immunoreactivity of NOS1 and renin in JG appa-
ratus but did not alter COX-2 immunoreactivity, renin mRNA expression, or plasma renin
activity in SHR rats and was devoid of effects on all these parameters in WKY rats [59]. These
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contribute to arterial hypertension by increasing renin release [40, 42]. In addition, increased
ROS generation appears to reverse the inhibitory influence of other hormones on renin release
[43]. Leptin, an adipocyte-derived hormone, exhibits natriuretic effects on normotensive,
nonobese animals [43, 44]. However, the natriuretic response to the infusion of leptin appears
to be attenuated in animal models of arterial hypertension or obesity [43–45], which are known
to be associated with oxidative stress [17, 46–49]. Since the infusion of leptin tends to elevate
blood pressure and increased renin levels might contribute to this effect [43, 50], experiments
were performed to evaluate the effects of leptin on renin release, under normal conditions or
during high oxidative stress [43]. It was observed that leptin treatment for 1 hour reduced
renin release in JG cells. However, in cells pretreated with H2O2, leptin significantly promoted
renin release [43]. These results suggest that increased ROS levels change the impact of leptin
on renin release [43] and are in accordance with previous observations that plasma renin
activity is positively correlated with systemic leptin concentration in hypertension [51, 52].

In physiological conditions, renin expression and release are under a negative feedback in
response to Ang II, macula densa sodium chloride concentration and renal perfusion pressure
[26, 53]. The cytokine TNF-αwas shown to mediate the drinking and pressor responses to Ang
II and to markedly inhibit renin expression [54–56]. Since TNF-α can increase ROS generation
and contribute to oxidative stress [57, 58], Itani et al. using an in vitro model of JG cells (As4.1
cells) tested the hypothesis that TNF-α increases the production of ROS which in turn inhibit
renin mRNA expression [54]. They observed that treatment with TNF-α increased the produc-
tion of both O2

•− and H2O2 in these cells and that NAC reduced the H2O2 generation induced
by TNF-α [54]. NAC itself had no effect on renin mRNA expression but prevented its attenu-
ation in cells treated with TNF-α [54]. Moreover, H2O2 was found to negatively regulate renin
mRNA expression and the renin-promoter activity through a mechanism independent of NF-
κB activation [54].

The in vivo effects of antioxidants or inhibitors of ROS production on renin expression and
activity have also been studied in animal models of hypertension. In order to test the hypoth-
esis that in hypertension the increased ROS generation modifies type 1 nitric oxide synthase
(NOS1) and cyclooxygenase-2 (COX-2) expression in the JG apparatus, thereby altering renin
synthesis and secretion, the NADPH oxidase inhibitor apocynin was given for 3–7-week old
Wistar-Kyoto (WKY) and SHR rats [59]. Untreated SHR rats exhibited higher oxidative stress
and NOS1 immunoreactivity and lower COX-2 immunoreactivity, renin mRNA expression,
renin immunoreactivity and plasma renin activity than the untreated WKYrats [59]. Apocynin
treatment reduced oxidative stress and the immunoreactivity of NOS1 and renin in JG appa-
ratus but did not alter COX-2 immunoreactivity, renin mRNA expression, or plasma renin
activity in SHR rats and was devoid of effects on all these parameters in WKY rats [59]. These
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results suggest that the increased ROS generation in SHR is responsible for the induction of
NOS1 expression and augmented nitric oxide (NO) synthesis, thereby increasing local renin
expression. Indeed, NO appears to be involved not only in the stimulation of renin secretion
but also in the recruitment of renin-expressing cells [60, 61]. Another study in SHR rats
evaluated if the antihypertensive response to tempol is related to a decrease in plasma renin
activity and in the urinary excretion of isoprostanes, NO metabolites, ET-1, or catecholamines
[62]. Tempol administered for 12 days reduced the urinary excretion of isoprostanes, doubled
the plasma renin activity and did not alter the urinary excretion of ET-1, NO metabolites, or
catecholamines [62]. Although these authors suggested that the increase in plasma renin
activity with tempol was due to the decrease in blood pressure [62], the putative contribution
of H2O2 to this effect in plasma renin activity should be also considered. As a SOD mimetic,
tempol converts O2

•− into H2O2 and previous studies have shown that increased H2O2 pro-
duction counteracts the putative protective effects of tempol in hypertension [48, 49, 63].

The effects of a lower dose of tempol on renin activity and expression were also investigated in
SHR rats fed a high-fat diet. Tempol was given to 8-week old SHR rats fed a high-fat diet for 12
weeks [21]. The administration of high-fat diet was associated with increased systolic blood
pressure, unaltered plasma renin activity, increased oxidative stress and reduced urinary
excretion of NO metabolites in SHR [21]. Furthermore, these rats also exhibited increases in
the JG renin immunoreactivity and in the renal cortical mRNA and protein expression of renin
[21]. Treatment with tempol reduced oxidative stress, improved the urinary excretion of NO
metabolites, did not alter plasma renin activity, but significantly reduced the impact of the
high-fat diet on the other renin parameters evaluated in that study [21]. Thus, increased O2

•−

production appears to enhance intrarenal renin expression in SHR rats fed a high-fat diet. In
contrast, no changes were observed in renin expression or immunoreactivity in SHR fed a
normal-fat diet or in WKY rats fed a normal or a high-fat diet [21].

In addition to the studies demonstrating a role for ROS in the regulation of renin expression
and release, there is also evidence that PRR is upregulated in conditions of enhanced ROS
generation. In STZ-induced diabetic Sprague-Dawley rats, the renal mRNA and protein
expression of PRR, as well as the PRR immunostaining in glomeruli and tubules, were signif-
icantly increased compared to control rats [64]. Treatment of STZ-diabetic rats with DPI or
with the Ang II type 1 (AT1) receptor blocker valsartan for 1 week prevented the increases in
renal PRR mRNA, protein and immunoreactivity [64]. These results indicate that in diabetes
the upregulation of renal PRR results from the activation of both AT1 receptor and the ROS-
generating NADPH oxidase [64].

The modulation of PRR expression by ROS was also studied in a model of enhanced ROS
generation induced by the deletion of DJ-1, a multifunctional antioxidant protein that scav-
enges ROS and also regulates the expression of several genes by directly interacting with
histone deacetylase [65–69]. DJ-1-knockout mice (DJ-1−/−) had increased renal mRNA, protein
and immunoreactivity of PRR, increased ERK1/2 activation in response to prorenin and
increased fibrotic gene expression compared to the WT animals (DJ-1+/+) [66]. A decreased
histone deacetylase 1 recruitment at the PRR promoter and a reduction of its histone acetylation
were also observed in DJ-1−/− mice [66]. Furthermore, mesangial cells derived from DJ-1−/− mice
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animals exhibited increased H2O2 generation compared with those from DJ-1+/+ mice [66]. The
effects on PRR expression and epigenetic regulation were induced by the treatment with H2O2

and reversed by the addition of the antioxidant NAC in DJ-1+/+ mesangial cells. Furthermore,
silencing of PRR by transfecting mesangial cells with siRNA-PRR markedly reduced the expres-
sion of fibrotic genes [66]. Therefore, it was concluded that the reduction of DJ-1 protein might
hasten renal damage via H2O2-mediated epigenetic regulation of PRR expression [66].

Evidence for the regulation of renin and the (pro)renin receptor by ROS is presented in
Figure 2.

2.3. ROS, ACE and ACE2

ACE is a 1306-amino acid 140 kDa zinc-containing metalloprotease that acts as a dipeptidyl
carboxypeptidase, hydrolyzing the physiologically inactive decapeptide Ang I to the physio-
logically active octapeptide Ang II [70], thus being crucial for the formation of the major
effector of the RAAS. ACE also inactivates the vasodilator bradykinin [70]. ACE has two
catalytic domains: NH2- and COOH-terminus that are highly homologous although the pref-
erential catalytic conditions and the rate of hydrolysis might differ for the same substrate [71]. In
2000, two independent research groups came out with a homologous form of ACE (40–42%
homology)—the angiotensin-converting enzyme 2 (ACE2)—which is also a zinc metalloprotease

Figure 2. Regulation of renin and pro(renin) receptor by ROS. JG, juxtaglomerular; JGA, juxtaglomerular apparatus; LDL,
low-density lipoprotein; LpA, lipoprotein A; PRR, pro (renin) receptor; ROS, reactive oxygen species; SOD, superoxide
dismutase; SHR, spontaneously hypertensive rats; STZ, streptozotocin; TNFα, tumoral necrosis factor alpha; WKY, Wistar
Kyoto.
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with carboxypeptidase activity [72, 73]. However, ACE2 is a mono-carboxypeptidase and so, it
catalyzes the conversion of Ang I or Ang II to the nonapeptide angiotensin (1–9) [Ang (1–9)] or
the heptapeptide angiotensin (1–7) [Ang (1–7)], respectively [72]. As the affinity of ACE2 for Ang
II is 400-fold higher than that for Ang I, the formation of Ang (1–7) predominates [74, 75]. The
ACE2/Ang (1–7)/MAS axis has been highlighted as the counterregulatory arm of the RAAS [76].
The balance between the activities of ACE and ACE2 will determine, respectively, the relative
levels of Ang II and Ang (1–7) at the surface of the correspondent receptors and, thus, the net
effect of the RAAS.

The first evidence concerning a putative role of ROS on ACE activity comes from a study of
Tominaga et al., in 1988, who observed that the thiol-oxidizing agent diamide markedly
increased the activity of ACE in crude extracts of rat renal cortex, heart and brain while
causing a moderate increase in ACE activity in the lung and aorta and no alteration in plasma
ACE activity [77]. By that time, no particular ROS was identified as being responsible for the
reported effect. However, in 1993 Chen and Catravas [78] reported that in vitro H2O2 or the
ROS-generating system XOD decreased the activity of ACE in cultured bovine pulmonary
endothelial cells, contrary to what was expected from the results of the pioneering study.
Moreover, Chen and Catravas observed that H2O2 was also responsible for the decrease in
ACE activity when neutrophils were activated with phorbol 12-myristate 13-acetate (PMA)
[78]. Indeed, they characterized the effect as being the result of the production of H2O2 and its
intracellular conversion into •OH through the iron-catalyzed Haber-Weiss reaction since the
inhibitory effect of activated neutrophils on ACE activity was prevented by catalase and by a
cell-permeable scavenger of •OH, an iron-chelator and a thiol reducing agent [78]. These
results were confirmed in another study using purified ACE from bovine lungs, which showed
that H2O2 decreased ACE activity at least in part through the generation of •OH from H2O2

since an iron chelator attenuated the effect [79]. When tested directly, •OH decreased ACE
activity at high concentrations and this effect was prevented by scavengers of •OH and by
thiol-reducing agents, thus suggesting oxidation of the thiol groups of ACE [79]. Interestingly,
this study revealed that the inhibitory effect was more marked on the COOH-domain than on
the NH2-domain of ACE [79]. Another in vitro study showed that neither O2

•− nor H2O2 or
•OH altered the activity of purified ACE [80]. In contrast to these studies but in line with the
study of Tominaga et al. [77], recently it has been reported that in human umbilical vein
endothelial cells, H2O2 increased the expression of ACE via the cAMP/protein kinase A
(PKA)/cAMP response-element binding pathway, although there was also decreased cell via-
bility due to increased apoptosis [81]. These apparent contradictory results have not raised
discussion in the literature. Eventually, they might represent an example of species-dependent
effect since the only two studies that reported decreased ROS-mediated ACE activity used
bovine or rabbit cells while all the others, concerning mostly rats and mice, reported ROS-
mediated increases in ACE expression and activity, as already referred above and will be
further presented below. Indeed, NADPH oxidase, SOD, or H2O2 have been associated with
increased ACE expression and/or activity. Alternatively but less probably, it might be that the
•OH would have the opposite effect on ACE than the other ROS, putatively reflecting a fine-
tuning regulatory network. The fact that some studies evaluatedACE activity while others quanti-
fied ACE expression might also contribute to the apparent controversial data. Unfortunately, not
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so many studies have addressed this question and so, further studies are needed in order to fully
characterize the role of ROS in regulating ACE expression and/or activity.

A role for NADPH oxidase was evident from a study using rats subjected to unilateral
nephrectomy (UNX) subjected to an albumin overload, which show overt proteinuria [82].
These rats have serum ACE activity similar to that found in controls but they show increased
expression of ACE (mRNA and protein) in the renal cortex, especially in RPTCs; treatment
with apocynin had no effect on serum ACE activity but attenuated the increase in renal ACE
expression [82]. In another model of renal damage, it was characterized that kidney cells (the
NRK52E line) exposed to albumin activated by advanced oxidation protein products (AOPPs)
(usually generated by the reaction of proteins with hypochlorous acid) show increased expres-
sion (mRNA and protein) and activity of ACE via activation of cluster of differentiation 36
(CD36) and the receptor for advanced glycation end products and the PKCα-NADPH oxidase
pathway [83]. Consistently, in Sprague-Dawley rats with UNX and daily intravenous injections
of albumin activated by AOPPs for 3 weeks, renal ACE expression (mRNA and protein) and
activity increased, mainly in PTCs, although plasma levels and activity of ACE did not change
[83]. Treatment with apocynin attenuated the increase in renal ACE expression and activity
[83]. Also, DPI prevented the increase in ACE mRNA levels induced by high glucose in the
glomerular mesangial cell line HBZY-1 [14].

The above referred study of Chen and Catravas [78] excluded a role of O2
•−, hypochlorous

acid, peroxynitrite, or proteases in the decrease of ACE activity found in PMA-activated
neutrophils from New Zealand rabbits since the effect was not altered by SOD, an MPO
inhibitor, hypochlorous acid scavengers, an inhibitor of NO synthesis and proteinases inhibi-
tors. However, tempol abolished the increase in renal ACE mRNA levels observed in SHR rats
fed with a high-fat diet in comparison with those in a normal-fat diet [21]. Interestingly,
normotensive WKY rats fed a high-fat diet showed the same renal ACE mRNA levels as those
normotensive rats on a normal-fat diet [21]. Similarly, obese Zucker rats show higher expres-
sion of ACE (mRNA and protein) than lean controls and tempol treatment normalized the
differences found in obese Zucker rats [84]. Furthermore, O2

•− has also been implicated in the
increased expression of ACE protein in the hypothalamic paraventricular nucleus (PVN) of the
Sprague-Dawley rat intravenous infused with Ang II since the effect was attenuated by bilat-
eral microinjections of tempol [85].

The increased expression of ACE protein was also found in the PVN of Sprague-Dawley rats
fed a high-salt diet compared with the normal-salt fed rats [86]. Interestingly, bilateral micro-
injections of PEG-catalase into the PVN attenuated this increase while microinjections of
aminotriazole (a catalase inhibitor) augmented it, thus suggesting a role for endogenous
H2O2 in the regulation of ACE expression [86]. H2O2-mediated increase in ACE expression
was also reported to occur in the diabetic Akita mice, in which the higher renal ACE expres-
sion (mRNA and protein) was normalized by overexpression of catalase in the RPTCs [12].

If a regulatory effect of ROS on ACE expression and/or activity has been the aim of some studies,
evidence for an impact of ROS on ACE2 expression and/or activity is still quite scarce. The above
referred study on the diabetic Akita mice showed a decrease in the renal ACE2 expression
(mRNA and protein) that was normalized by overexpression of catalase specifically in the RPTCs
[12]. Curiously, the obese Zucker rats show lower expression of ACE2 (mRNA and protein)
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besides higher expression of ACE than the lean controls and these differences were normalized
by tempol treatment [84]. Interestingly, overexpression of catalase in the RPTCs [12] or tempol
treatment in Zucker lean rats [84] did not alter the expression of either ACE or ACE2. Taken
together, these results suggest that endogenous SOD and H2O2 might be crucial for the regula-
tion of ACE and ACE2 expression in the context of diabetes although not in the physiological
context. Another very recent study focused on the vascular activity of ACE2 through the charac-
terization of the relaxant effect mediated by Ang II on rat carotid rings [87]. In this setup, Ang II
caused a biphasic response over a precontraction induced by phenylephrine: a contraction (for
nM range Ang II) followed by a relaxation that came to the previous phenylephrine-induced
tone and even further to a tension that was below that of the phenylephrine-induced contraction
(for μM range Ang II). This second part of the Ang II-mediated relaxation reflects ACE2 activity
since it was the only part of the response to Ang II that was blocked by a MAS receptor
antagonist and considering that ACE2 is the only enzyme responsible for the conversion of Ang
II in Ang (1–7) (the endogenous agonist of the MAS receptor). The authors observed that in
control rats, this Ang II-mediated vasorelaxation (reflecting ACE2 activity) was not altered by
apocynin, tiron, or PEG-catalase. However, in STZ-diabetic rats, the ACE2/Ang (1–7)/MAS-
mediated vasorelaxant effect was usually absent but it was restored by apocynin, tiron and
PEG-catalase, suggesting that NADPH oxidase-O2

•−-H2O2 play a significant role in this effect,
namely through ROS-mediated inhibition of ACE2 activity [87].

Figures 3 and 4 summarize the role of ROS in the regulation of ACE and ACE2, respectively.

Figure 3. Regulation of ACE by ROS. ACE, angiotensin converting enzyme; AngII, angiotensin II; AOPPs, advanced
oxidation protein products; HF, high fat; HG, high glucose; HS, high salt; HUVEC, human umbilical vein endothelial cells;
NS, normal salt; PMA, phorbol myristate acetate; PMN, polymorphonuclear neutrophils; ROS, reactive oxygen species;
SHR, Spontaneously Hypertensive Rats.

Regulation of the Renin-Angiotensin-Aldosterone System by Reactive Oxygen Species
http://dx.doi.org/10.5772/67016

131



2.4. ROS, Ang II, Ang (1–7) and aldosterone

Ang II, the most important peptide of the RAAS, is mainly formed from the precursor AGT by
the sequential action of renin and ACE. Other angiotensin-derived peptides also exhibit biolog-
ical activity, including angiotensin 2–8 (Ang III), angiotensin 3–8 (Ang IV) and Ang (1–7). Ang III
and Ang IVare products from the catabolism of Ang II at the NH2-terminus by aminopeptidases
A and N. In human tissues there are several alternative ACE-independent pathways for Ang II
formation, including proteinases such as chymase, kallikrein, cathepsin G and elastase-2 whose
clinical significance is not yet explored [88, 89]. Ang II binds to two receptor subtypes, the AT1
and Ang II type 2 (AT2) receptors, that belong to the G-protein-coupled receptor (GPCR) family
but differ in terms of tissue distribution and cell signaling pathways. Most of the known
vasoactive, mitogenic, proinflammatory and profibrotic effects of Ang II are mediated by the
activation of AT1 receptor, but it can also bind to the AT2 receptor thereby triggering opposite
effects to those elicited by the AT1 receptor [90–92]. Importantly, Ang II-AT1 receptor interaction
stimulates the activation of NADPH oxidase, a major source of ROS in the heart, vasculature,
kidneys and central nervous system [93]. Under pathological conditions, characterized by RAAS
activation, such as arterial hypertension, diabetes, atherosclerosis and heart failure, there is an
Ang II-induced increase in the expression and/or activity of several Nox, leading to higher ROS
generation and oxidative stress [93–100]. Ang (1–7), an active peptide of this system that typi-
cally opposes the effects of Ang II in the cardiovascular system, is formed primarily from Ang II
through the action of ACE2 at the COOH-terminus but may also be formed by the cleavage of
Ang I by neutral endopeptidases [28, 101, 102]. Many of Ang (1–7) counteracting actions on AT1

receptor-mediated effects occur via the MAS receptor. However, this peptide may also interact
with AT2 and AT1 receptors. Ang (1–7) seems to play a protective role in cardiometabolic and
renal diseases due to its antihypertensive, antiproliferative, antifibrotic, antiarrhytmic,
antithrombotic, antidiabetic, natriuretic and diuretic effects [28, 101–105]. Moreover, it also has
antioxidant and anti-inflammatory actions [106–108].

Figure 4. Regulation of ACE2 by ROS. ACE2, angiotensin converting enzyme 2; ROS, reactive oxygen species; STZ,
streptozotocin.
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Interestingly, both Ang II and Ang (1–7) content appear to be modulated by ROS. In cardiac
fibroblasts from young adult male Sprague Dawley rats, treatment with H2O2 for 3 hours caused
a threefold increase in secreted Ang II levels [22]. Oxidative stress induced by in vitro or in vivo
treatment with high concentrations of albumin or with AOPP-modified albumin also resulted in
increased Ang II levels in cultured RPTCs or in the renal cortex of UNX rats [82, 83]. Noteworthy,
treatment with apocynin reduced the Ang II content in the renal cortex of UNX rats subjected to
high concentrations of albumin or AOPP-modified albumin [82, 83]. In SHR fed a high-fat diet
for 12 weeks there was also an increase in renal immunoreactivity and concentration of Ang II
which was counteracted by tempol treatment but no changes were observed in SHR fed a
normal-fat diet or in WKY fed a normal- or a high-fat diet [21]. Obese Zucker rats exhibited a
similar concentration of Ang II and reduced Ang (1–7) content in the renal cortex, as compared to
lean Zucker rats. Obese rats had also increased diuretic and natriuretic responses to AT1 receptor
blockade and decreased natriuretic response to Ang (1–7). In obese Zucker rats, but not in lean
controls, treatment with tempol significantly decreased renal cortical Ang II content, augmented
Ang (1–7) concentration and reverted the increase in AT1 receptor-mediated effect and the
decrease in the natriuretic response to Ang (1–7) [84]. Moreover, the enhanced Ang II
immunostaining observed in proximal convoluted tubules and cortical collecting ducts of
Sprague Dawley rats subjected to acute sodium overload was also normalized by tempol treat-
ment. The concomitant decrease of hypoxia-inducible factor 1α and increase of eNOS expression
induced by tempol administration to these rats suggest oxidative stress inhibition [109]. Type 1
diabetic Akita mice had unchanged serumAng II concentration, higher urinary Ang II levels and
lower urinary content of Ang (1–7) compared to nonAkita WT mice. Renal mRNA and protein
expression of ACE and ACE2 in Akita mice followed a similar pattern to that observed for
urinary Ang II and urinary Ang (1–7), respectively. The overexpression of catalase in RPTCs of
Akita mice did not alter serum Ang II levels but reduced the renal ACE expression and urinary
Ang II content and normalized renal expression of ACE2 and urinary Ang (1–7) levels [12].
Additionally, in cultured rat mesangial cells, treatment with high glucose induced an increase in
ROS generation, as well as an elevation in the mRNA expression of AGT, ACE and AT1 receptor
and in Ang II concentration in the media. Incubation with DPI reduced ROS generation and the
mRNA expression of RAAS components in these cells [14]. The exposure of cultured vascular
smooth muscle cells (VSMCs) to high-glucose media significantly decreased Ang (1–7) concen-
tration in cell lysates compared to that observed under normal-glucose conditions. High glucose
also induced an upregulation of Nox1 mRNA and protein expression, while decreasing the
expression of Nox4. Treatment with DPI, apocynin, or catalase reverted the lowering effect of
high-glucose on Ang (1–7) content but caused a significant reduction of Ang (1–7) in cells
exposed to normal-glucose media. These results suggest that high glucose stimulates the pro-
duction of Nox1-derived ROS that causes a reduction in Ang 1–7 content. In contrast, under
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Aldosterone is a steroid hormone primarily produced and secreted by zona glomerulosa in the
adrenal cortex in response to Ang II stimulation through the AT1 receptor [111]. Its synthesis
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from cholesterol involves a series of hydroxylation and oxidation reactions by members of the
cytochrome P450 super family such as aldosterone synthase (CYP11B2), the key enzyme that
catalyzes the final step of aldosterone synthesis and is excessively produced in the type 1 form
of familial primary aldosteronism (PA) [112]. Patients with PA exhibit an increased suscepti-
bility to cardiovascular complications, including left ventricular hypertrophy, stroke, nonfatal
myocardial infarction, atrial fibrillation, as well as higher levels of oxidative stress markers
than essential hypertensive patients, which decrease after specific treatment of PA [113, 114].
Noteworthy, ROS seem to be upstream regulators of aldosterone synthesis. In a study
performed in human and rat adrenal cortical cells, Ang II increased CYP11B2 activity, mRNA
and protein with simultaneous elevation of oxidative stress by-products, NADPH oxidase
activity and H2O2 levels. These Ang II-induced effects were abolished or attenuated by
pretreatment of cells with either the AT1 receptor antagonist losartan, the antioxidants PEG-
catalase and NAC, the Nox inhibitor VAS-2870, siRNA silencing of Nox1, 2 and 4, or inhibitors
of phospholipase C (PLC) and PKC. Importantly, treatment with H2O2 mimicked the facilita-
tory effects of Ang II on CYP11B2 activity, mRNA and protein expression and these changes
were absent or attenuated in PEG-catalase pretreated cells, suggesting that H2O2 is a key
regulator of aldosterone production [115].

Plasma aldosterone levels were also shown to be modulated by the induction of heme
oxygenase-1 (HO-1), an important antioxidant pathway [116–118]. In a rat model of renovas-
cular hypertension treatment with cobalt protoporphyrin markedly increased the expression
and activity of HO-1 and these effects were accompanied by a marked attenuation of the
development of hypertension, decreased oxidative stress and reduced plasma aldosterone
concentration [116]. Although the mechanisms contributing to a lower aldosterone synthesis
by HO-1 induction remain to be clarified, the authors speculated that HO-1 might inhibit the
CYP450 enzymes required for aldosterone formation, by limiting the availability of heme or
by increasing the production of carbon monoxide [116]. Of note, heme is a prooxidant
molecule that has been shown to contribute to increased generation of ROS and lipid
peroxidation, while the HO-1 product carbon monoxide appears to possess antioxidant
properties [116, 118].

Secretory products derived from visceral adipocytes have also been shown to upregulate aldo-
sterone synthase expression and stimulate adrenal aldosterone synthesis thus suggesting a direct
link between obesity and hypertension [119–122]. In fact, several clinical studies have already
observed elevated plasma aldosterone levels in obese patients [121, 122]. In an experimental
model of obesity, it was also shown that the enhanced blood pressure response to Ang II was
associated with an increase in circulating aldosterone. Ang II infusion induced a more prominent
increase in plasma aldosterone levels and blood pressure in obese Zucker rats that in lean
controls. These results corroborate the hypothesis that aldosterone contributes to obesity-related
hypertension [123]. Furthermore, even though the basal circulating aldosterone concentration
was similar in lean and obese Zucker rats [84, 123], treatment with tempol significantly reduced
serum aldosterone levels, in addition to its antioxidant and blood pressure lowering effects, in
obese but not in lean Zucker rats [84]. Of note, although the link between obesity and increased
systemic aldosterone concentration has not been consistently evidenced, it has been reported that
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in obesity-induced hypertension an intrarenal RAAS might operate independently of the sys-
temic RAAS, contributing to increased aldosterone action [21, 124]. Chung et al. demonstrated
that SHR fed a high-fat diet for 12 weeks exhibited increased renal cortical expression of several
RAAS components and augmented 24-h urinary excretion of aldosterone, despite the absence of
changes in plasma renin activity or plasma aldosterone concentration. These SHR rats had also
higher blood pressure and renal oxidative stress, as well as lower fractional excretion of sodium,
than those maintained on a normal-fat diet. Importantly, tempol significantly attenuated the
high-fat diet-induced increases in the renal expression of RAAS components and in urinary
aldosterone excretion and blunted or attenuated the changes in oxidative stress, blood pressure
and sodium reabsorption [21]. These findings emphasize the importance of ROS as regulators of
renal RAAS components, including aldosterone and suggest that the use of a SOD mimetic
might be an effective therapy to prevent the progression of hypertension in obese subjects.
Indeed, in the remnant kidney rat model, an experimental model of progressive nephropathy,
treatment with NAC had a protective effect also attributable to a decrease in oxidative stress and
plasma aldosterone levels [125]. The beneficial effect that NAC had on glomerular filtration rate
was more impressive than the modest reduction in proteinuria and was independent of blood
pressure reduction [125]. Additionally, the combination of NAC and spironolactone was found
to confer additive protection in the same model, improving blood pressure control and renal
function more than did NAC or spironolactone alone, thus suggesting that antioxidant/antihy-
pertensive combinations could be important therapeutic strategies to attenuate the aggravation
of chronic renal disease [125].

The classical genomic pathway whereby aldosterone exerts its effects involves the binding to the
cytosolic mineralocorticoid receptor (MR) within the renal cortical collecting duct cells and
subsequent translocation of this aldosterone-MR complex to the nucleus, thereby promoting the
transcription of genes that regulate electrolyte and fluid balance resulting in sodium
reabsorption, water retention and potassium and magnesium loss, with consequent volume
expansion and blood pressure rise [102]. It is well known now that inappropriate regulation of
the aldosterone/MR system contributes to sodium retention and hypertension and to the devel-
opment of renal injury [126]. These adverse actions of aldosterone in the kidney appear to involve
the production of ROS that activate the MAPK pathway in renal cortical tissues, which in turn
causes renal injury [127, 128]. Interestingly, MR activation and subsequent renal injury may be
triggered by other ligands and/or pathological conditions besides aldosterone [129]. In Dahl salt-
sensitive rats, glomerular MR was activated by high-salt-feeding-induced oxidative stress and
this effect was suppressed by tempol. In vitro luciferase assays also confirmed that oxidative
stress can accelerate MR transcriptional activity in the glomeruli cells [129]. Moreover, MR
activation was sustained by high ROS production even after reducing salt intake. Therefore,
oxidative stress appears to limit the therapeutic effects of salt restriction, an important therapeutic
strategy for salt-sensitive hypertensive patients [129]. Since previous studies also demonstrated
that ROS stimulate aldosterone production [21, 115, 125], the use of antioxidants might be an
effective strategy to protect the kidney from the overactivation of the aldosterone/MR system.

The main effects of ROS on AngII, Ang (1–7) and aldosterone are depicted in Figures 5 and 6,
respectively.
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Figure 5. Regulation of AngII and Ang (1–7) by ROS. Ang (1–7), angiotensin 1–7; Ang II, angiotensin II; HF, high-fat; HG,
high-glucose; NF, normal-fat; ROS, reactive oxygen species; SHR, Spontaneously Hypertensive Rats; UNX,
uninephrectomized; WKY, Wistar Kyoto.

Figure 6. Regulation of aldosterone by ROS. Ang II, angiotensin II; HF, high-fat; HO-1, heme oxygenase-1; HS, high-salt;
MR, mineralocorticoid receptor; NF, normal-fat; NS, normal-salt; ROS, reactive oxygen species; SHR, Spontaneously
Hypertensive Rats; WKY, Wistar Kyoto.
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2.5. ROS and Ang receptors

Ang II, the major effector of the RAAS, elicits its actions by binding to the AT1 or to the AT2

receptor, which belong to the GPCR superfamily [91]. The AT1 receptor actually comprises two
isoforms, the AT1A receptor and AT1B receptor subtypes that share 95% amino acid sequence
homology. Although they have been considered pharmacologically identical, there appears to
be differences in their tissue distribution and transcriptional regulation [91]. Furthermore,
several studies have suggested that in vascular tissues, AT1 receptors are AT1B prejunctionally
and AT1A postjunctionally [130–133]. AT1 receptor activation initiates several signaling path-
ways, including those associated with heterotrimeric G-proteins, G-protein independent β-
arrestin, nonreceptor and receptor tyrosine kinases, ROS and small guanosine triphosphate
(GTP) binding proteins, which contribute for the wide range of responses to Ang II [91]. One
important feature of the AT1 receptor is the rapid phosphorylation and internalization that
occur following stimulation by Ang II [91, 134]. This physiological mechanism limits the
functional availability of AT1 receptors on the cell surface, thus avoiding exaggerated respon-
siveness to Ang II [134]. Several physiological and pathological factors, including Ang II, ROS,
cytokines, growth factors and hormones, regulate AT1 receptors in all organs [91, 134, 135].

The AT2 receptor shares only 34% amino acid sequence homology with the AT1 receptor and
exhibits obvious differences in its tissue-specific expression, signaling pathways, pharmaco-
logical features and regulation of receptor function [91]. Signal transduction mechanisms
initiated by AT2 receptor activation are unusual for a GPCR and markedly different from those
driven by AT1 receptor. Of note, the AT2 receptor does not undergo desensitization and
internalization on stimulation by Ang II [91]. The AT2 receptor signaling involves Gi/Go

activation, protein phosphatases, scaffold proteins, NO/cyclic guanosine monophosphate
(cGMP), ion channel protein and constitutive activity (ligand-independent actions). The AT2

receptor is expressed in low levels in normal nongrowing cells [91].

There is evidence that AT1 and AT2 receptors mediate opposite actions in response to Ang II. AT1

receptor activation induces several effects such as vasoconstriction, enhancement of sympathetic
outflow, aldosterone release, sodium reabsorption, ROS generation, inflammation, cell prolifera-
tion and extracellular matrix formation that contribute to cardiovascular and renal dysfunction
under conditions of enhanced AT1 receptor stimulation [90, 91]. In contrast, AT2 receptor appears
to play a beneficial role in cardiovascular disease due to its vasodilatory, natriuretic, apoptotic,
anti-proliferative, antifibrotic and anti-inflammatory effects [90, 91, 136]. Of note, some of these
AT2 receptor actions appear to be best detected under partial AT1 receptor blockade [91, 102].
Given the protective effects of AT2 receptor activation, research is being conducted in order to
develop specific agonists of AT2 receptors [102]. The compound 21 is one of these drugs, but
unexpectedly it had no effect or even increased blood pressure, an effect that may be related to
the fact that in SHR the AT2 receptors may present an AT1 receptor-like profile [102, 137].
Nevertheless, AT2 receptor agonists may be useful to protect against tissue injury [102, 136].

ACE2 transforms Ang II into Ang (1–7), which has been shown to exert vasodilatory, antiproli-
ferative, natriuretic, antithrombotic and antiarrhytmic actions. The MAS receptor, an orphan
GPCR, appears to mediate many of these effects and has therefore been proposed as a candi-
date receptor for this RAAS peptide [91]. Indeed, MAS-knockout mice exhibit changes in heart
rate and blood pressure variability, impaired cardiac and renal function accompanied by
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profibrotic changes, increased expression of proinflammatory molecules and several metabolic
changes such as augmented abdominal fat mass, dyslipidemia, increased insulin and leptin
concentration and altered response of adipocytes to insulin [91]. Nevertheless, deletion of the
MAS gene may confer protection against salt-induced hypertension and cardiac or renal
ischemia-reperfusion injury [91]. Activation of MAS receptor by Ang (1–7) is thought to
involve the production of arachidonic acid and nitric oxide synthase (NOS) activation. The
potential protective effects of MAS activation by Ang (1–7) make this receptor an attractive
drug target [91].

The majority of studies evaluating the regulation of AT1 receptors by ROS has been performed in
the kidney and has demonstrated a stimulating effect of these species on AT1 receptors [14, 17,
21, 82–84, 138–141]. In adult male Sprague Dawley rats treated for 2 or 3 weeks with L-
buthionine sulfoximine (BSO), a prooxidant agent that inhibits the synthesis of glutathione
(GSH) [142], the increase in oxidative stress and blood pressure was accompanied by the
upregulation of the mRNA, protein and ligand binding of the AT1 receptor in renal proximal
tubules when compared to normotensive controls [138, 139]. Furthermore, incubation with Ang
II had a markedly higher impact on AT1 receptor signaling and on the activation of the sodium
transporters Na+/K+-ATPase andNa+/H+ exchanger 3 in renal proximal tubules from BSO-treated
rats than in those from control rats [138, 139]. Treatment for 2 or 3 weeks with tempol decreased
oxidative stress and normalized AT1 receptor mRNA, protein and ligand binding [138, 139].
Furthermore, tempol also reduced AT1 receptor signaling and activation of sodium transporters
in response to Ang II [138, 139]. Overall, the restoration of AT1 expression and signaling with the
antioxidant tempol might have contributed to the normalization of blood pressure in BSO-
treated rats [138, 139]. The protective effects of tempol on AT1 receptor regulation were also
evidenced in obese Zucker rats and in SHR fed a high-fat diet [21, 84]. Obese Zucker rats showed
higher basal blood pressure values than age-matched lean Zucker rats, as well as an age-
dependent increase in blood pressure that was not observed in lean rats [84]. Obese rats also
exhibited increased systemic and renal cortical oxidative stress, augmented AT1-receptor-medi-
ated effects on sodium and water excretion and increased renal cortical mRNA and protein
expression of the AT1 receptor [84]. Tempol treatment for 4 weeks prevented the age-dependent
increase in blood pressure in obese Zucker rats, although their blood pressure values remained
higher than in lean Zucker rats [84]. Tempol also ameliorated oxidative stress, reversed the AT1-
receptor-mediated actions on sodium and water excretion and decreased the renal cortical
mRNA and protein expression of AT1 receptor in obese Zucker rats but did not alter these
parameters in lean Zucker rats [84]. Data from in vitro assays were also in agreement with the
in vivo findings. RPTCs from 14-week-old obese Zucker rats, compared to those from lean
Zucker rats, showed a higher protein expression of the AT1 receptor which was normalized by
the in vitro treatment with tempol for 24 hours [84]. A significantly higher renal cortical protein
expression of AT1 receptor was also observed in SHR fed a high-fat diet for 12 weeks, starting at
the age of 8 weeks. This effect was not verified in SHR fed a normal-fat diet or in WKYrats fed a
normal- or a high-fat diet for the same period of time [21]. Furthermore, in SHR fed a high-fat
diet and simultaneously treated with tempol, there was a significant reduction in renal cortical
AT1 receptor protein expression [21]. Beneficial effects of tempol have also been demonstrated in
a rat aging model [140]. Aged (21 months old) Fischer 344 Brown Norway F1 (FBN) rats
exhibited increased oxidative stress, evidenced by the augmented plasma isoprostanes
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concentration, decreased urinary antioxidant capacity and increased expression of NADPH
oxidase-gp91phox in renal proximal tubular homogenate, when compared to adult (3 months
old) FBN rats [140]. These effects were accompanied by exaggerated AT1 receptor-mediated
actions on urine flow and urinary sodium excretion [140]. Tempol treatment for 3 or 4 weeks
reduced oxidative stress and normalized the AT1 receptor-mediated effects on diuresis and
urinary sodium excretion in aged but not in adult FBN rats [140].

The impact of ROS on AT1 receptor regulation has also been studied in in vivo or in vitro models
of diabetes [14, 141]. In STZ-induced diabetic male Sprague Dawley rats, treatment with recom-
binant human extracellular SOD for 4 weeks, beginning 2 weeks after STZ, prevented the
decrease in renal SOD activity and the increase in protein expression of the renal AT1 receptor
induced by STZ intraperitoneal injection [141]. In the rat glomerular mesangial cell line HBZY-1
exposed to a high-glucose medium, ROS generation and the AT1 receptor mRNA levels were
significantly augmented when compared to the effects observed in cells cultured in the normal-
glucose medium [14]. These effects were abolished by DPI or by application of NaHS, a donor of
the gas transmitter hydrogen sulfide which is also known to exhibit antioxidative properties [14,
143]. Intriguingly, in the same study these authors observed a downregulation, instead of an
upregulation, of the AT1 receptor mRNA expression in the kidney of diabetic male Sprague
Dawley rats, 3 weeks after STZ injection [14]. Treatment with NaHS during the 3rd week
abolished the decrease in mRNA levels of the AT1 receptor in STZ-induced diabetic rats, but
did not alter the AT1 receptor expression in nondiabetic rats [14].

A study of our group in a model of arterial hypertension induced by the infusion of Ang II in
male Sprague Dawley rats showed that Ang II increased H2O2 production and the protein
expression of Nox4 and AT1 receptor in the renal medulla, but not in the renal cortex [17].
Noteworthy, treatment of Ang II-infused rats with PEG-catalase from day 7 to day 14 signifi-
cantly reduced H2O2 production and the expression of Nox4 and AT1 receptors in the renal
medulla, thus suggesting that Ang II-derived H2O2 in the renal medulla stimulates the expres-
sion of Nox4 and AT1 receptors[17].

The upregulation of intrarenal AT1 receptor has also been evidenced in models of renal
disease. Female WKY rats subjected to UNX and treated with bovine serum albumin for 4
weeks had increased O2

•− generation and upregulation of AT1 receptor mRNA and protein in
the renal cortex [82]. Treatment of protein-overload UNX rats with apocynin for 3 weeks
reduced renal cortical O2

•− production and AT1 receptor mRNA and protein levels [82].
Similar effects were also observed in male Sprague Dawley rats subjected to UNX and treated
with AOPP-modified albumin [83]. These UNX rats treated with AOPP-modified albumin also
showed increased renal cortical O2

•− generation, as well as an augmented expression of the
mRNA and protein of AT1 receptor [83]. As previously observed in protein-overload UNX rats,
treatment with apocynin also reduced the production of O2

•− and the mRNA and protein
levels of the AT1 receptor in the renal cortex of AOPP-albumin-challenged rats [83]. The effects
observed for the in vivo treatment with high levels of albumin or with AOPP-modified albumin
on ROS production and AT1 receptor expression were also reproduced in in vitro assays using
cultured RPTCs (NRK52E) [82, 83].

In the heart, the mechanisms linking oxidative stress to altered AT1 expression were investi-
gated in fibroblasts prepared from young adult (2–3 months old) male Sprague Dawley rats
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[22]. Treatment of cardiac fibroblasts with H2O2 caused a sixfold increase in AT1 receptor
mRNA levels in 3 hours, which were reduced to twofold at the end of 12 hours. AT1 receptor
protein expression was also significantly increased with maximum values reached at 6 and 12
hours of H2O2 treatment [22]. The preincubation of cardiac fibroblasts with the NADPH
inhibitors DPI or VAS2870 abolished the H2O2-induced increase in AT1 receptor mRNA and
protein levels. Treatment with DPI also inhibited the H2O2-induced increase in intracellular
ROS in cardiac fibroblasts [22]. Further experiments also showed that H2O2 induced the
activation of NF-κB and activator protein 1 (AP-1) in cardiac fibroblasts and that preincubation
of these cells for 60 min with the NF-κB inhibitor BAY-11-7085 or with the AP-1 inhibitor
SR11302 prior to H2O2 treatment attenuated the AT1 mRNA and protein expression. These
data demonstrate that the H2O2-induced increase of AT1 receptor mRNA and protein expres-
sion in cardiac fibroblasts involves the activation of NF-κB and AP-1 [22]. In subsequent
experiments, H2O2 was also shown to increase by threefold the local secretion of Ang II. In
addition, treatment with Ang II augmented the AT1 receptor mRNA and protein expression in
cardiac fibroblasts and these effects were significantly reduced by pretreatment with VAS2870.
Therefore, it was concluded that Ang II increases the AT1 receptor mRNA and protein expres-
sion in cardiac fibroblasts via NADPH oxidase-dependent ROS [22]. Moreover, H2O2 treat-
ment significantly increased collagen mRNA and protein expression in these cells and the AT1

receptor antagonist candesartan decreased these effects [22]. Overall, these findings suggest
the existence of a positive feedback loop involving the reciprocal regulation of ROS, Ang II and
the AT1 receptor, which sustains the Ang II pathological signaling in the heart [22].

There have been contradictory reports regarding the effects of ROS on the AT1 receptor
regulation in the vasculature [135, 144]. In a study aimed at characterizing the second messen-
gers used by Ang II in the regulation of AT1 receptor gene expression, Nickenig et al. showed
that treatment with Ang II caused a significant release of ROS in VSMCs and a
downregulation in AT1 receptor mRNA and density in cultured VSMCs isolated from the
thoracic aorta of 6–10-week old female WKY rats. Coincubation with DPI significantly
inhibited the Ang II-induced ROS release and the downregulation in AT1 receptor mRNA
[135]. VSMCs were also incubated with a mixture of H2O2 and ferric nitrilotriacetate or with
xanthine oxidase plus purine in order to evaluate if ROS have direct effects on AT1 receptor
expression. Both H2O2 and xanthine oxidase induced a dose-dependent downregulation in
AT1 receptor mRNA. H2O2 also decreased the AT1 receptor protein expression [135]. Further
experiments demonstrated that although H2O2 did not alter the AT1 receptor mRNA transcrip-
tion rate it caused a marked decrease in the AT1 receptor mRNA half-life, thus suggesting that
ROS destabilize the AT1 receptor mRNA [135]. These findings identify ROS as possible medi-
ators of Ang II-induced downregulation of the AT1 receptor and suggest that ROS-mediated
negative feedback regulation of AT1 receptor is a cellular self-protecting mechanism that limits
the potential pathological effects of the exposure of VSMCs to high concentrations of ROS
generated in response to prolonged AT1 receptor activation [135]. In contrast to these results,
Bhatt et al. demonstrated that augmented vascular oxidative stress caused an upregulation of
the AT1 receptor in human aortic smooth muscle cells and in arteries from 11 to 12 weeks old
SHR [144]. Treatment of these cells for 24 hours with BSO or with H2O2 for 3 hours failed to
induce a significant increase in AT1 receptor mRNA. However, the combination of these
oxidants elicited a twofold increase in the AT1 receptor mRNA, as well as an increase in
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activation of NF-κB and activator protein 1 (AP-1) in cardiac fibroblasts and that preincubation
of these cells for 60 min with the NF-κB inhibitor BAY-11-7085 or with the AP-1 inhibitor
SR11302 prior to H2O2 treatment attenuated the AT1 mRNA and protein expression. These
data demonstrate that the H2O2-induced increase of AT1 receptor mRNA and protein expres-
sion in cardiac fibroblasts involves the activation of NF-κB and AP-1 [22]. In subsequent
experiments, H2O2 was also shown to increase by threefold the local secretion of Ang II. In
addition, treatment with Ang II augmented the AT1 receptor mRNA and protein expression in
cardiac fibroblasts and these effects were significantly reduced by pretreatment with VAS2870.
Therefore, it was concluded that Ang II increases the AT1 receptor mRNA and protein expres-
sion in cardiac fibroblasts via NADPH oxidase-dependent ROS [22]. Moreover, H2O2 treat-
ment significantly increased collagen mRNA and protein expression in these cells and the AT1

receptor antagonist candesartan decreased these effects [22]. Overall, these findings suggest
the existence of a positive feedback loop involving the reciprocal regulation of ROS, Ang II and
the AT1 receptor, which sustains the Ang II pathological signaling in the heart [22].

There have been contradictory reports regarding the effects of ROS on the AT1 receptor
regulation in the vasculature [135, 144]. In a study aimed at characterizing the second messen-
gers used by Ang II in the regulation of AT1 receptor gene expression, Nickenig et al. showed
that treatment with Ang II caused a significant release of ROS in VSMCs and a
downregulation in AT1 receptor mRNA and density in cultured VSMCs isolated from the
thoracic aorta of 6–10-week old female WKY rats. Coincubation with DPI significantly
inhibited the Ang II-induced ROS release and the downregulation in AT1 receptor mRNA
[135]. VSMCs were also incubated with a mixture of H2O2 and ferric nitrilotriacetate or with
xanthine oxidase plus purine in order to evaluate if ROS have direct effects on AT1 receptor
expression. Both H2O2 and xanthine oxidase induced a dose-dependent downregulation in
AT1 receptor mRNA. H2O2 also decreased the AT1 receptor protein expression [135]. Further
experiments demonstrated that although H2O2 did not alter the AT1 receptor mRNA transcrip-
tion rate it caused a marked decrease in the AT1 receptor mRNA half-life, thus suggesting that
ROS destabilize the AT1 receptor mRNA [135]. These findings identify ROS as possible medi-
ators of Ang II-induced downregulation of the AT1 receptor and suggest that ROS-mediated
negative feedback regulation of AT1 receptor is a cellular self-protecting mechanism that limits
the potential pathological effects of the exposure of VSMCs to high concentrations of ROS
generated in response to prolonged AT1 receptor activation [135]. In contrast to these results,
Bhatt et al. demonstrated that augmented vascular oxidative stress caused an upregulation of
the AT1 receptor in human aortic smooth muscle cells and in arteries from 11 to 12 weeks old
SHR [144]. Treatment of these cells for 24 hours with BSO or with H2O2 for 3 hours failed to
induce a significant increase in AT1 receptor mRNA. However, the combination of these
oxidants elicited a twofold increase in the AT1 receptor mRNA, as well as an increase in
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oxidative stress. These effects were prevented by the simultaneous treatment with catalase.
Moreover, in the presence of p65 siRNA, the oxidant treatment did not increase the AT1

receptor mRNA [144]. In SHR, but not in WKY rats, vascular oxidative stress was also
increased, as evidenced by augmented H2O2 levels and was associated with increased vascular
protein expression of NF-κB and AT1 receptor and enhanced vasoconstriction in response to
Ang II. Treatment with the antioxidant and NF-κB inhibitor pyrrolidine dithiocarbamate
(PDTC) for 6–7 weeks reduced blood pressure, vascular H2O2 levels, p65 overexpression, AT1

receptor expression and Ang II-induced vasoconstriction [144]. Together, these results indicate
that under conditions of enhanced oxidative stress there is an upregulation of vascular AT1

receptor that possibly involves ROS-induced NF-κB activation. Furthermore, the blood pres-
sure lowering the effect of PDTC might have resulted from the normalization of vascular AT1

receptor expression and prevention of exaggerated vasoconstriction to Ang II [144]. In addition
to the stimulation of vascular AT1 receptor expression, ROS may also enhance the vascular
response to Ang II by increasing the functional availability of AT1 receptors [134]. Under
physiological conditions, AT1 receptors are rapidly desensitized and internalized on stimula-
tion by Ang II, thus avoiding an excessive responsiveness to Ang II [91, 134]. However, in
pathological conditions such as arterial hypertension this mechanism might be compromised
thus resulting in sustained activation of AT1 receptors [134]. Bagi et al. tested the hypothesis
that the acute exposure of resistance arteries to high intraluminal pressure increases the
constriction to Ang II via a ROS-mediated improvement in the functional availability of AT1

receptors [134]. In this study, performed in gracilis arterioles isolated from male Wistar rats,
they observed that the transient exposure of the vessels to high intraluminal pressure
(160 mmHg) significantly increased the constrictions to the second application of Ang II. This
response was reduced by the AT1 receptor antagonist telmisartan but not by the selective AT2

receptor blocker PD123,319. In addition, preincubation of the arterioles with tiron or with
PEG-catalase prevented the high intraluminal pressure-induced increase of arteriolar constric-
tions to the second application of Ang II [134]. Furthermore, the transient exposure to H2O2

resulted in augmented vessel constriction in response to the second application of Ang II.
Overall, these findings indicate that ROS, especially H2O2, contribute to the high pressure-
induced increase of the vasoconstriction to Ang II. This pathological feedforward mechanism
may therefore lead to increased vascular resistance and amplify the hypertensive state [134].

The effects of oxidative stress on AT1 receptor expression were also studied in macrophages,
since Ang II is a proatherogenic molecule and both oxidative stress and AT1 receptor expres-
sion are increased in hypercholesterolaemia [145–147]. In mouse peritoneal macrophages
(MPMs) harvested from the E0 mice, an animal model of severe hypercholesterolemia and
atherosclerosis caused by apolipoprotein E deficiency, there was an age-dependent increase in
lipid peroxide content accompanied by an age-dependent increase in the AT1 receptor mRNA
and protein expression [146]. MPMs obtained from 3.5 months old E0 mice treated for 6 weeks
with the potent antioxidant vitamin E had lower lipid peroxides concentration and reduced
AT1 receptor mRNA expression, compared to MPMs harvested from untreated E0 mice [146].
To further demonstrate the role of oxidative stress in the regulation of macrophage AT1

receptor, the GSH content was manipulated by the supplementation for 5 weeks with BSO or
with L-2-oxothiazolidine-4-carboxylic acid (OTC), a precursor of GSH synthesis. It was
observed that the reduction in macrophage GSH content was associated with increased AT1
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receptor mRNA expression, whereas the elevation of macrophage GSH levels caused a lower
expression of AT1 receptor mRNA. Similar effects of BSO and OTC on the AT1 receptor mRNA
expression were shown in MPMs obtained from control BALB/c mice [146]. Moreover, oxi-
dized LDL, but not native LDL, caused a significant dose-dependent increase in AT1 receptor
mRNA and protein levels in MPMs from BALB/c mice [146]. These results suggest that
oxidative stress enhances the proatherogenic effects of Ang II by inducing the overexpression
of AT1 receptors in arterial macrophages [146].

The regulation of AT1 receptor by oxidative stress was also investigated in the central nervous
system of male New Zealand white rabbits with chronic heart failure (CHF) [148]. It is well
known that activation of the RAAS and of the sympathetic nervous system in CHF critically
contributes to the development and progression of this pathological syndrome [148–151]. Previ-
ous studies have shown that CHF animals exhibit an upregulation of central AT1 receptor and
that the stimulation of sympathetic outflow by central Ang II treatment is mediated by oxidative
stress via stimulation of NADPH oxidase-derived ROS production [148, 152–154]. Furthermore,
NADPH oxidase-derived ROS in the rostral ventrolateral medulla (RVLM) are involved in the
Ang II-induced pressor responses [155]. Therefore, Liu et al. evaluated the relationship between
oxidative stress, antioxidant treatment and AT1 receptor regulation in a neuronal cell line and in
the RVLM of CHF rabbits. They observed that treatment of CATH.a cells with Ang II markedly
increased the AT1 receptor mRNA expression, NADPH oxidase activity and O2

•− generation
[148]. These effects on the AT1 receptor expression and oxidative stress were inhibited by the AT1

receptor antagonist losartan, apocynin and tempol, thus suggesting that there is a positive
feedback mechanism whereby Ang II upregulates the AT1 receptor expression via increased
ROS production [148]. In the RVLM of CHF rabbits that received an intracerebroventricular
infusion of tempol for 7 days AT1 receptor mRNA and protein expression was significantly
reduced when compared to vehicle-infused CHF rabbits. Furthermore, they also verified that
the RVLM AP-1 binding activity that was previously shown to be increased in CHF rabbits,
compared to sham rabbits, was decreased by the intracerebroventricular administration of
tempol to CHF rabbits [148]. Collectively, these findings indicate that ROS play a major role in
the central upregulation of AT1 receptor expression in CHF.

Currently, there is a lack of studies regarding the regulation of AT2 andMAS receptors by ROS.
To our knowledge, only one study explored the impact of oxidative stress on AT2 and MAS
receptor expression. The evaluation of mRNA and protein expression of RAAS components in
the renal cortex of 10-week-old male obese Zucker rats revealed that there was an increase in
the AT1 receptor accompanied by augmented AT2 receptor expression and lower expression of
MAS receptor, compared to lean Zucker rats [84]. In addition, obese rats also exhibited a
greater diuretic and natriuretic response to the AT2 receptor agonist CGP-42112A and a lower
Ang (1–7)-mediated natriuresis than lean rats [84]. Treatment with tempol for 4 weeks further
increased AT2 receptor expression, as well as the AT2 receptor-mediated diuretic and natriuretic
responses in obese, but not lean rats. It also decreased AT1 receptor expression and increased
MAS receptor expression and the diuretic effect of Ang (1–7) in obese rats but not in lean Zucker
rats [84]. In agreement with the in vivo data, cultured RPTCs obtained from 14-week-old obese
Zucker rats showed higher protein expressions of AT1 and AT2 receptors, but decreased protein
expression of MAS receptor when compared with cells from lean Zucker rats [84]. In vitro
treatment with tempol for 24 hours reduced AT1 receptor expression, increased the expression
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of MAS receptor and further increased the expression of AT2 receptor expression [84]. These
results suggest that in obesity the supplementation with antioxidants may correct the balance
between natriuretic and antinatriuretic components of the renal RAAS [84].

Figures 7 and 8 summarize the effects of ROS on Ang receptors.

Figure 7. Regulation of AT1 receptor by ROS. Ang II, angiotensin II; AOPP, advanced oxidation protein products; BSO, L-
buthionine sulfoximine; CHF, chronic heart failure; GSH, glutathione (reduced form) HASMCs, human aortic smooth
muscle cells; HF, high-fat; HG, high-glucose; NF, normal-fat; NG, normal-glucose; ROS, reactive oxygen species; RVLM,
rostral ventrolateral medulla; SHR, Spontaneously Hypertensive Rat; STZ, streptozotocin; UNX, uninephrectomized;
VSMCs, vascular smooth muscle cells; WKY, Wistar Kyoto.

Figure 8. Regulation of AT2 receptor and MAS receptor by ROS.
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3. Conclusions

A plethora of experimental evidence indicates that ROS are important upstream regulators of the
expression, secretion and/or activity of RAAS components. The majority of the referred studies
suggests that under conditions of increased ROS availability there is an enhanced RAAS activa-
tion that is attenuated or abolished by treatment with antioxidants or inhibitors of ROS produc-
tion. Nevertheless, there are also some reports of negative regulation of RAAS constituents by
oxidant species that might serve as physiological protective mechanisms limiting the
overactivation of this system and consequent deleterious effects on cell and organ functions.
Importantly, in experimental pathological conditions associated with increased oxidative stress,
such as arterial hypertension, obesity, diabetes, heart failure and renal disease, ROS have been
shown to promote RAAS upregulation, thereby inducing a positive feedback loop that aggravates
the cardiometabolic and/or renal injury. Currently, there is a lack of clinical studies evaluating the
impact of the manipulation of ROS levels by antioxidants or inhibitors of ROS production on the
expression, secretion and activity of RAAS components. The elucidation of the role of ROS in the
regulation of RAAS in human physiological and pathological conditions, as well as the develop-
ment of dual antioxidant-cardiovascular acting drugs and comparison of their clinical efficacy
over currently used agents, would be important to improve the therapeutic strategies for many
pathologies for which the blockade of RAAS appears to be insufficient to prevent disease-associ-
ated morbidity and mortality due to the existence of escape mechanisms.
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Abstract

The renin-angiotensin system (RAS) is a chief regulator of the cardiovascular system and 
body fluid homeostasis. Stem/progenitor cell therapy has pointed towards a novel tool 
for medical and therapeutic intervention. In addition to the physiological and pathologi-
cal role of the RAS and its pharmacological inhibitors, the proliferation, differentiation 
in stem cells is mediated through various cell-signalling pathways. This book chapter 
reviews the new role of RAS components, distinct from other common roles by consider-
ing its regulating impact on the several signalling pathways involved in different body 
tissues, as well as in stem cell therapy.

Keywords: stem cell, progenitor cell, renin-angiotensin system, pancreatic stem cells, cardiac 
stem cells

1. Introduction

The concept that the renin-angiotensin system (RAS) is involved in the regulation of stem 
(progenitor) cell function is novel. This is beyond the conventional notion of the RAS acting 
as a potent vasoconstrictor responsible for blood pressure regulation and body fluid homeo-
stasis. The expression of RAS components during human embryonic development has been 
addressed in the literature. The existence of RAS components in different organs and tis-
sues suggests the presence of local RAS in addition to the circulating common RAS, which 
has paracrine effects mediating stem (progenitor) cell function. Moreover, recent evidence 
has shown the expression of major RAS components such as angiotensinogen, renin, angio-
tensin-converting enzyme (ACE), angiotensin receptors type 1 and 2 and angiotensin-(1–7) 
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during growth, proliferation and differentiation of stem cells. Improvement of the stem cell 
functionality and making them ideal candidates in different kinds of disorders has been a 
new research field in the last decade. Meanwhile, the effect of RAS on stem cell growth, pro-
liferation and function is an emerging attempt among researchers. Ang II receptor activation 
increases the proliferation of several progenitor cells, such as mouse bone marrow-derived 
stem cells and human cord blood cells. Accordingly, manipulation of the RAS may alter 
and/or have beneficial effects on the efficacy of stem cell therapy.

2. Stem cells

The term stem cell stands for the population of immature precursor cells, which are able to 
renew themselves and be the source of de novo replacement for many body tissues. Stem cells 
are classified into two main groups: embryonic stem cells (ESCs) and adult stem cells. ESCs 
can be obtained from the inner cell mass of the embryonal blastocyst. Although they are eas-
ily achieved, some disadvantages restrict their application. Adult stem cells such as mesen-
chymal and haematopoietic stem cells (HSCs) are obtained from mature tissues. Due to their 
plasticity, adult stem cells produce cell lineage different from their original organ. Thus, adult 
stem cells seem to be an appropriate candidate for organ regeneration in different kinds of 
diseases or lost/damaged organs. Table 1 represents the main stem cell and their advantages 
and disadvantages.

3. The RAS and ESCs

ESCs are pluripotent cells capable of differentiation into different cells such as cardiomyo-
cytes, and endothelial cells have been considered as a source of regenerative medicine [1]. For 
instance, ESC-derived endothelial cells have therapeutic effects via the increment of angio-
genesis and heart functionality [2]. PI3/Akt-signalling pathway has been shown to be linked 
with human ESC-derived cardiomyocyte proliferation in vitro [3]. RAS stimulation activates 
PI3/AKT pathway, while the inhibition of RAS increases Akt phosphorylation [4], which 

Stem cell type Origin Advantages Disadvantages

Embryonic stem cell Blastocyst stage of an 
embryo

- High expansion
- Pluripotent

- Ethical objection
- Risk of rejection
- Risk of teratocarcinoma

Adult stem cell Mature tissue - Easily obtained
- No ethical objection
- High compatibility

- Lack of specific 
identification markers

Table 1. Main stem cell and their advantages and disadvantages.
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might influence the proliferation of ESCs. High survival rate after transplantation is another 
main, noteworthy issue about ESCs [5].

RAS is a novel regulatory candidate, which controls the development of ESCs into differ-
ent cell types. It has been reported that the expression AT1 receptors were detected in an 
early stage of human ESCs differentiation. Since the addition of Ang II results in the phos-
phorylation of extracellular signal-regulated kinase (ERK) 1/2 and Jun N-terminal (JNK) 
1/2, this peptide is capable of acting as signalling molecules and thus it could regulate 
differentiation [6]. Moreover, Ang II has been shown to increase glucose uptake in ESCs 
[7] and induce mitogenic effect, possibly through protein kinase C and mitogen-activated 
protein kinase (MAPK)-signalling pathways. Interestingly, exposure to a high glucose 
niche in the presence of Ang II has been shown to produce a synergistic impact on ESC 
proliferation [8].

4. The RAS and mesenchymal stem cells

Mesenchymal stem cells (MSCs) as multipotent cells are mainly found in bone marrow and 
adipose tissue and can differentiate into various cell types [9]. Simple isolation, high immune 
prevalence and angiogenic-inducing properties have made MSCs suitable candidates for stem 
cell therapy of different kinds of diseases [10]. Besides, these MSCs exert paracrine effects 
causing the modulation of a large number of cellular responses, such as survival, prolifera-
tion, migration and gene expression [11]. Diminishing oxidative stress and suppression of the 
TGF-β/Smad2-signalling pathway are some of these paracrine effects [12, 13]. In the rat pul-
monary hypertension model, MSCs have shown superiority regarding the lowering of blood 
pressure and ventricular overload; hence, MSC transplantation in chronic lung disease with 
pulmonary hypertension has pointed towards a new therapeutic option [14]. Concomitant per-
cutaneous trans-luminal renal angioplasty with MSC therapy has been reported to decrease 
inflammation, fibrinogenesis and vascular remodelling in atherosclerotic renal artery steno-
sis of swine [15]. Also, MSCs have the ability to recognize inflammation lesions, and Ang II 
effects the migration and homing of these cells to the site of injury [16]. Dysregulation of the 
RAS decreases the paracrine therapeutic potential of MSCs [17].

Expression of renin, AT1 and AT2 receptors has been implicated with the regulation of MSCs 
differentiation to adipocytes, while the differentiated cell produces significant amounts of 
endogenous RAS [18]. Indeed, endogenous blockade of AT1 receptor inhibited adipogenesis 
of MSCs [18]. These outcomes are in line with clinical observations that RAS blockade acts as a 
protective factor against the onset of obesity-induced diabetes mellitus type 2 [19]. Ang II also 
has been shown to stimulate the synthesis of vascular endothelial growth factor (VEGF) that 
is an angiogenic agent in MSCs [20]. Additionally, MSCs have been suggested as a promising 
regenerative medicine for treating ischaemic heart disease and diabetes [21]. Hence, it is prob-
able that Ang II-induced production of VEGF might be a contributing underlying mechanism 
of the beneficial consequences obtained following MSC transplantation.
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5. The RAS and endothelial progenitor cells

The identification of circulating endothelial progenitor cells (EPCs) has introduced the con-
cept of postnatal vasculogenesis. EPCs could originate from haematopoietic stem cells (HSCs) 
or MSCs [22, 23]. Also, the EPCs existing in the adventitial layer of vessels have the ability 
to differentiate into adult endothelial cells [24]. Different factors such as ischaemia, vascular 
damage and even physical exercise result in the recruitment of circulating EPCs and thus 
neovascularization and restoration of endothelial functionality [25, 26]. In this context, the 
improvement of myocardial perfusion after EPC transplantation has been observed in clini-
cal trials [27]. Several mechanisms have been suggested regarding EPCs mobilization. For 
instance, it was observed that ischaemic lesions release angiogenic factors like VEGF and 
activate MAPK or the RAS-signalling pathways [28], which increase EPCs migration.

Despite the important role of vascular endothelium in cardiovascular disease (CVD), their 
limited regeneration capacity remains a vital problem. EPCs improve angiogenesis and 
participate in endothelium recovery subsequent to vascular injuries [29]. Cardiovascular 
diseases (CVDs) are directly related to both the decline of EPC mobilization and the num-
ber of EPCs present in the damaged site. In this context, Ang II stimulates EPCs migration 
to ischaemic regions and commences vascularization through VEGF-associated endothelial 
nitric oxide synthase [30]. The activation of NAPH and subsequent ROS (reactive oxygen 
species) generation constitutes the stimulatory impact of Ang II on EPCs that is required for 
normal EPC function. However, the long-term activation of NADPH and oxidative stress 
is concomitant with cell senescence [31]. Moreover, acute high-dose exposure to Ang II has 
been shown to negatively modulate EPC function in the hind limb ischaemic rat model [32].

6. The vascular RAS and erythropoiesis

RAS has been shown to result in progenitor cell senescence and suppression of differentiation 
and adherence in bone marrow-derived EPCs in Ang II infusion models. This inhibitory impact 
could be attenuated by the administration of AT1 receptor antagonists [31]. Previous reports 
have proved the crucial role of Ang II during erythropoiesis [33]. In studies using transgenic 
mice expressing human renin and angiotensinogen, a drastic rise in levels of erythropoietin was 
observed, which is a glycoprotein hormone that controls erythropoiesis. Genetic ablation of AT1 
receptor from these mice reduced erythropoietin levels and restored haematocrit levels [34]. Also, 
ACE blockade has been concomitant with haematocrit decrease in vivo [35]. The idea of ACE 
and/or Ang II being contributed to erythropoiesis was further confirmed by a recent research in 
which ACE marked haematopoietic stem cells from human embryonic, fetal and adult haemato-
poietic tissues [36]. However, the mechanism of Ang II-associated regulation of erythropoiesis is 
mainly unclear. Most of these effects are observed during early phases of erythropoiesis [37]. As 
mentioned above, some researchers imply that Ang II acts indirectly via its effect on erythropoi-
etin levels [38], whereas others do not agree with this link [39]. The other possible mechanism is 
proposed to be the involvement of JAK (Janus kinase)/STAT (signal transducer and activator of 
transcription) pathway. JAK/STAT pathway is known to be activated by Ang II [40].
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ACE blockade has been concomitant with haematocrit decrease in vivo [35]. The idea of ACE 
and/or Ang II being contributed to erythropoiesis was further confirmed by a recent research in 
which ACE marked haematopoietic stem cells from human embryonic, fetal and adult haemato-
poietic tissues [36]. However, the mechanism of Ang II-associated regulation of erythropoiesis is 
mainly unclear. Most of these effects are observed during early phases of erythropoiesis [37]. As 
mentioned above, some researchers imply that Ang II acts indirectly via its effect on erythropoi-
etin levels [38], whereas others do not agree with this link [39]. The other possible mechanism is 
proposed to be the involvement of JAK (Janus kinase)/STAT (signal transducer and activator of 
transcription) pathway. JAK/STAT pathway is known to be activated by Ang II [40].
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7. Current research on the RAS in pancreatic stem cells

The local RAS is not only involved in the physiology of pancreas, but it also influences the 
pancreatic stem cell (PSC) functionality. RAS has been shown to be associated with pancre-
atic islet cell function and proliferation and differentiation of PSCs/progenitor cells during 
development [41]. Different stem/progenitor cells have been reported to be differentiated 
into insulin-expressing cells, which make them appropriate candidates for islet cell trans-
plantation. Regarding the potential role of RAS in stem cell differentiation, it is possible 
that RAS-modulated stem cell could be a new source of pancreatic β-cells. Both exocrine 
and endocrine pancreas are known to have local RAS components [42]. In exocrine part, 
AT1 receptor activation turns on signalling pathways such as ROS generation and activa-
tion of pro-inflammatory, vasoactive and growth factor receptors [43, 44]. Therefore, Ang 
II might result in fibrosis and inflammation of exocrine pancreas through the AT1 receptor. 
Hence, blockade of RAS has been considered a potential therapeutic opportunity for some 
pancreas disorders.

In the endocrine portion of pancreas, RAS has been shown to be a key regulator of insulin and 
islet physiology [43]. AT1 receptor stimulation leads to β-cells, decreased islet blood flow and 
insulin secretion, while AT2 receptor activation results in β-cell proliferation and islet blood 
flow and insulin secretion enhancement [19]. Moreover, the ACE2/Ang-(1–7)/Mas axis, which 
has been attracting more research attention recently, is present in several local tissues and 
mainly acts as a negative modulator of ACE/Ang II/AT1R signalling. Similar to AT2 receptor 
activation, ACE2 overexpression in the pancreas of type 2 diabetic animals restored glucose 
homeostasis, as evidenced by diminished blood glucose levels, elevated insulin secretion and 
β-cell proliferation [45].

PSCs exist in both developing and adult pancreas in three major pancreas sections, that is, 
ductal endothelium, islet and acinar tissues [46]. Embryo, foetus and adult pancreas as well 
as bone marrow-derived MSCs are probable sources for PSCs. Transplantation of mouse or 
human PSCs into diabetic mice has been revealed to reduce their diabetes [46].

A novel well-defined area of research is the developmental control of RAS on cell pro-
liferation in tumours and in tissue regeneration. Both the ACE/AngII/AT1R signalling 
and the alternative RAS arm (ACE2/Ang-(1–7)/Mas) interact with different growth fac-
tors; hence, they might contribute to cell proliferation and angiogenesis in neoplasms, 
including pancreatic cancers [47–49]. It has been demonstrated that RAS inhibition seems 
to be a promising therapeutic approach for the mitigation of pathophysiological circum-
stances of the pancreas including diabetes [50], pancreatitis [43] and pancreatic cancer 
[51]. Transplantation of human fetal pancreatic progenitor cell has been shown to reverse 
hyperglycaemia and glucose intolerance in diabetic mice [52]. ROS production has a close 
relation with RAS activation, and ROS-signalling pathway is associated with stem/progen-
itor cell proliferation, differentiation and function [53]. So, it is an interesting probability 
that the elevation of RAS-induced differentiation of pancreatic progenitor cells towards an 
endocrine lineage might offer a basis for therapy in terms of islet replacement treatments 
for diabetes.
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MSCs have been suggested as an appropriate substitute to islet transplantation for promoting 
regeneration of endogenous pancreatic progenitor cells to achieve permanent normal blood 
glucose level in patients with type 1 diabetes [54]. Local RAS in pancreatic islet could regulate 
PSC differentiation and thus lead to the beneficial outcomes following MSC transplantation. 
In a study, these kinds of pancreatic progenitor cells have shown to differentiate into insulin-
secreting cells.

RAS components like angiotensinogen and renin are expressed after the beginning of pancre-
atic progenitor cells differentiation, but they are not present in undifferentiated cells. These 
results indicate that a functional RAS exists in pancreatic progenitor cells and in mature islets 
that could be modulating cellular differentiation. The mitogenic behaviour related to the Ang 
II bindings of AT1 receptors has been proposed to regulate reprogramming of pancreatic cells 
and the differentiation plasticity [55]. However, it is unclear whether AT2 receptor activa-
tion reveals counter-regulatory role in this context. Furthermore, it is hypothesized that the 
ACE2/Ang-(1–7)/Mas axis plays an essential role in pancreatic stem cell differentiation as 
previous studies have shown the involvement of ACE2 arm in the proliferation and differen-
tiation of other stem cells [56].

8. Current research on the RAS in cardiac stem cells

Regarding the intracellular signalling pathway of Ang II, RAS effect on cardiovascular 
stem/progenitor cell transplantation has largely been investigated. Among the regenera-
tive medicine-based therapies in the cardiovascular system, induced pluripotent stem cells 
(iPSCs), which are artificially derived from an adult non-differentiated somatic cell, are a 
field of research study. In spite of different origin, they resemble ESCs in their growth and 
gene expression profile [57]. Also, Ang II receptors are expressed in iPSCs, which induce the 
proliferation and differentiation of pluripotent stem cells to several kinds of stem cells. As 
mentioned before, Ang II stimulates cell-signalling cascade through ROS production which 
in turn instigates stem cell proliferation [58]. In a study, the administration of Tempol (ROS 
generation-blocking agent) in Ang II-treated pluripotent stem cells has attenuated the prolif-
eration of stem cells and DNA synthesis suggesting the role of oxidative-signalling pathway 
in RAS-associated cell proliferation. The other signalling pathway linked to the differentiation 
of iPSCs and Ang II is JAK/STAT pathway [59].

Ang II is also able to induce ESCs differentiation. In this context, the effect of AT1 receptor 
activation on collagen IV protein has been investigated [18]. Collagen IV is an extracellular 
matrix protein having a role in cell adhesion, growth, migration and differentiation. Collagen 
IV has been shown to be involved in the differentiation of ESCs to smooth muscle cell.

Up-regulation of several transcription factors such as egr-1, c-fos/c-jun, Stat91, NFk-B, 
which has a fundamental role in stem cell differentiation, is mediated through PI3/Akt 
pathway. Ang II is the upstream cascade of PI3/Akt82-84. NFk-B is markedly up-regulated 
in Ang II-treated cells, proposing that there is NFk-B involvement in ESC differentiation 
into the smooth muscle cells [60].
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The TGF-β/Smad pathway plays a key role in the cellular responses to Ang II. Ang II activates 
TGF-β secretion in various tissues, such as fibroblasts and smooth muscle cells that induce 
interstitial fibrosis in the heart and kidney. Besides, TGF-β/Smad pathway is highly engaged 
to vascular fibrosis and arteriosclerosis [61] and gives rise to the differentiation of MSCs to 
smooth muscle cell. Furthermore, TGF-β secretion is connected with the MAPK/ERK cascade, 
and Ang II in this pathway interferes with TGF-β production, thus leading to the differentia-
tion of MSCs to smooth muscle cells [62].

Regarding owning various paracrine effects, MSC transplantation has gained great impor-
tance in cardiovascular disease [63]. The supportive effects of vascular VEGF have been rec-
ognized in the migration, invasion of extracellular matrix, proliferation, survival of MSCs, 
and they contribute to MSCs’ paracrine effects [64, 65]. In this context, all pathways increasing 
VEGF would give rise to the function of MSCs. Ang II increases VEGF mRNA and protein 
expression in MSCs [20], which is associated with Akt-signalling pathway. Pre-treatment of 
MSCs with the Akt inhibitor (LY292002) has been shown to reduce Ang II-induced VEGF 
expression. So, local Ang II, as a cytokine, might boost VEGF generation in MSC grafts and 
upgrade the transplantation effectiveness.

The excess RAS expression is detected in CVDs such as myocardial infarction, hypertension, 
heart failure and atherosclerosis [66]. On the other hand, RAS inhibition via ACE inhibitors 
(ACEIs) and angiotensin receptor blockers (ARBs) has been widely examined in cardiovascu-
lar disease beyond their effects in lowering the blood pressure [67]. Despite the daily increas-
ing use of regenerative medicine in treating different disorders, the functionality of stem cell 
transplantation is not sufficient in animal models and clinical trials [68].

Therefore, clarifying the mechanisms that enhance the graft efficacy seems important. 
Researchers have investigated the effect of RAS inhibition on stem cell therapy of cardiovas-
cular system [69].

The insulin-like growth factor 1-1 secreted from stem cells has a close relationship with the 
RAS and down-regulates the local RAS through the attenuation of the p53 gene [70]. The IGF-1 
has an anti-apoptotic effect on cardiomyocytes in ischaemic heart disease and also enhances 
differentiation and survival of stem cells after transplantation [71]. In acute MI in cardiomyo-
cytes, ACEIs up-regulate the IGF-1 receptors; thus, the concurrent use of perindopril in bone 
marrow stem cell transplantation increases the paracrine effects of the IGF-1, which abolishes 
apoptosis through increased Bcl2 expression and improves cardiac function [72]. Also, pre-
treatment of MSCs with ARBs before transplantation increases their trans-differentiation effi-
cacy and also improves the systolic function of the heart [73].

9. Limitations and future directions

Comprehensive elucidation of the complexity of the regulatory network that drives stem 
cell therapy will require extensive effort and time. The accretion of daily increasing research 
and obtained ideas will undoubtedly assist the current research field of stem/progenitor cell 
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therapy. Regenerative progenitor cell therapy has emerged as a possible alternative for phar-
macotherapy in different human diseases. A major problem in this field is insufficient efficacy 
during stem cell transplantation. In order to improve the efficiency of regenerative medi-
cine, researchers examined the impact of the modulation of various cell-signalling pathways, 
including the RAS. Effects of Ang II in stem cell proliferation and differentiation have been 
documented in the literature. The presence of the RAS components in progenitor cells and 
many tissues may regulate growth and development and thus might contribute to the prepa-
ration of various progenitor cells for clinical transplantation.
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Abstract

MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression with impor-
tant roles in cancer, cardiovascular and neurological disorders. Present in the brain, they 
play numerous regulatory roles shaping the proteome in an orchestrated manner with 
other non-coding RNAs. An independent brain-specific renin-angiotensin system (RAS) 
exists that is subject to miRNA remodelling. The brain RAS regulates cerebral blood flow 
and electrolytic balance and is involved in neurotransmitter signalling and cognitive pro-
cesses. Circulating microRNAs allow interaction between systemic and local RAS in the 
heart and the brain. Their screening and manipulation may be valuable towards under-
standing pathophysiology and development of treatments for various systemic and cen-
tral nervous system diseases.

Keywords: non-coding RNAs, microRNAs, brain renin-angiotensin system, 
cerebrovascular disease, circulating microRNAs, biomarkers

1. Introduction

High blood pressure, leading to cardiovascular and cerebrovascular disorders, is the princi-
pal cause of morbidity and mortality worldwide [1–3]. The renin-angiotensin system (RAS) 
is a major regulator of cardiovascular function and pharmaceutical compounds targeting the 
RAS are frontline treatments to control high blood pressure [4, 5]. In addition, lifestyle risk 
factors such as obesity, insulin resistance, high alcohol and salt intake and ageing promote 
the development of hypertension through epigenetic mechanisms [6–9]. These mechanisms 
have attracted attention because of their reversibility by environmental and lifestyle modi-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



fications, making them important in the detection and treatment of multifactorial diseases 
such as hypertension [7, 10].

Some of those epigenetic modifications are mediated by miRNAs, defined as single-stranded, 
non-coding RNA sequences approximately 21–23 nucleotides in length, expressed under 
physiological and pathological conditions [11, 12]. Deletion of complexes involved in miRNA 
biogenesis resulted in deleterious and non-viable phenotypes, highlighting their necessary 
involvement in the cellular development and differentiation [13, 14]. To date, 28,645 miRNAs 
have been reported in miRbase, a widely used resource for miRNA cataloging and nomen-
clature [15]. As epigenetic regulators of gene expression, functions of miRNAs include RNA 
degradation, inhibition of protein expression, regulation of methylation and histone modifi-
cation on DNA [12, 14, 16]. miRNAs perform these functions by complementary base pairing 

Figure 1. The renin-angiotensin system (RAS) and its components. This schematic depicts angiotensin ligands, receptors 
and the main enzymes involved; other peptidases and cathepsins also participate although to a lesser extent. All of the 
components of the RAS are present in the brain. RAS has two main axes: the pressor axis (tending towards an increase 
in blood pressure) comprising Ang II, ACE and AT1Rs and the counter-regulatory axis comprising Ang(1–7), ACE2 and 
MasR. Angiotensinogen is a substrate for renin to produce angiotensin I (Ang I), which is the inactive precursor of all 
angiotensin peptides. Conversion of Ang I to its most active ligand in the pressor axis, angiotensin II (Ang II), results 
from ACE-mediated hydrolysis [22]. Ang II is then sequentially converted to angiotensin III (Ang III) and angiotensin 
IV (Ang IV) by aminopeptidase A (APA) and aminopeptidase N (APN) respectively, which can be further cleaved by 
carboxypeptidase P (CP) and prolyl oligopeptidase (PO) to form angiotensin 3–7 (Ang3–7). Alternatively, Ang II can 
be converted, via the counter-regulatory axis to angiotensin 1–7 (Ang1–7) by carboxypeptidase P (CP) or ACE2, while 
both angiotensin A and Ang1–7 can be converted to alamandine by an ACE-mediated decarboxylation reaction [22–27]. 
Notably, angiotensin ligands acting on AT4R (also called insulin-regulated aminopeptidase (IRAP)) can have agonist or 
antagonist effects depending on whether or not they bind in the IRAP peptidase domain.
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to the target mRNAs through a seed-pairing region of 6–8 nucleotides at the 5′ end of the 
miRNA. They also interact with other non-coding RNAs and mediate proteome remodelling. 
Non-coding RNAs represent 98% of the genome, comprising transfer and ribosomal RNA, 
small nuclear (snRNA) and nucleolar RNA (snoRNA), small interference RNA (siRNA), Piwi-
interacting RNA (piRNA) and long non-coding RNAs (lncRNA) [14, 17, 18].

Dysregulation of miRNAs is associated with cancer, cardiovascular and neurodegenerative 
disorders. The RAS, with important signalling roles in numerous organs and regulatory path-
ways and being subject to miRNA-mediated remodelling, is a potential factor in many dis-
orders. Thus, the presence of miRNAs that have the capacity to shift the balance between 
prominent and deleterious functions of the RAS to beneficial roles is interesting, particularly 
new advances in methods that allow the detection of circulating miRNAs. Exosomes and 
their role in cellular transport provide a source for miRNA profiling and the presence of miR-
NAs in the peripheral circulation suggests that they work in an autocrine, paracrine and also 
endocrine manner, allowing widespread distribution of miRNAs through the entire body. 
Therefore, screening of miRNA in biological fluids like a serum and cerebrospinal fluid is 
relevant for an understanding of normal function as well as pathophysiology with a view to 
potential novel treatments for the disease.

The discovery of local independent but interacting RAS systems, including the brain, which 
also interacts with systemic RAS [3], has helped to change the original view that the RAS was 
solely an endocrine system important in regulating blood pressure, electrolytic homeostasis, 
vascular injury and repair [19]. The brain RAS discussed here (Figure 1) is multifunctional 
including regulation of cerebral blood flow, electrolyte balance, neurotransmitters, learning 
and memory, many of which may be associated with certain neurological disorders [20, 21].

2. Biogenesis and function of miRNAs

Canonical miRNA biogenesis starts with transcription of the primary miRNA sequence by 
RNA polymerase II and III [14]. Approximately half (52%) of human miRNAs are located in 
intergenic regions, 40% in intronic and 8% in exonic [28]. Intergenic miRNAs are indepen-
dently expressed through promoter elements; yet related miRNAs that often have overlapping 
targets can be located on different chromosomes and expressed under different conditions. 
Intronic and exonic miRNAs that are clustered within 50 kilobases from each other show 
similar expression, while those spaced further apart tend not to [29]. However, there are some 
exceptions. Some miRNAs separated by more than 50 kilobases retain high correlation, likely 
as a result of co-expression [30]. The differential localization and expression of miRNAs sug-
gest an evolutionary response to environmental insults and specific cell responses, a theory 
supported by observed higher numbers of miRNAs expressed in organisms of higher com-
plexity [31–33]. 

Figure 2A–F summarizes the process of miRNA biogenesis. Primary miRNAs are cleaved in 
the nucleus by a nuclear microprocessor complex comprised of the RNase III endoribonu-
clease DROSHA and its double-stranded RNA-binding protein DGCR8—DiGeorge Critical 
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Region 8, Figure 2A [34]. This cleavage by DROSHA/DGCR8 produces a 60 nucleotide stem-
loop structure with a 3′ overhang, the pre-miRNA [11, 34, 35]. The primary miRNA can also 
be further subjected to RNA editing by ADARs (adenosine deaminases acting on RNA) that 
modify adenosine to inosine producing miRNA isoforms called isomiRs [36].

Exportin 5 allows export of the pre-miRNA to the cytoplasm, Figure 2B [36], where Dicer and 
substrate stabilizing binding partners, TRBP (trans-activation response RNA-binding pro-
tein) and PACT (protein activator of RNA-activated protein kinase) facilitate conversion into 
mature miRNA, Figure 2C [12, 14]. Two strands result from the unwinding of the duplex, the 
guide (3p) and passenger (5p) strands. Most of miRNA effects are mediated by the 3′ form; the 
5′ form comprises <10% of all miRNA reads in humans [36]. The guide strand is loaded into 
the RNA-induced silencing complex (RISC) and the passenger strand is degraded by RNases, 
Figure 2D. IsomiRs can also be produced at this step by trimming and capping of the mature 
miRNA.

Figure 2. MicroRNA biogenesis and function. (A) Primary miRNAs are cleaved in the nucleus by the RNase III 
endoribonuclease DROSHA and DGCR8. (B) Once the primary miRNA is cleaved, the nuclear transport receptor 
exportin 5 binds the 3′ overhang structure of the pre-miRNA to export it to the cytoplasm. (C) The RNase III enzyme 
Dicer and TRBP and PACT target the pre-miRNA through the 3′ overhang, converting it into mature miRNA, liberating a 
duplex nucleotide structure with two nucleotides protruding at the 3′ end. (D) The guide strand is loaded into the RNA-
induced silencing complex (RISC), and the passenger strand is degraded by RNases. (E) Complementary pairing with 
the seed region to mRNAs determines target binding and guides argonaute proteins to stop translation. Accumulation 
of untranslated mRNA in the cytoplasm allows recruitment of members of the GW182 protein family. (F) Deadenylase 
complexes cause destabilization of the transcript and further degradation by RNase activity.
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Non-canonical miRNA biogenesis is independent of DROSHA/DGCR8 processing in the 
nucleus. Such biogenesis arises if an intron is spliced lacking the sequences ordinarily flank-
ing the stem region of a primary miRNA and it is of sufficient size to generate a pre-miRNA 
and it can be exported to the cytoplasm and further processed as a pre-miRNA to form a 
mirtron. Alongside mirtrons, other RNA sequences derived from transfer RNA and small 
nucleolar RNA are loaded into an RISC complex and act as miRNAs [13, 14, 29].

The RISC is a ribonucleoprotein complex that mediates mRNA degradation, destabilization 
or translational inhibition, whatever the biogenesis mechanism and comprises the miRNA 
guide strand and argonaute proteins, Figure 2E. The complementary base pairing of the 
miRNA seed region (2nd to 8th position on the 5′ end) to mRNAs determines target bind-
ing and guides argonaute proteins [28, 37, 38]. miRNA levels are dependent on argonaute 
proteins [39, 40] that are also present in the nucleus and currently, only miRNA-29b has been 
shown to translocate and localize in the nucleus [14, 39, 41]. In humans, argonaute 2 (also 
called eukaryotic translation initiation factor 2C) cleaves target mRNAs [29] but can also block 
other translation initiator factors and ribosomal subunits [42].

After pairing of the miRNA seed region, protein translation can be inhibited, Figure 2E. 
Accumulation of untranslated mRNA in the cytoplasm allows argonaute 2 to recruit members 
of the GW182 protein family, which are enriched in cytoplasmic areas called processing bodies 
(p-bodies) [42]. Here, the mRNA is destabilized by deadenylase complexes and further degraded 
by RNases [43–45]. Finally, the effect miRNAs have on protein or mRNA levels depends on the 
position where the miRNA binds and five different classes of miRNA binding have been deter-
mined [12, 46, 47]. Most miRNA effects are mediated by binding at the 3′ UTR of mRNA and 
further processing as described previously, non-canonical binding sites represent <1% [48].

3. MicroRNAs as autocrine, paracrine and endocrine molecules

miRNAs not only shape the intracellular proteome within specific cell types in response to 
microenvironment stimuli and cues, but can also mediate intercellular effects by means of 
nanotubes, exosomes and binding proteins, all mechanisms of intercellular communication 
[49]. Moreover, extracellular vesicles, including exosomes, microvesicles and apoptotic bod-
ies, also participate in paracrine and endocrine signalling, as well as an intercellular transfer of 
miRNAs [50–52]. Exosomes, in particular, which are nanovesicles derived from endosomes are 
involved in cell-to-cell communication [53], contain significant amounts of miRNAs and are 
resistant to changes in temperature, pH and the effect of RNases making them reliable sources 
for screening [51, 54, 55]. miRNAs are transported by RNA-binding proteins and are taken up 
into intraluminal vesicles during the formation of multivesicular bodies in endosomes [56]. 
Upon fusion of the endosome to the plasma membrane, the intraluminal vesicles are released 
as exosomes and due to their lipid composition and size, they can easily transfer genetic mate-
rial across lipid membranes [55, 56]. Several miRNAs are transferred in vivo and in vitro 
between fibroblasts, cardiomyocytes, human umbilical endothelial cells, mesenchymal stem 
cells, cardiac and cerebral endothelial cells [57, 58], while atheroprotective  communication has 
been found between endothelial and smooth muscle cells through miRNAs [59].
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miRNA transfer both propagates deleterious effects and helps recover cells from insults and 
prevent apoptosis. For example, miR-133 is increased in people with cardiovascular disease 
and is transferred through exosomes from multipotent mesenchymal stromal cells to astro-
cytes and neurons that promote recovery after stroke [60–63]. Furthermore, remote ischaemic 
conditioning, a technique of small cycles of ischaemia/reperfusion in distal extremities, was 
protective for cardiac and cerebrovascular effects in animal experiments and human clinical 
trials, with effects mediated by miRNAs such as miR-1 [64–69].

Exosomal circulating miRNAs have many properties that arguably make them ideal biomark-
ers, including their presence in peripheral blood, detection in many biological fluids, their 
stability in RNase-rich body fluids and their tissue-specific expression patterns. These have 
been described in cardio-cerebrovascular disorders, diabetes, dyslipidemia and neurodegen-
erative disorders [1, 70–76]. Furthermore, human exosomes can be used therapeutically as a 
gene delivery vector to provide cells with heterologous miRNAs [53].

4. Regulation of RAS by associated microRNAs

Given that there is further discussion of the biochemical functions of the RAS in other chap-
ters, the discussion henceforth will focus on some of the most important components of the 
brain RAS and the miRNAs targeting them.

Since the vital function of the brain results in high physiological demands (i.e. requiring 20% 
of total cardiac output and a 10-fold higher oxygen and energy demand than other tissues), it 
requires strict coordination between blood flow and neuronal activity, a phenomena known as 
functional hyperaemia [77]. Cerebral blood flow is regulated by vasomotor, metabolic and neu-
rogenic mechanisms, but can be modulated by vasoconstrictors such as Ang II and endothelin, 
vasodilators such as bradykinin, adenosine and other angiotensin ligands, while blood vessel 
capacity may be reduced or impeded by plaques of cholesterol, amyloid or fibrotic deposits.

Analysis by TargetScan [48], a software that predicts miRNA binding sites, suggests that 368 
different miRNA families target RAS elements, the majority of which share transcripts. Table 1 
summarizes the total number of miRNAs and unique miRNAs with respect to RAS elements, 
as they have other targets outside the RAS. Angiotensin 4 receptor (also known as AT4R or 
IRAP) has 252 miRNA families associated with it, making it the highest amongst the RAS and 
approximately fivefold and threefold as many as that for arguably its better known recep-
tors AT1R and AT2R. Notably, 88% of IRAP-associated miRNAs also regulate other RAS tran-
scripts, suggesting its susceptibility to changes elsewhere in the RAS. In particular, IRAP has 
28 miRNA families exclusively associated with it (also the most for RAS components), hinting 
at having high functional importance. Indeed, aminopeptidase B and dipeptidyl peptidase, 
necessary for Ang IV conversion, do not have exclusive miRNAs and thus may be subject to 
many regulatory effects.

A more in-depth examination of RAS-associated microRNAs, according to their functional 
impact in the RAS physiology is shown in Table 2. MiR-3163 targets the greatest number of 
RAS transcripts (N = 8) and may provide an over-arching level of regulation for the pathway 
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A more in-depth examination of RAS-associated microRNAs, according to their functional 
impact in the RAS physiology is shown in Table 2. MiR-3163 targets the greatest number of 
RAS transcripts (N = 8) and may provide an over-arching level of regulation for the pathway 
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as a whole, for example, in response to an external stimulus. miR-125-5p with five targets in 
common may function in a similar way, particularly since two of the targets are principal 
enzymes in RAS biochemistry. Yet, they make an ideal combination to block Ang II/AT1R and 
Ang IV/AT4R pathways and also shift the conversion of Ang I to Ang (1–7) via neprilysin and 
other peptidases to act on MasR.

In terms of RAS function, a group of microRNAs that can shift a predominant role of, for 
example, the Ang II/AT1R axis to opposing axes such as Ang(1–7)/MasR or Ang IV/AT4R 
could change cerebral blood flow, response to hypoxia and perhaps influence cognition and 
vice versa. Indeed, a panel of 17 miRNA families target aminopeptidase A and IRAP that 
could potentiate the formation of Ang IV (since aminopeptidase A converts Ang I and Ang II 
to Ang III, the Ang IV precursor for Ang IV). Thus, upregulation of those 17 miRNAs could 
modulate Ang III and IRAP to a greater extent than just one miRNA, such as miR-125. The 
net effect of reducing both ligand and receptor means that the function of the Ang IV/AT4R 
axis might be completely inhibited with likely deleterious effects on blood flow and cognitive 
performance. By contrast, downregulation of these miRNAs would increase the Ang IV/AT4R 
axis. The following section will discuss the effect of some specific miRNAs and their regula-
tory effects in RAS in the brain in health and in disease states.

RAS element Gene symbol Total miRNA families Unique miRNA families

Angiotensinogen AGT 85 11

Angiotensin 1 receptor 
(AT1R)

AGTR1 46 1

Angiotensin 2 receptor 
(AT2R)

AGTR2 78 5

Angiotensin 4 receptor 
(AT4R/IRAP)

LNPEP 252 28

Mas receptor MAS1 5 1

Angiotensin converting 
enzyme

ACE 59 4

Angiotensin converting 
enzyme 2

ACE2 54 4

Renin REN 21 2

Neprilysin MME 151 8

Aminopeptidase B RNPEP 29 0

Aminopeptidase N ANPEP 31 4

Aminopeptidase A ENPEP 158 13

Dipeptidyl peptidase DPP3 32 0

The total number of miRNAs represents miRNA families with binding sites at the 3′UTR region based on TargetScan 
[48]. Unique miRNAs are those considered solely with respect to other RAS elements.

Table 1. miRNA families targeting RAS elements.
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5. miRNAs and RAS: cerebrovascular regulation and cognitive function

5.1. MiR-1/206

The miR-1/206 family has been suggested to exclusively target AT1R in the RAS; however, 
it has an estimate of 790 other transcripts regulating other systems [48]. MiR-1 and miR-206 
are located in chromosomes 20 and 6, respectively and share homology in the seed region. 

RAS components microRNA families in common

ACE ACE2 ANPEP ENPEP 
LNPEP

1 miR-125-5p

ANPEP DPP3 ENPEP LNPEP 1 miR-670-3p

AGTR2 DPP3 LNPEP MME 1 miR-17-5p/20-5p/93-5p/106-5p/519-3p

ACE2 ENPEP LNPEP MME 3 miR-9-5p, miR-200-3p/429, miR-942-5p

AGTR2 LNPEP MAS1 1 miR-23-3p

ENPEP LNPEP MME 17 miR-26-5p, miR-30-5p, miR-132-3p/212-3p, miR-
194-5p, miR-204-5p/211-5p, miR-216-5p, miR-
376-3p, miR-376c-3p, miR-378-3p, miR-450b-5p, 
miR-518d-5p/519-5p, miR-522-3p, miR-580-3p, 
miR-653-5p, miR-1269, miR-3942-5p, miR-4766-3p

ACE2 ENPEP LNPEP 4 miR-374-5p/655-3p, miR-543, miR-4424, 
miR-1306-5p

ACE2 LNPEP MME 3 miR-374a-3p, miR-3194-3p, miR-5691

DPP3 LNPEP MME 5 miR-146-5p, miR-183-5p.1, miR-589-5p, miR-
876-5p, miR-2355-5p

ACE2 DPP3 LNPEP 1 miR-329-3p/362-3p

ACE2 ENPEP MME 1 miR-140-3p.1

ENPEP LNPEP 17 miR-9-3p, miR-19-3p, miR-29-3p, miR-34b-
5p/449c-5p, miR-105-5p, miR-122-5p, miR-144-3p, 
miR-320, miR-323-3p, miR-323b-3p, miR-382-3p, 
miR-494-3p, miR-514a-5p, miR-515-5p/519e-5p, 
miR-642a-5p, miR-3146, miR-5579-3p

DPP3 ENPEP 1 let-7-5p/98-5p

MAS1 1 miR-143-3p

ENPEP 13 miR-133, miR-142-3p.2, miR-219-5p, miR-371a-3p, 
miR-409-5p, miR-451, miR-496.1, miR-508-3p, 
miR-526b-5p, miR-877-5p, miR-1185-5p, miR-5094

ACE AGTR1 DPP3 1 miR-34-5p/449-5p

AGTR1 1 miR-1-3p/206

AGT AGTR1 AGTR2 DPP3  
ENPEP LNPEP MME RNPEP

1 miR-3163

From 164 combinations of overlapping targets and miRNAs in common, only 14 are included here, 12 which if increased 
would favour vasoconstriction and 2 would increase vasodilation. Others tend to influence multiple RAS pathways, an 
example, miR-3163, is given at the bottom of the table. miRNAs in bold are described further in the text.

Table 2. A summary of the subgroups of miRNAs according to their functional effect in the RAS.
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An evaluation of biochemical, cardiovascular and performance indexes of aerobic exercise 
 activity showed that some miRNAs were significantly increased. Specific correlations were 
found between miR-1, miR-133a and miR-206 and performance parameters, with miR-206 
having the strongest positive correlation [78]. MiR-1 was also found to be decreased 1.4-fold 
in post-mortem cardiac tissue from acute myocardial infarction patients [79]. In contrast, 
elevated plasma miR-1 levels were reported to predict heart failure after acute myocardial 
infarction although they returned to basal levels after medication [80].

In conditions of hypoxia such as infarcts, oxygen/glucose deprivation or with ischaemia/
reperfusion intervals, miR-1 is highly expressed [79, 80]. Under less stressful and non-life-
threatening situations, miR-206 is transcribed [78], both of them targeting AT1R to decrease 
Ang II-mediated vasoconstriction and in doing so increasing the supply of oxygen and glu-
cose to cells to prevent apoptosis.

MiR-1 overexpression inhibits contractility and proliferation of human vascular smooth mus-
cle cells (VSMCs) in vitro in a negative feedback loop [81, 82]. MiR-1 is downregulated in 
VSMCs from spontaneous hypertensive rats and its overexpression in vivo inhibits the pro-
liferation of VSMCs by targeting insulin-like growth factor 1 (IGF1) [83]. By contrast, miR-1 
upregulation enhances angiogenic differentiation of human cardiomyocyte progenitor cells 
[84]. The opposite effects of miRNA in different cell types may be explained by its cell-specific 
expression. Indeed, even if the miRNA is expressed under physiological conditions, varia-
tions to this will depend on local gene expression in a time- and cell type-dependent manner.

Evidence of peripheral and central roles for miRNAs was seen in a transgenic mouse model of 
cardiac-specific overexpression where miR-1 levels were increased not only in the heart but also 
in the hippocampus and peripheral blood. Furthermore, the mice showed cognitive impairment 
by downregulation of brain-derived neurotrophic factor (BDNF), a target of miR-1 [85], provid-
ing strong evidence for a role in endocrine signalling and association between vascular disorders 
and cognitive impairment. Nevertheless, it is unlikely that the response depends exclusively on 
miR-1 and it is not known as to whether the associations are primary or secondary in nature.

Collectively, miR-1 may serve to support protective mechanisms to adapt to adverse hypoxic 
insults and remodel the proteome as a result. Indeed, as mentioned above, remote ischaemic 
conditioning showed a high correlation between ischaemia/reperfusion intervals and the lev-
els of miR-1 in rats independent of BDNF mRNA and protein levels [69]. Hence, the miR-
1/206 family is likely important in cardioprotection, prevention of stroke and consequently 
cognitive impairment. Already it is used in screening for myocardial infarction, monitoring 
and response to therapy and also has a tentative therapeutic use for increasing vasodilation 
and angiogenesis [86, 87].

However, a solitary miRNA or miRNA-target interaction, such as between miR-1/206 and 
AT1R, is unlikely to be able to explain a complete physiological response. Inherent properties 
between miRNA transcription, interactions between their targets, the timing of their expres-
sion and subcellular localization provide a more likely explanation. A panel of dysregulated 
miRNAs is likely to cause an imbalance in targets, proteins and pathways involved. Such a 
characteristic combination of altered miRNAs may be useful as diagnostic tools. For example, 
a diagnosis of cholangiocarcinoma can now be made with 100% accuracy in the presence of a 
30-miRNA signature, three of them are useful for prognosis and monitoring and one of which 
has already entered a Phase I clinical trial as a potential treatment [88–91].
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5.2. MiR-143

The Mas receptor (MasR) has the lowest number of associated miRNAs, implying steady and 
tightly regulated homeostatic expression, although other post-transcriptional modifications 
are also likely to be involved in its regulation. In addition, miR-143 is exclusive to MasR in 
the RAS and interestingly, it has been found to be dysregulated in vascular disorders [92]. 
MiR-143 is enriched in cardiac stem cells before becoming localized to smooth muscle cells, 
including neural vascular smooth muscle cells (VSMC) in mice and its expression was found 
to be dependent on heartbeat rate in zebrafish [93, 94]. In human peripheral blood mono-
nuclear cells, miR-143 was upregulated in patients with essential hypertension and decreased 
in aortic aneurysms [95, 96]. Previous studies have focused on other targets of miR-143 in 
hypertension, yet the potential effect of miR-143 via the MasR remains elusive. Due to the 
small number of miRNAs attributed to the regulation of MasR, fluctuations in just one of 
them might have a significant effect on MasR protein levels.

5.3. MiR-132/212

Ang II regulated the miR-132/212 family in hypertensive rats and humans [97, 98] and this 
family has been attributed with both cardiovascular and brain-specific properties [99–103]. 
MiR-132/212 was initially thought to directly target AT1R with experimental studies dem-
onstrating a prevalent effect in the RAS, but new advances and criteria in miRNAs have 
shown that the effect was due to various downstream second messengers of AT1R activation. 
miRNA-132/212 has multiple targets including Ang II and endothelin-1 (ET-1) signalling [99]. 
Thus, miRNA-132/212 might be relevant in hypoxic conditions to control the vasoconstrictor 
effects of Ang II and ET-1. Indeed, transplantation of pericyte progenitor cells from human 
adult vena safena (Bristol pericytes) induced pro-angiogenic activity in endothelial cells, 
mediated by pericyte-produced miR-132 in response to hypoxia and taken up by endothelial 
cells passing through exosomes [104–106].

MiR-132 expression is also regulated by CREB [107, 108], enhances the frequency and ampli-
tude of excitatory potentials in neurons and increases dendritic length and arborization by 
targeting the brain-enriched GTPase-activating protein p250GAP [109, 110]. MiR-132 triggered 
marked increases in dendritic spine density, while either underexpression or overexpression of 
miR-132 caused cognitive impairment in supra-physiological conditions [100, 111]. Similarly, 
BDNF is regulated by CREB and a negative feedback interaction between the previously 
described miRNA-1/206 and miRNA-132/212 regulates BDNF expression in the brain [112]. 
Notably, miRNA-132/212 is also involved in the brain-immune axis and miR-132 mediates an 
anti-inflammatory effect by targeting acetylcholinesterase, thus increasing acetylcholine that 
reduces cytokine production [113, 114]. Furthermore, projections from basal forebrain neurons 
to cortical microvessels (nervi vasorum) and astrocytes containing primarily acetylcholine and 
nitric oxide synthase (NOS) have contributed to increased cerebral blood flow [77].

5.4. MiR-29

Another miRNA family dysregulated in cerebrovascular disorders and regulated by 
Ang II is miR-29 [74, 98]. The miR-29 family is linked to cardiac and vascular ageing and 
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 counteracts fibrosis by regulating extracellular matrix metallopeptidases [115]. Ang II 
increased miR-29b in cardiac fibroblasts with no effect in myocytes [116]. In the renal cortex 
of spontaneously hypertensive rats and in renal tubular epithelial cells, Ang II decreased 
the expression of miR-29b [117]. Notably, ET-1 decreased miR-29a expression in cardiac 
myocytes in vitro [118]. MiR-29b is increased in rat brain after focal ischaemia in vivo and 
in primary neurons exposed to oxygen/glucose deprivation in vitro [119]. Treatment of rats 
with peroxisome proliferator-activated receptor gamma (PPARγ) agonists protected against 
ischaemia-reperfusion injury by decreasing miR-29a and miR-29c levels; correspondingly, 
apoptosis was induced by overexpressing miR-29 [120]. However, mouse models of middle 
cerebral artery occlusion have inconsistently demonstrated increased and reduced miR-29 
levels [119, 121–123]. These conflicting findings have a number of possible explanations 
including animal age and species, as well as techniques and biosamples used, or other fac-
tors discussed below.

Despite the inconsistent evidence, a meta-analysis of microRNAs induced by aerobic exercise 
in humans evaluated left ventricle hypertrophy and proposed miR-29 family to be antihyper-
trophic and miR-34 family to be prohypertrophic [124]. MiR-34 was increased in patients with 
cardiovascular disorders in response to stress [125], which promotes apoptosis and cardiac 
autophagy [102]. By contrast, myocardial hypertrophy induced by Ang II/AT1R activation 
in rats is antagonized by miR-34 and its inhibition stimulated Ang II signalling via atrial 
natriuretic peptide [126]. AT1R activation increased intracellular calcium levels producing 
vasoconstriction in vascular smooth muscle cells. In addition, in endothelial cells, elevation 
of intracellular calcium levels contributes to the inhibition of nitric oxide production by atrial 
natriuretic peptide [127].

5.5. MiR-34

MiR-34 is involved in cardiac and endothelial senescence, characterized by decreased pro-
duction of the vasodilator nitric oxide by endothelial nitric oxide synthase, inflammation and 
resultant endothelial dysfunction [128]. MiR-34 promotes endothelial senescence by down-
regulating the histone deacetylase sirtuin-1 [129] and regulates cardiac contractile function 
during ageing and after acute myocardial infarction, as a result of inducing DNA damage 
and telomere attrition [130]. Transplantation of bone marrow-derived mononuclear cells from 
patients with cardiovascular disease induced cell death, while inhibition of the elevated levels 
of miR-34a ex vivo improved the functional benefit of transplanted bone marrow-derived 
mononuclear cells in mice after acute myocardial infarction in vivo [131]. Inhibition of miR-
34 also attenuated ischaemia-induced cardiac remodelling, atrial enlargement and improved 
systolic function [125, 132].

By contrast, miR-34 promoted differentiation of mouse embryonic neural stem cells to post-
mitotic neurons by targeting sirtuin-1 [133]. Along with miR-132/212, miR-34 was upregulated 
in human epilepsy screenings and pilocarpine-induced status epilepticus in rats [134–139], 
suggesting neuronal activity-based regulation. MiR-34 expression in the amygdala is also 
linked to repression of stress-induced anxiety [140], modulates ageing and neurodegenera-
tion in Drosophila [141] and is associated with cognitive impairment [142].
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The miRNA families described are functionally relevant in the development of cardiovascular 
and cerebrovascular disorders, some of which appear to link cerebral ischaemia, endothe-
lial dysfunction and cognitive impairment. Current therapy for cerebral ischaemia is limited 
to the use of recombinant tissue-plasminogen activator (tPA). Endogenous tPA is primarily 
expressed in endothelial cells and interactions between tPA and low-density lipoprotein recep-
tor-related protein (LRP) are important for the hippocampal activity-dependent strengthening 
of synapses known as long-term potentiation (LTP) [143]. AT1R activation causes increased 
expression of tPA inhibitor (tPA-I), which binds to LRP and blocks its interaction with other 
ligands, including apolipoprotein E and alpha 2-macroglobulin [144]. Furthermore, tPA-I lim-
its the maturation of proBDNF to BDNF and impedes protein synthesis-dependent late-phase 
LTP and hippocampal plasticity, mechanisms for learning and memory [145]. Chronic admin-
istration of tPA improved cognition in a APPswe/PS1 transgenic mice [146]. MiR-34 has two 
different binding sites at the 3′UTR of tPA-I, one of which has the highest probability of bind-
ing amongst the 108 miRNAs for this transcript. LRP1 is subject to regulation by 22 miRNAs, 
including miR-125 with one binding site and miR-212 with two binding sites [48].

There has been a recent consensus view on the roles of microRNAs, platelet and endothelial 
dysfunction in vascular disease and inflammation [147]. MiR-132/212 and miR-29 families 
target some proteins involved in endothelial dysfunction, such as the actin-related protein 2/3 
complex, platelet-derived growth factor and aquaporin 4 [48]; the latter two are particularly 
relevant in the maintenance of blood-brain barrier (BBB) integrity [148, 149]. Factors involved 
in BBB disruption include chronic hypertension, ischaemia, trauma, infections and inflam-
mation. Throughout the life course, these factors are likely to cause epigenetic modifications 
including miRNA fluctuations, leading to reduced protein translation and degradation of 
mRNA transcripts necessary for BBB integrity. BBB disruption is relevant in understanding 
the spectrum of clinical manifestations resulting from cerebrovascular disorders.

6. miRNAs challenges and considerations

More than 200 miRNAs have been found to be dysregulated in cerebrovascular disorders, 
with some inconsistency between studies [74–76, 150–152]. Inconsistencies likely relate partly 
to the size of the investigated cohorts, particularly since miRNAs may reflect the presence 
of comorbidities and hence statistical power and specificity would be lessened. Increasing 
the number of individuals and adding additional specificity (e.g. identifying disease-specific 
miRNAs as controls) might enable discrimination between the effects of dysregulated miR-
NAs. For instance, the ability to differentiate between changes in miRNAs associated with 
haemorrhagic and ischaemic cerebrovascular disorders and in the presence or absence of 
amyloid deposition or dementia, would be useful. Equally, changes in miRNA signatures 
could also explain pathophysiological processes in common, such as endothelial disruption 
and hypoxia due to hypoperfusion.

A second important factor in interpreting data across studies is that of methods used. miRNA 
detection with high sensitivity and specificity is demanding. The target sequence is present in 
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the spectrum of clinical manifestations resulting from cerebrovascular disorders.

6. miRNAs challenges and considerations

More than 200 miRNAs have been found to be dysregulated in cerebrovascular disorders, 
with some inconsistency between studies [74–76, 150–152]. Inconsistencies likely relate partly 
to the size of the investigated cohorts, particularly since miRNAs may reflect the presence 
of comorbidities and hence statistical power and specificity would be lessened. Increasing 
the number of individuals and adding additional specificity (e.g. identifying disease-specific 
miRNAs as controls) might enable discrimination between the effects of dysregulated miR-
NAs. For instance, the ability to differentiate between changes in miRNAs associated with 
haemorrhagic and ischaemic cerebrovascular disorders and in the presence or absence of 
amyloid deposition or dementia, would be useful. Equally, changes in miRNA signatures 
could also explain pathophysiological processes in common, such as endothelial disruption 
and hypoxia due to hypoperfusion.

A second important factor in interpreting data across studies is that of methods used. miRNA 
detection with high sensitivity and specificity is demanding. The target sequence is present in 
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the primary transcript, the precursor and the mature miRNA; some miRNAs within the same 
family differ by just a single nucleotide [153, 154]. Profiling can be achieved via three major 
methods: amplification using quantitative real-time polymerase chain reaction (qRT-PCR), 
hybridization based on microarrays and sequencing by next-generation sequencing (NGS) 
technologies [153, 155]. Due to the small size of miRNAs, guanidine-cytosine (GC) content 
and similar target sequence, hybridization-based methods lack specificity. NGS technologies 
have provided a considerable aid to advance the field of miRNA, elucidating new miRNAs 
and applying new criteria for the RNA sequences to be recognized as miRNAs. Studies eval-
uating sensitivity, specificity, quantification accuracy and reproducibility of different assays 
have shown that miRNA levels were dependent on the nature of the technique and also with 
differences between commercial kits [154, 156, 157]. Despite the advantages of NGS, a valida-
tion method is highly recommended for those dysregulated miRNAs in large-scale screenings. 
Although there is no specific consensus paper, qRT-PCR has been widely cited as the gold stan-
dard in miRNA research, providing specificity between isomiRs and using stem-loop primers 
for discrimination from primary miRNAs, pre-miRNAs and degraded mRNA [153, 158].

Another factor is the handling and sample source of miRNAs that are cell type specific and 
thus, the proportion of different cells contained in a sample can vary. In addition, blood con-
tains high levels of RNase activity; while miRNAs are protected from RNase under normal 
conditions, their extraction causes immediate degradation if extracted and spiked back to 
plasma [153]. Other pre-analytic variables might also affect its profiling, such as centrifuga-
tion [159]. Collection and handling procedures are relevant to reliably detect dysregulated 
miRNAs. Exosomal RNA is protected by RNase A treatment and exosomes provide a consis-
tent source of miRNA for disease biomarker detection [160]. Sources like formalin-fixed tissue 
have been found to be highly reliable [79, 153].

In studies of disease, the pathological stage of the disease, post-mortem status and the ago-
nal state prior to death should also be considered as miRNAs measured could represent 
causal and/or responsive mechanisms. Thus, there is a need to discriminate between miR-
NAs produced under normal conditions in different cell types for effective comparisons with 
those regulated by an environmental insult (e.g. hypoxia), those regulated by the activation 
of a receptor (e.g. AT1R) or by a common downstream regulator (e.g. CREB). Indeed, dur-
ing the natural history of a disease, microRNAs will likely fluctuate and their final signa-
ture might represent a retrospective picture of various protective mechanisms and aberrant 
dysregulations.

Finally, the effects of miRNAs on their targets should be viewed in the context of a whole 
functional analysis [161]. For instance, renin-sensitive microRNAs correlate with atheroscle-
rosis plaque progression [162]. It is conceivable that only a specific combination of microR-
NAs produces a relevant physiological response. Several outcomes in miRNA research 
appear to be the result of well-defined miRNA-target-related effects. Nevertheless, the impact 
of a single miRNA via a specific target is related to the total number of different transcripts it 
targets and also by the number of other miRNAs that share the same target. It is reasonable to 
attribute a functional characteristic to a miRNA, based on the experimental outcome, such as 
in  luciferase assays. However, luciferase assays are not able to differentiate between canonical 
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and non-canonical binding sites, neither if the effects are a result of direct miRNA binding to 
the transcript or by modifying transcription factors.

Furthermore, the experimental outcome will depend on the mRNAs expressed in that cell 
at that time. For instance, 213 miRNAs can bind at the 3′UTR of the anti-apoptotic protein 
BCL-2, whereby one could assume that those 213 miRNAs are pro-apoptotic by downregu-
lating BCL-2. However, one of those 213 miRNAs alone could have several hundred tar-
gets, some of which promote apoptosis and others favouring survival. Thus, examination 
of the complete array of targets is needed to provide a functional analysis including an 
assessment of overlapping targets between miRNAs [161, 163]. Another consideration is 
the probability rate by which a miRNA binds to the 3′ UTR. Agarwal et al. developed a 
score based on 14 features (total context score) to allow determination of the probability of 
miRNA binding and categorization of miRNAs into percentiles based on the total context 
score [48]. Finally, it is prudent to consider the number of copies of a miRNA expressed. 
Some miRNAs, such as miR-124 and miR-128, are highly expressed up to 30,000–50,000 
copies per neuron, while others can be as low as 1–2 copies per neuron [29]. Therefore, the 
biological impact of miRNAs relies on the combinatorial signature, the number of miRNA 
copies expressed, their affinity for different transcripts and the existing mRNA environment 
accessible for remodelling.

7. Conclusions

In summary, miRNAs are essential for cell fate and differentiation and their effects depend 
on the mRNA environment expressed, which can be transient over time and subject to dys-
regulation that may lead to disease. As a highly dynamic and interactive process, epigenetics 
and particularly miRNAs play a significant role in cognition [164, 165]. Drosha and Dicer 
are expressed throughout the brain with a higher expression in the hippocampus and den-
tate gyrus [166]. Functional analysis through bioinformatics and the use of next-generation 
sequencing could reveal a miRNA signature that helps to explain the effects on pathways 
and the fluctuations seen over the development of a specific disease. This could allow iden-
tification of a small group of miRNAs that are determinant in the clinical manifestation and 
therefore potential targets for diagnosis and therapeutic intervention. These would have a 
great advantage as therapies due to their small size and lipidic transport across the BBB, 
direct intracellular interaction with the transcriptome and may be able to facilitate regenera-
tion while obviating the consequence of a degenerative microenvironment.
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Abstract

Recent developments in immunosuppressive therapy have reduced the loss of allografts from 
acute rejection, with a significant improvement in the one-year allograft survival. However, 
the introduction of more potent and selective new drug, had no effect on the development 
of chronic allograft dysfunction and the long-term outcome remains unchanged. Several 
and repeated different types of allograft insults such as delayed graft function, rejection epi-
sodes, drug nephrotoxicity, hypertension, dislipidemia determines a progressive damage 
with graft failure within a decade. There is no established maintenance immunosuppressive 
therapy that decreases chronic allograft dysfunction. The renin-angiotensin system is an 
important mediator in the pathogenesis of chronic progressive kidney diseases. Although 
the pathogenesis of chronic allograft nephropathy (CAN) is poorly understood, a reduced 
nephron function with hemodynamic changes associated with a cascade of inflammatory 
mediators, result in a chronic inflammatory process, progressive fibrosis and tissue remod-
eling. Recent evidence has shown beneficial effects of renin-angiotensin system blockade in 
the posttransplant with a decrease of blood pressure, proteinuria and inflammatory process.

Keywords: renal transplant, chronic allograft nephropathy, renin-angiotensin system, 
allograft survival

1. Introduction

The renin-angiotensin system (RAS) was described in the 1980s, and since then studies have 
focused on its role in the hemodynamic control [1]. The RAS is classically associated with blood 
pressure regulation and electrolyte balance. The system main peptide angiotensin II acts through 
two major receptors termed type 1 and type 2. They are widely distributed in the tissues, and 
have different functions; hemodynamic changes such as vasoconstriction and  cellular prolifera-
tion are related to type 1 receptor and vasodilation and anti-cellular proliferation to type 2 [2]. 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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All components of the RAS, including the receptors, are present very early in the human devel-
opment (24–35 days of gestation), suggesting a role for angiotensin II in the organogenesis [3].

The RAS components are present in many tissues, and there are evidences for a tecidual angio-
tensin II biosynthesis with high concentrations in the kidneys (intrarenal RAS) [4, 5]. They are 
synthesized by different cells and interact locally with autocrine and paracrine effects. It has 
been suggested that the plasma RAS is important for acute regulatory mechanisms, whereas 
the tissue RAS may be more involved in chronic cardiovascular and renal regulation [6, 7].

Therefore, RAS maintains hemodynamic homeostasis and controls tecidual growth.

Pathologic consequences can result in overactivity of this cascade with an involvement of 
the RAS in several renal diseases. Regardless of the initial type of injury, all chronic renal 
diseases develop glomerular and vascular sclerosis, tubular atrophy and interstitial fibrosis, 
with progressive nephron loss and chronic renal failure. Adaptative changes in the remain-
ing nephrons after initial injury cause more scarring and nephron loss, thus perpetuating a 
vicious cycle that results in the end-stage kidney. Chronic RAS activation is involved in these 
maladaptive mechanisms of progressive renal damage. Angiotensin II-mediated effects such 
as haemodynamics changes, glomerular and tubular hypertrophy and hyperplasia, infiltra-
tion of mononuclear cells and fibrogenesis were observed [8].

The system hyperactivity leads to progressive lesions presenting an important role in the patho-
physiology of chronic cardiovascular and renal diseases. The RAS activation has been demon-
strated in various kidney diseases, in both experimental and clinical studies [9, 10]. The system 
blockade, with inhibitors of angiotensin converting enzyme (ACE) of angiotensin II and angio-
tensin II-receptor blockers, shows large benefits in the treatment of chronic kidney diseases [11].

Thus, the classical approach of Angiotensin II as a vasoactive agent that participates in the 
systemic hemodynamic changes was expanded to recognize its role as a growth factor that 
modulates cell proliferation, synthesis and degradation of extracellular matrix.

A significant complication on renal transplantation is the chronic and progressive allograft 
dysfunction that develops months or years after transplantation. Recent advances with new 
immunosuppressive drugs did not improve the long-term allograft survival. Despite the well 
established knowledge of the ability of renin-angiotensin system blockade to control blood 
pressure and urinary protein excretion, the use of RAS inhibitors and blockers in renal trans-
plant has been limited [12, 13].

We review our own observations and recent reports from the literature about the important 
role of RAS in the pathogenesis of chronic inflammatory process and local tecidual growth, in 
the chronic allograft dysfunction.

2. Case description

LAR, a 20-year-old woman with chronic renal failure due to focal and segmental glomerulo-
sclerosis (FSGS) was admitted at the Clinical Hospital of Faculdade de Medicina de Botucatu 
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(UNESP) to receive a renal transplant. She underwent an HLA—haploidentical living donor 
transplant from a 50-year-old woman in 17 March 1993. Panel reactivity (PRA) against HLA 
class I and II antibodies was negative. Induction therapy has not been done. Maintenance 
therapy was performed with a triple immune suppressive regimen with prednisone (1 mg/
kg/day), azathioprine (4 mg/kg/day) and cyclosporin (8 mg/kg/day). In the early follow-up, 
without a significant ischemic exposure, the patient had an episode of acute cellular rejection 
that was adequately treated. At hospital discharge her serum creatinine level was 1.2 mg/dl 
(eGFR = 60 ml/min) which remained up to 1 year post transplant. The patient started pre-
senting mild proteinuria (0.28 g/24 h) and progressive deterioration of renal function over 
the years reaching creatinine of 1.8 mg/dl (eGFR = 39 mL/min) after 14 years of transplant 
(Figure 1). Immunosuppression at that time consisted of azathioprine (1.5 mg/kg/day), pred-
nisone (10 mg) and cyclosporin in order to reach a serum level of 100–150 ng/ml. The renal 
biopsy diagnosis at this time (February 2007) was “chronic allograft nephropathy (CAN)” 
characterized by mild interstitial fibrosis and tubular atrophy, and intense arteriolar hyalin 
deposits observed in more than one arteriole, some with circumferential involvement (Banff 
grade I). A mild mononuclear inflammatory infiltrate was observed in scarred areas. The 
glomeruli and the small arteries were unremarkable (Figures 2 and 3). Tests for C1q, C3, 
IgG, IgA, IgM and C4d were all negative by immunofluorescence. Losartan was introduced 
(50 mg/day) and there was a gradual improvement of renal function over time (Figures 1 
and 4).

Figure 1. Serum creatinine levels after transplantation. Renal biopsy with chronic allograft nephropathy (CAN) and 
introduction of losartan 14 years after transplant.

Renin-Angiotensin System and Renal Allograft Long-Term Outcome: A Review
http://dx.doi.org/10.5772/67082

203



Figure 2. Renal allograft biopsy with arteriolar hyalin deposits. PAS-200×.

Figure 3. Renal allograft biopsy with focal area with tubulointerstitial fibrosis, tubular atrophy and mononuclear 
infiltrate. Arteriolar hyalinosis. Masson Trichrome-200×.

Figure 4. Proteinuria after transplantation. Renal biopsy with chronic allograft nephropathy (CAN) and introduction of 
losartan 14 years after transplant.
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3. Case discussion and review of the literature

In our case, a young woman that received a successful renal transplant 14 years ago, now 
exhibited clinical evidences of chronic and slow progressive kidney injury manifested mainly 
by deterioration of renal function.

There were no morphological evidences of recurrence of her native kidney disease, the focal 
and segmental glomerulosclerosis (FSGS). The recurrent rate of primary FSGS is very high 
but, usually manifests with nephrotic syndrome much earlier in the posttransplant and have 
a lower graft survival. The degree of proteinuria of this patient was very mild and started after 
a long period of well functioning allograft.

There was also no morphological evidences of chronic rejection. Chronic allograft glomeru-
lopathy and arteriopathy, Banff’s morphological criteria for chronic rejection, were absent 
and C4d was negative.

Our diagnosis of renal biopsy was chronic allograft nephropathy.

3.1. Chronic allograft nephropathy and chronic allograft dysfunction

Chronic allograft nephropathy (CAN) is the major cause of late allograft loss. This is a hetero-
geneous and complex process caused by immunologic and non-immunologic factors includ-
ing glomerular hyperfiltration, hypertension, dyslipidemia, delayed graft function, drug 
toxicity and recurrent or the novo nephropathy. Clinically, there is a gradual and progres-
sive deterioration of renal function in association with hypertension and proteinuria [14, 15].

Similar to what occurs in the native chronic renal diseases, repeated injury of the renal 
allograft determines activation of adaptative mechanisms to maintain homeostasis, but also 
induces a reparative process with deposition of large quantities of an extra cellular matrix 
with formation of a connective scar. CAN is characterized histologically by glomerulo-
sclerosis, arterial fibroelastic intimal hyperplasia, tubular atrophy and interstitial fibrosis. 
The extension of tubulointerstitial fibrosis correlates closely to the extent of renal allograft 
dysfunction [16–18].

However, CAN is a generic and a misleading term used for all causes of chronic allograft 
dysfunction with fibrosis, inhibiting the accurate diagnosis and appropriate therapy. These 
non-specific morphological findings make it difficult to recognize the causes. The 8th Banff 
Conference [19] proposed replacing CAN for an appropriate classification of chronic allograft 
dysfunction that enables the diagnosis of specific causes of chronic allograft dysfunction in 
order to treat adequately. Protection against complications and pathogenetic investigations of 
late graft deterioration have become important. Nevertheless, chronic allograft dysfunction 
remains an unresolved problem.

Thus, what should be a more specific diagnosis for our patient?

Histologic findings showed a non-specific parenchymal scarring characterized by interstitial 
fibrosis and tubular atrophy associated to arteriolosclerosis and a mononuclear inflammatory 
infiltrate.
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Although the biopsy showed a mononuclear inflammatory infiltrate, there were no clinical 
and morphological criteria for late acute rejection; the inflammatory cells were observed only 
in areas of fibrosis and the decline of renal function was gradual over the years.

On the other hand, serology tests and stains for infectious agents were negative.

However, the presence of inflammatory cells even in the scarred areas of CAN should be 
considered a risk factor for a progressive lost of renal function decreasing the allograft sur-
vival [18, 20, 21]. The persistence of chronic active inflammation may be responsible for the 
progression of CAN [20].

In addition, long-term administration of the calcineurin inhibitors such as cyclosporin and 
tacrolimus, produce many allograft side-effects. The most important histological lesion in 
cyclosporine nephrotoxicity is the structural changes with hyalin deposits in the arterioles 
that is present in the patient biopsy [22]. On the other hand, these drugs induce hyperlipi-
daemia and hypertension, important risk factors for CAN development [23, 24]. There is also 
an interaction between cyclosporine-induced nephrotoxicity and the activation of the RAS. 
Shang et al. [25] reported an increased expression of renin and angiotensin II in the allograft 
with a diagnosis of cyclosporin nephrotoxicity, that was significantly higher in specimens 
with CAN than in those without CAN. The authors concluded that tissue RAS has an impor-
tant role in the development of adverse effects of cyclosporin on the kidney.

Although the arteriolar hyalin deposits are mostly subendothelial, this morphological finding 
in the patient’s biopsy are highly suggestive of cyclosporine nephotoxicity as a cause of CAN 
in our patient.

Although the main problem of this patient was renal insufficiency, she presented a mild pro-
teinuria at the normal limit. We do not identify significant glomerular changes in the biopsy. 
Proteinuria and nephrotic syndrome is a frequent finding in CAN. The glomeruli displayed 
a spectrum of lesions, mostly non-specific glomerular changes, including global and seg-
mental sclerosis, collapse of the glomerular capillaries and focal and segmental mesangial 
sclerosis. The degree of proteinuria closely correlated with the severity of renal injury in the 
CAN [26].

Several studies have suggested an implication of RAS in the pathogenesis of progressive 
allograft dysfunction and renin-angiotensin system inhibition provide an important strategy 
for therapeutic intervention [14, 16].

3.2. Renin-angiotensin system and chronic inflammatory process

Besides the action in the circulation, RAS components have an important role in the inflam-
matory process, acting directly or indirectly by various mechanisms. Increases vascular 
permeability by mechanical action in the vessels, cell skeletal rearrangement and release of 
mediators such as prostaglandins and leukotrienes [27].

It stimulates the synthesis and release of cytokines and chemokines such as interleukin-6  
(IL-6), interleukin-8 (IL-8), regulated upon activation normal T cell expressed and secreted 
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(RANTES), macrophage inflammatory protein-1 and 2 (MIP-1; MIP-2), chemokine monocyte che-
moattractant protein-1 (MCP-1) and adhesion molecules represented by the integrins, selectins, 
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). The 
stimulation for these mediator substances results in increased influx of cells to the tissue 
with proliferation and activation of mononuclear cells, mainly macrophages. Mononuclear 
cell infiltration and proliferation determine continuing tissue destruction and healing by 
fibrosis [27, 28].

Several studies have also demonstrated the role of angiotensin II in tissue repair by induc-
ing growth factors such as transforming growth factor β1 (TGFβ1), platelet-derived growth factor 
(PDGF), fibroblastic growth factor (FGF), vascular endothelial growth factor (VEGF), tumor necro-
sis factor α (TNFα) and plasminogen activator inhibitor-1 (PAI-1) [10–12]. Excess extracellular 
matrix deposition is due to the increased synthesis by the activation of growth factors and 
by decreased degradation by inhibition of metalloproteinases. TGFβ1 is an important growth 
factor modulated by RAS activation, with a close connection with this system. It is involved 
with complex effects on cell growth and differentiation, expression of extracellular matrix, 
angiogenesis and tissue repair [29–31].

It has been demonstrated increased gene expression of components of the RAS and growth 
factors into tubular cells and interstitial fibroblasts. These data indicate local activation of 
the system that correlated with mediators associated with deposition of a matrix in areas of 
chronic injury and fibrosis [32, 33].

The interaction of RAS with other vasoactive systems such as aldosterone, nitric oxide, endo-
thelin and kinins can enhance its vasoconstrictor and reparative action but also can stimulate 
anti-inflammatory effects [11].

3.3. Renin-angiotensin system and chronic allograft nephropathy

Several studies have demonstrated the participation of RAS in the development of lesions 
in CAN. After transplantation, the system is activated locally [34]. Recent evidences have 
shown RAS stimulating the secretion of cytokines and growth factors, especially TGFβ1, with 
increased extracellular matrix deposition [16].

The system determines vasoconstriction of the efferent arterioles increasing glomerular 
intracapillary pressure and filtration, with consequent proteinuria. Stimulates mesangial cell 
proliferation with matrix synthesis evolving with glomerular sclerosis. Determines hypo-
perfusion of the peritubular capillaries and hypoxia in the tubulointerstitial compartment. 
Proteinuria determines tubular cells injury, stimulates the system locally, which together with 
the chronic hypoxia leads to apoptosis and epithelial-mesenchymal transdifferentiation with 
extracellular matrix deposition. Stimulates fibroblast proliferation, transformation into myo-
fibroblasts with deposition of matrix in the tubulointerstitial compartment. It is involved in 
intimal proliferation of vessels forming a neointima [16].

The studies have focused primarily the correlation of allograft survival with the system block-
ade by converting enzyme inhibitors and/or angiotensin II receptors blockers. Angiotensin 
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converting enzyme inhibitors and/or angiotensin receptors blockers therapies are useful in 
the treatment of hypertension, improvement of the renal function, reduction of erythrocytosis 
and proteinuria in the posttransplant [35].

Yamada et al. [36] demonstrated that inhibition of angiotensin II converting enzyme deter-
mined in transplant patients increased response of plasma renin activity and increased 
urinary excretion of TGFβ1 in patients who developed chronic allograft nephropathy. The 
authors suggest that urinary TGFβ1 excretion clinically predicts the future development of 
chronic allograft dysfunction.

TGFβ1 levels in plasma and urine were increased in overt chronic allograft nephropathy [37, 
38]. And a significant correlation between tecidual TGFβ1 and renal interstitial fibrosis has 
been reported [39].

Montanaro et al. [40] showed a reduction in proteinuria and increased creatinine clearance in 
patients treated with angiotensin converting enzyme and angiotensin II AT1 receptor blocker. 
This study suggested that RAS blockade has renoprotective effects when used in patients with 
good stable renal function and mild proteinuria, and prevent chronic allograft nephropathy.

Artz et al. [41] found that patients who were taking angiotensin converting enzyme inhibitors 
had overall less severe CAN and longer graft survival. Renal graft survival after treatment 
with RAS blockade was 6.3 years as opposed to 1.8 years in untreated patients.

Possible mechanisms of the renoprotective effects of angiotensin converting enzyme (ACE) 
inhibitors and angiotensin receptor blockers (ARB) include a reduction of intraglomerular 
capillary pressure due to efferent arteriolar vasodilation and a decreased production and/or 
expression of TGFβ1 [37]. A reduction of the plasminogen activator inhibitor (PAI-1) has also 
been associated with the rate of CAN progression [42].

Zaltzman et al. [43] studying a group of 40 patients with biopsy-proven CAN that were 
treated with RAS blockade demonstrated a slow decline in the renal function and 83% of 
graft survival at 5 years.

Moscoso-Solorzano et al. [44] showed a synergistic effect between ACE inhibition and myco-
phenolate mofetil (MMF), maintaining serum creatinine stable and decreasing and limiting 
the progression of proteinuria, as well as histological lesions. The death-censored graft sur-
vival analysis was much better for the group treated with ACE inhibition alone, following the 
group treated with ACE inhibition in combination with MMF.

Heinze et al. [45] studying 2031 patients, found a marked improvement in 10-year graft sur-
vival in patients on ACE inhibition or angiotensin II receptor blockers. Ten-year patient sur-
vival rates were 74% in the ACEI/ARB group and only 53% in the non-treated group. Ten-year 
graft survival was 59% in ACEI/ARB patients and 41% in non-users group.

Based on these important findings in the Heinze’study [45], Opelz et al. [46] conducted a simi-
lar analysis in 17,209 kidney transplant recipients; 33.5% of the patients were on treatment 
with an ACEI or ARB after 1 year of transplantation. The graft and patient survivals at 6 year 
were not significantly different between the patients with or without ACEI/ARB treatment. 
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The different methods to enrolled the patients in the groups that received or not the ACEI/
ARB treatment can explain the contrasting results. They did not confirm the higher graft and 
patient survival rates reported by Heinze et al. [45] and do not recommend a widespread use 
of ACEI/ARB therapy.

A prospective study of 14 renal transplant patients with CAN, showed that treatment with 
losartan significantly decreased plasma levels of TGFβ1 by more than 50%. It was observed a 
significant correlation between the increase of circulating angiotensin II after 2 weeks of treat-
ment and the decrease of plasma TGFβ1 at the end of the study period. The results suggest 
that the receptor blockade plays a role in the synthesis of TGFβ1 [37].

Some authors have studied gene expression of RAS components and inflammatory mediators 
in renal biopsies of patients with CAN.

Oka et al. [47] showed an increase in the number of renin positive cells in juxtaglomerular 
apparatus in CAN. Becker et al. [48] studied the correlation between the AT2 receptor mRNA 
with the expression of the matrix-modulating genes and histological evidence of chronic 
rejection. AT2 receptor correlated with TGFβ1, metalloproteinases and inhibitors of metal-
loproteinases, indicating that the AT2 receptor participates in the modulation of extracellular 
matrix. Mas et al. [49] also found a correlation between the expression of angiotensinogen and 
TGFβ1 in the allografts of patients with various degrees of CAN. Some authors [50] observed 
in CAN correlation between the expression of RAS components and TGFβ1 in the allograft 
with mRNA levels in the urine. Significant correlation has been observed between TGFβ1 
mRNA in the allograft and interstitial fibrosis [39].

In experimental animals, the RAS blockade prevents the increase in mRNA levels of cytokines 
and growth factors in the allograft, decreases the infiltration of mononuclear cells and attenu-
ates the renal lesions in the chronic rejection models [51–54]. Noris et al. [51] have shown 
in an experimental study of chronic nephropathy with established lesions decreased MCP-1 
expression and inflammatory infiltrate with stabilization of glomerular injury and renal func-
tion recovery in animals treated with angiotensin converting enzyme.

There are also some studies investigating the role of RAS gene polymorphisms in the renal 
transplantation. Circulating and tecidual RAS activity are under genetic control. Genomic 
variants of the angiotensinogen, ACE, AT1 and AT2 receptors genes have been described. 
Some authors studied the impact of the various genotypes on renal allograft function. This is 
a further support about the importance of the RAS in the progression of non-immunological 
injuries leading to chronic kidney graft failure [55, 56].

In conclusion, the introduction of losartan in the patient under discussion resulted in a signifi-
cant improvement of renal function.

RAS blockade, with inhibitors of angiotensin converting enzyme of angiotensin II and angio-
tensin II receptor blockers, shows large benefits in the treatment of chronic kidney diseases. 
The beneficial effects of RAS blockade in the renal transplant are due to hemodynamic changes 
lowering blood pressure and reduction of the inflammatory infiltrate ameliorating the renal 
function. However, there are insufficient data to determine the effect on patient or graft survival.
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On the other hand, evidences indicate the existence of an ACE-independent alternative path-
way for generation of angiotensin II that is not affected by ACE inhibitors [57]. This explains 
the different results among the various studies.

While ACE inhibition and angiotensin receptor blockers can reduce progression of chronic 
renal diseases in humans, they do not achieve full renoprotection, and patients may still prog-
ress to end stage renal disease. These findings are consistent with human studies showing that 
ACE inhibitors slow, but do not halt renal fibrosis. Larger randomized studies are required to 
assess whether or not angiotensin converting enzyme inhibition and angiotensin II receptor 
antagonist therapies have beneficial effects after kidney transplantation [16, 58].
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Abstract

The systemic renin-angiotensin system mainly regulates blood pressure and maintains 
kidney function. Recent studies have realized that renin-angiotensin system (RAS) has 
been found in many tissues, such as heart, liver, and kidney. Although RAS in heart 
and kidney has been well documented, the RAS in the liver has been evaluated in a few 
studies. Therefore, this chapter will be assessed it. Based on findings, RAS in the liver 
has presented almost all of its components, such as angiotensin-I (Ang-I), angiotensin-
II (Ang-II), angiotensin-converting enzyme (ACE), angiotensin type-1 receptor (AT1), 
angiotensin type-2 receptor (AT2), named as classical RAS. Expect these components, the 
local RAS has had alternative pathway components, including angiotensin-converting 
enzyme 2 (ACE2) and chymase. Classical RAS has an opposite effect of alternative RAS. 
Although these local RAS might not be such a crucial for the tissue, it could be a more 
vital function under pathophysiologic conditions. The chapter the local RAS in the liver 
the under both physiologic and pathophysiologic conditions is highlighted.

Keywords: angiotensin-II, angiotensin-converting enzyme 2, local renin-angiotensin 
system, liver pathologies

1. Introduction

Although early studies focused on the systemic renin-angiotensin system (RAS) which are 
important endocrine cascade to regulate the salt-water balance, scientists have recognized 
there is one more RAS, called as local or tissue RAS except for classical systemic effects [1]. 
The first recognition of local RAS has been reported that the in dog’s brain the renin was 
found [2]. Then, various tissues, such as the heart, liver, kidney, vasculature, skeletal muscles, 
pancreas, retina, adipose, neuronal, and reproductive tissue, have been shown to present local 
RAS [2–6]. Though systemic RAS can have a role in the regulation of cardiovascular homeo-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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stasis, there is accumulating evidence to suggest that the local RAS may affect tissue angio-
genesis, proliferation, cell growth, apoptosis, tissue inflammation, differentiation, hormonal 
secretion, fibrosis and/or dependent of systemic RAS. The local RAS has the paracrine effect 
in the tissue. Indeed, it does not have to come along with the systemic RAS [2, 5].

The liver is critical organ to maintain not only to glucose homeostasis [7] but also almost all 
of the body’s metabolic activities. The liver tissue has a great regeneration capacity against to 
repair of liver injury also [8]. The organ has reported existing both of systemic and local RAS 
[7]. The chapter could, therefore, focus on the local RAS in liver. However, there are limited 
studies available to study on local RAS. So, the aim of the present chapter is to analyze and 
sum up the participation of local RAS on both physiology and pathophysiology of liver tissue.

2. The renin angiotensin system in liver

2.1. The component of local renin-angiotensin system in liver tissue

The component of local renin-angiotensin system in liver is divided two as a classical and 
alternative component of liver renin-angiotensin system.

2.1.1. The classical component of local renin-angiotensin system in liver tissue

Before starting to evaluate the physiological and pathophysiological importance of RAS, it 
should be given some recent findings about which component of RAS present in the liver 
tissue. Giving that the elements of the system are so important to bring out its effects on the 
target tissue, it is expressed that almost all of RAS components could present in the liver tis-
sue, like other organ and tissue. One common consideration about RAS might be upregula-
tion and/or disruptions of distributions of its components, including angiotensinogen, renin, 
ACE, Ang-II, and AT1 (Figure 1) [6]. One of the recent data shows that local RAS components 
were found at cholangiocytes [2]. Hepatic Kupffer cells [3] and nuclear region of hepatocytes 
[4] also locally produce angiotensin-II (Ang-II) [9].

Angiotensinogen, predominantly produced in the liver, is one of α2-globulin glycoproteins 
with 452 amino acids around 60 kDA [2]. Although angiotensinogen is well known to produce 
in the liver, local angiotensin synthesized was also reported in a few hepatocytes from and 
Kupffer cell in human tissue [8]. Although it is clear that the primary source of the precursor 
of angiotensinogen is the hepatocytes, Kupffer cells, and bile duct epithelium have produced 
to low level of angiotensinogen as well. Cirrhotic livers are reported to increase angiotensino-
gen and plasma renin level and activity in both humans and animal studies [6]. Depletion of 
angiotensin is emphasized to lead to hypotension, and kidney pathomorphological changes, 
decrease survival. The authors suggested that liver and brain angiotensin are enough to main-
tain blood pressure and prevent pathomorphological changes in the kidneys [10]. This informa-
tion is emphasized that angiotensin produced from the liver is the primary source of the body.

Even though Ang-I production via renin has not been found in the liver tissue, some clues are 
indicated that de novo production of it might be found locally in hepatic-mesenteric vascular 
beds and circulation plasma as well [6].
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Renin is expressed at the liver as well [5–7]. It is surprising that renin expression in the female 
is higher than male in liver tissue of both mice and rats [7]. Furthermore, its expression was 
found at liver cells such as cholangiocytes, hepatocytes, and hepatic stellate cells (HSC) [9]. 
Renin receptor was reported to have low-level expression mRNA at liver and kidney, but the 
high level of the heart, brain, and placenta. Also, it was outlined that the animals have been 
reported to suffer from liver fibrosis, nephroangiosclerosis probably leads to the activation of 
ERK1/2 and enhancing of plasminogen activator inhibitor-1, cardiac, and aortic hypertrophy 
when prorenin transgene express at liver in the rats [11].

The expressions of ACE and AT1 are found at vascular endothelium, hepatocytes, and bile 
duct epithelial cells. This distribution could be changed under pathologic conditions. For 
example, in the fibrotic liver, fibrous septa, mesenchymal cells (HSCs and myofibroblasts), 
and Kupffer cells are also produced to ACE and AT1 [12]. AT1 is predominantly found in the 
liver. However, AT2 genes are found in a trace amount or not in the normal and pathologic 
liver as well. At the same time, it was reported so far that AT2 receptor gene expression was 
found from isolated human hepatocytes and stellate cells. This high expression of AT1 might 
be the elevation of the liver due to the participation of it in the inflammatory, proliferative 
process, and vascular effect in the liver. This info consists of fibrosis and the degree of portal 
hypertension to the AT1 expression on septal myofibroblast [6]. The receptor is pointed out to 

Figure 1. A schematic diagram of the classical and alternative renin-angiotensin system. ACE: angiotensin converting 
enzyme, ACE2: angiotensin-converting enzyme-2, Ang-I: angiotensin-II, Ang-II: angiotensin-II, Ang-1-7: angiotensin1-7, 
Ang-1-9: angiotensin1-9, AT1: angiotensin type-1receptor, AT2: angiotensin type-2 receptor, Mas: mas receptor. The 
figure was modified from Refs. [17, 18].
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be at hepatocytes, HSCs, Kupffer cells, bile duct cells, myofibroblast, and vascular endothelial 
cells [12]. One of the previous studies is stated that ACE could present only liver at tissue-
specific ACE knockdown animals, but not a gastrointestinal tract, heart, vascular or spleen. 
The only kidney might be seen ACE activity but at a trace level. Additionally hepatocytes, the 
testis is also found express of ACE at liver-specific ACE knockdown mice. Although there is 
no ACE found at vascular, blood pressure at liver-specific ACE knockdown mice is reported 
to be pretty standard. The authors implied that adequate ACE in the liver controls the essen-
tial kidney function for maintaining homeostasis, but there is no obligation to present of vas-
cular ACE expression to regulate normal blood pressure. Indeed, adequate ACE in any organ 
is enough to maintain kidney function, resulting in mean blood pressure control [13].

Ang-II might be present in cholangiocytes and activated HSC which is also highly express 
active renin, ACE at in vitro and in vivo studies [14]. Some recent studies have been shown that 
AT1 could present in the liver [5]. Ang-II production from cholangiocytes probably increases 
at bile duct ligation (BDL). The expression of RAS component at different liver cell types 
might have both paracrine and autocrine impact on the target tissue. It seems that activation 
of cholangiocytes RAS could trigger the other cell type’s RAS. This concept may help us to 
explain how to relate RAS at liver pathologies [14]. Many RAS components, such as renin, 
ACE, Ang-II, AT1, and ACE2 seem to be un-regulated under pathophysiological conditions 
[7]. But, Ang-II that can exist in the liver tissue could enhance at the pathophysiologic circum-
stance [6]. Ang-II relates to promoting some liver disease, i.e., liver fibrosis, and proliferation 
and activation of hepatic stellate cells. So, there is reported to have some prophylactic effects 
against to liver failure [7]. One of the previous studies noticed that active RAS blocking by 
either angiotensin-converting enzyme (ACE) or AT1 inhibition led to attenuate liver fibro-
sis by suppressing HCS and hepatic TGF-β1 in chronic liver injury [9]. The component of 
local RAS was found in the liver of obese and type-2 diabetes patients. The upregulation 
of angiotensinogen in liver was shown in type-2 diabetic patient with and without obesity. 
Its upregulation expression was also determined at hyperglycemia in obese Sprague-Dawley 
rats, but not in nondiabetic and diet-induce obese rats. Therefore, it is likely to diabetes than 
obesity much more related to hepatic angiotensinogen production. There is an active inter-
action determined between TNF-α and local RAS in liver. So, TNF-α increases ACE, angio-
tensinogen, and the expression of angiotensin AT1 mRNA in the liver. At this moment, the 
upregulation of local RAS may in the liver is associated with obesity and developing insulin 
resistance and liver fibrosis [14].

Recent studies have shown to the paradigm shift of RAS. Ang-II receptors and some proteins 
have been proved to interact with each other by using several methods. For example, it has been 
indicated that AT1-related protein probably acts a negative regulator, including its cell prolif-
eration and vascular remodeling by enhancing AT1 internalization. Angiotensin type-2 recep-
tor (AT2)-related protein has an adverse impact on the AT2 effect, e.g., growth. Furthermore, 
AT1 might form either homodimers or heterodimers with other partners, including AT2, bra-
dykinin B2 receptor, epidermal growth factor (EGF) receptor, dopamine receptor, endothelin 
receptor type B and Mas receptor. This dimerization of Ang-II receptors is unknown neither 
physiologic nor pathophysiologic importance. Therefore, more new studies are needed to get 
a better understanding of the dimerization function under physiologic and pathophysiologic 
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and activation of hepatic stellate cells. So, there is reported to have some prophylactic effects 
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either angiotensin-converting enzyme (ACE) or AT1 inhibition led to attenuate liver fibro-
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of angiotensinogen in liver was shown in type-2 diabetic patient with and without obesity. 
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eration and vascular remodeling by enhancing AT1 internalization. Angiotensin type-2 recep-
tor (AT2)-related protein has an adverse impact on the AT2 effect, e.g., growth. Furthermore, 
AT1 might form either homodimers or heterodimers with other partners, including AT2, bra-
dykinin B2 receptor, epidermal growth factor (EGF) receptor, dopamine receptor, endothelin 
receptor type B and Mas receptor. This dimerization of Ang-II receptors is unknown neither 
physiologic nor pathophysiologic importance. Therefore, more new studies are needed to get 
a better understanding of the dimerization function under physiologic and pathophysiologic 
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conditions [15]. Also, there is indicated to be the active interaction between RAS components 
in the mammals. The interaction was shown when renin or Ang-II infusion at perfused mam-
malian liver enhances angiotensinogen release, and this effect does not link the glucocorticoid 
secretion. But glucocorticoid present is required to maintain angiotensinogen gene synthesis. 
It should not rule out that such a kind of studies were carried out by using at the supraphysi-
ologic level of Ang-II. But, it also pointed out this positive interaction could be a more patho-
physiologic circumstance, such as depletion of sodium and water and hemorrhage, too [16].

2.1.2. The alternative component of local renin-angiotensin system in liver tissue

Alternative pathway has been thought for a while (Figure 1). The alternative paths are ACE2 
and chymase that are discuss in this chapter. ACE2 is found at heart, kidney, gastrointestinal 
tract as well as liver and lung. ACE2 is one of the type-I integral proteins, expressed funda-
mentally at the cell surface as an ectoenzyme. ACE2 has ectodomain at the membrane; how-
ever, metalloprotease ADAM17 is reported to modify to make an active soluble form of it. So, 
its soluble form could be detected in plasma and urine as well. Moreover, ACE2 is one of the 
members of the M2 zinc metalloproteinase family as well as somatic and testicular types of 
ACE. ACE2 has 805 amino acid residues and similarities with human ACE at 41%. Although 
somatic ACE has two active sites at N- and C-domains, ACE2 has only one active site. The 
other difference of ACE2 from ACE is a carboxypeptidase, but ACE is a peptidyl dipeptide. 
Moreover, ACE2 is reported not to blockage by using any ACEI, e.g., captopril, enalaprilat 
or lisinopril. ACE2 can cleave only one residue from C-terminus of Ang-I and Ang-II that 
have limited biological effects. The ACE2 effects on Ang-I and Ang-II could produce angio-
tensin-1-7 (Ang-1-7) and angiotensin-1-9 (Ang-1-9), respectively. But, in these two pathways 
Ang-1-7 is produced more likely by ACE2. That is why ACE2 could accept to provide Ang-
1-7. Ang-1-7 interacts with AT2, BK2 and Mas receptors. Taking together this finding, ACE2-
Ang-1-7-Mas axis could modulate the axis of ACE-Ang-II-AT1 [6]. Based on these findings, it 
is reported that Mas-binding Ang-1-7 produced by ACE2 is the fifth receptor of RAS. ACE2 
was increased in liver injury and cirrhosis, resulting in enhancing Ang-1-7 at the plasma and 
tissue level. The local RAS elements are introduced to express from the cancerous tissue. 
Some evidence has been shown that RAS is related liver cancer. For example, ACE and AT1 
antagonist drugs (captopril, irbesartan; respectively) give rise to minimize cancer growth, 
liver metastases and angiogenesis in colorectal cancer liver metastases animals [5]. It was 
shown that ACE, Ang-II and AT1, classic components of RAS, were high expression in rats 
with biliary fibrosis as well as ACE2 in liver, and plasma, Mas in liver, Ang-1-7 in plasma. This 
finding can be concluded that local RAS in the liver has both classical (ACE-Ang-II-AT1) and 
ACE2-Ang-1-7-Mas pathways that play important role in chronic injury. RAS pharmacologi-
cally inhibition by ACE and AT1 inhibitors is well established to have a therapeutic effect on 
many diseases including hypertension, heart failure or diabetes due to blocking Ang-II and 
AT1. Some recent evidence has been pointing out that these inhibitions have caused to elevate 
ACE2 and Ang-1-7. The most impressive result from these kinds of experiments is that there 
is no functional effect of ACE2 elevation in normal animals. Therefore, ACE2 elevation could 
conclude to be pivotal importance under the only pathophysiologic circumstance, but not a 
physiologic condition [6].
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The other alternative Ang-II production process is via chymase. The enzyme, chymase, is 
a chymotrypsin-like, presents in the mast cell secretory granules. It is also produced as an 
inactive form and activated by dipeptidyl peptidase I (DPPI), a thiol proteinase, in the mast 
cell granules. The optimal pH for DPPI is at 6.0. But mast secretory granules have controlled 
at 5.5, and there is no chymase activity at 5.5. The optimal pH for chymase is around 7 and 
9. As soon as the chymase is secreted into interstitial tissue at 7.4, it can reach to its optimal 
pH, resulting in gaining activation. The only mast cell-stimulated tissue can secrete it under 
inflammation circumstance because there may be found any chymase inhibitors in the regular 
target. Chymase can produce Ang-II from Ang-I. Additionally, chymase can activate TGF-β 
and metalloproteinase-9 (MMP-9) from their inactive forms. Both of them participate in tis-
sue fibrosis and inflammation. It is stated that there might be a positive correlation between 
Ang-II and chymase in the human liver fibrosis due to finding a high level of both. Moreover, 
it is suggested that chymase and Ang-II levels could indicate fibrotic severity. So, chymase 
inhibition could alleviate the liver fibrosis in animal models. Therefore, new studies are 
required to clarify the interaction of chymase, Ang-II, and liver fibrosis [19].

2.2. Intracellular pathway of local renin-angiotensin system in liver

Ang-II is reported to cooperate with an intracellular signal pathway to amplify its effect. 
Therefore, in this section some recent information about the intracellular mediators of local 
RAS is given. One of these signal amplification pathways may be mitogen-activated protein 
kinases (MAPK), which are ERK1/2, JNK, and P38 MAPK. MAPK plays a crucial role in cel-
lular differentiation, proliferation, migration, and fibrosis. ERK1/2 has some vital effects on 
cholangiocyte proliferation. Additionally, MAPK, Ang-II can activate nuclear factor-κB (NF-
κB) [20]. Ang-II gives rise to trigger proliferation by stimulation of the cAMP signal pathway 
[9] as well. It is noticed that human fibrotic liver samples were found less AT1 expressing 
at hepatocytes, but high expressing in hepatic stellate cells (HSCs), vascular endothelium, 
and bile duct epithelium. The local RAS-induced HSC via AT1 and activation of NADPH 
oxidase results in fibrotic liver, and cholangiocyte proliferation by AT1 triggering a cAMP, 
PKA, ERK1/2, and pCREB-dependent signaling pathway [9]. Hepatic stellate cell (HSC) is the 
most effective cell type of liver to the deposit of connective tissue at respond of liver injury. 
Fifteen percentage of liver tissue composes of HSC. Both of Ang-II and renin are reported to 
increase liver cirrhosis patients. It is reported that Ang-II might relate to the development of 
the liver fibrosis by activation of HSC via TGF-β1 through AT1. This exacerbating effect of 
Ang-II on liver fibrosis probably mediates phosphorylation of c-Jun and p42/44 MAPK in 
AT1. Activated HCS produces Ang-II that led to fibrosis via NADPH oxidase. Also, a definite 
link is found between TGF-β1 and Ang-II for the development of liver fibrosis. Therefore, 
Ang-II may give rise to elevated TGF-β1, resulting in the production of collogen-1 via AT1 in 
the liver. There is a kind of positive feedback in the liver which is that TGF-β1 activates HSC, 
and HSC can produce much more TGF-β1 production [21].

Most of these injury factors are linked to oxidative stress based on reactive oxygen (ROS) and 
reactive nitrogen species. The ROS production is produced by some enzymes, for instance, 
mitochondrial leakage, tetrahydrobiopterin coenzyme oxidation, xanthine oxidase, endo-
thelial nitric oxide synthase, nicotine adenine dinucleotide phosphate (NADPH) at both 
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membrane and cytosolic compartment [2]. It might seem that oxidative stress is also critical 
pathways for RAS’s effect, especially in development of pathologies [22]. HSC could also 
relate to oxidative stress by increasing AT1 and nonphagocytic NADPH oxidase enzyme sys-
tem. NADPH oxidase is one of multicomponent enzyme systems, which is activated by rac1, 
p47phox, gp91phox, p22phox, nox1, p40phox, and p67phox. Ang-II triggers p47phox phos-
phorylation via AT1 on activated HSC to increase ROS production. One of the AT1 receptor 
antagonists, losartan, could block the ROS formation through NADPH oxidase inhibition [23]. 
This formed superoxide by NADPH oxidase could oxidize tetrahydrobiopterin (BH4) that is 
a cofactor of nitric oxide synthase (NOS). So, if BH4 is formed at high concentration, NOS 
enzyme could be dimerized and produces nitric oxide (NO). But, when the BH4 level is low, 
the balance between NOS and BH4 can shift to produce superoxide, resulting in decreasing 
NO production but increasing peroxynitrite (ONOO) formation. So, AT1-initiated oxidative 
stress could lead to inactivate NO, lipid oxidation, and activate redox-sensitive genes, e.g., 
proinflammatory cytokines, matrix metalloproteinases, chemotaxis, and adhesion molecules 
[15]. So, local RAS can produce ROS via Ang-II-AT1 axis [2].

Ang-II might relate to inducing tumor progress interaction with HSC in liver. Ang-II activates 
cAMP but not IP3. But many studies have shown that AT1 activates IP3, diacylglycerol, and 
reactive oxygen species. The activation of cAMP by Ang-II was also shown in renal mesangial 
cells. Moreover, PKA/ERK/CREB signaling pathway is reported to be an important intracel-
lular component of the Ang-II effect on stimulated biliary proliferation. This notion was sup-
ported by attenuation of proliferation through inhibition PKA and ERK1/2. This intracellular 
pathway was present cholangiocytes that have shown own local RAS. Ang-II causes fibrosis 
by expresses of collagen 1A1 and fibronectin 1 in a primary rat cholangiocyte cell line, as well 
as IL6, which is one of the proliferative cytokines playing a role in biliary hyperplasia [9].

The other pathway might be Jak2/STAT for local RAS in the liver. Jak2 kinases are vital 
for the transcription of angiotensinogen mRNA in vivo. Ang-II stimulates STAT5B and co-
activator of it, p300, in the liver. It is also stated that STAT3/p300/CBP pathway is critical 
for IL6 dependent activation of human angiotensinogen gene in HepG2 cells. NF-κB might 
involve Ang-II’s inflammatory response, as well as IL-6, inducing the hepatic acute-phase 
reaction [24].

Ang-II has played an important role in the development of fibrosis, including liver, heart, 
lung, and pancreas. Some soluble factors such as cytokines, oxidative stress, chemokines, and 
growth factor increase ECM production [25]. TGF-β1 is one of the most profibrotic cytokines 
to accumulate some extracellular matrix (ECM) [15]. Local Ang-II predominantly induces of 
TGF-β [25]. Some of ECM element is noncollagenous glycoproteins, including hyaluronic acid 
(HA) and proteoglycan. Therefore, elevation of HA in plasma is given an important clue to 
assess the diagnosis of liver fibrosis. Ang-II is locally synthesized by activated HSC, more-
over, and crucially involves the development of liver fibrosis. α-SMA is considered to be an 
important indicator for activation of HSC. It is reported that the positive effect of Ang-II is not 
only to activate and/or proliferate of HSC but also elevate fibrogenic cytokine, collagen depo-
sition, and matrix synthesis. When RAS can block by using inhibitors for AT1 or ACE, Ang-
II’s fibrotic effects decrease. Local RAS plays a crucial role in the development of liver fibrosis 
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[15]. How local Ang-II can help established the fibrosis may be related to transforming growth 
factor-beta (TGF-β). More attention would give for the interaction of Ang-II and TGF-β. There 
are many TGF-β isoforms; however, TGF-β1 is the most investigated isoform. TGF-β associ-
ates the intracellular Smad signaling. Therefore, the TGF-β/Smad signaling is reported to play 
a crucial role to accumulate collagen, one of the major component proteins of the extracellular 
matrix (ECM), resulting in tissue fibrogenesis. Smad acts the most important transcriptional 
factor for TGF-β-mediated responses including fibrosis. Ang-II has been indicated to induce 
Smad2 and Smad4 signaling via AT1 for gene transcription, but the transcription is not strictly 
bound to TGF-β. Also, Smad7 has a function to counteract of the TGF-β pathway. Moreover, 
when Smad3 is decreased, or Smad7 expression is increased, tissue fibrosis from liver, skin, 
or kidney is indicated to diminish. Downregulation of CTGF is also prevented from develop-
ing fibrosis. CTGF is one of the crucial elements of fibrosis at a couple of organs. CTFG is a 
potent trigger of myofibroblasts and ECM synthesis and deposition. So, CTFG is upregulated 
by Ang-II by AT1, resulting in activation of Smad signaling and independent Rho/Rho kinase 
pathways of TGF-β. Based on these findings, both ACE and AT1 antagonists could alleviate 
CTGF expression and fibrosis as well. Also, the reverse can do the same effect on fibrosis [25]. 
Not only does TGF-β decrease the degradation of the matrix by metalloproteinase (MMP) 
but also synthesize connective tissue growth factor (CTGF), which is autoinduction of TGF-β. 
That is why Ang-II blockage by ACE or its receptor inhibition could reversed the tissue fibro-
genesis in target tissue by modulation of TGF-β1 expression. Fibrosis is one of chronic and 
progressive processes mediated by the complex interaction between cell, ECM, cytokine, and 
growth factor. However, there is still no efficient and well-tolerated antifibrotic therapy due 
to lack of the main molecular pathways of it. The inhibition of Ang-II is reported to attenuate 
40–60% TGF-β1 production, resulting in a reduction of hepatic fibrosis. Ang-II can stimulate 
Smad pathway also activate CTGF by TGF-β independently. The interaction of local Ang-II 
and TGF-β1 should, therefore, be elucidated in previous studies [25].

2.3. The function of local renin-angiotensin systems in the liver tissue

Locally formed angiotensin peptides have aggravated system’s effects, notably cell growth, 
antiproliferation, apoptosis, production of reactive oxygen species (ROS), secretion of the 
hormone, proinflammatory and profibrogenesis. Till date, the importance of hepatic RAS 
under both physiologic and pathophysiologic condition has not been evaluated well yet, 
expect for heart and kidney [6]. However, the local RAS becomes so important to under 
pathophysiologic conditions in hepatic tissue based on the little present of RAS members 
compared to systemic RAS [12]. The local RAS plays a paracrine role in modulation of some 
processes, including inflammation, fibrosis, angiogenesis, cell proliferation, apoptosis, and 
survival under both physiological and pathophysiological circumstances. After recognition 
of an alternative RAS pathway (ACE2, Ang-1-7, etc.), it has to be changed to view its impor-
tance of tissue function. The task can be divided as its action on the systemic level including 
blood pressure control, tissue perfusion, and sodium and fluid balance, and on paracrine 
level including proliferation, inflammation, angiogenesis, apoptosis [17]. Consequently, 
local RAS might be amply of some diseases at liver since angiotensin-II gives rise to trigger 
oxidative stress. Moreover, the liver has an important role to detox of toxin which means that 
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it may be very susceptibility to oxidative stress [22]. Recent data, from animal and human 
studies, suggest that the counteraction of local RAS would be of importance in modulating 
of liver diseases. The RAS not only can regulate blood pressure and volume, but also modu-
lates inflammatory process [20]. The local RAS has importance under both physiologic and 
pathophysiologic conditions [6].

Local RAS plays a pivotal role for the tissue function both physiologic and pathophysiologic 
conditions based on paracrine and autocrine impacts of it [26]. RAS also modulate the body 
metabolic process [18]. Locally produced RAS has some specific role in apoptosis, angiogen-
esis and regulation of cell proliferation [27]. The RAS is thought to participate probably in 
liver regeneration and tumor as well [27]. Ang-II is important because of its effects including 
vasodilatation, antiproliferation, elevation of baroreflex sensitivity, facilitation of bradykinin 
activity at bradykinin receptor (BK2), inhibition of C-domain ACE activity and AT1 receptor 
antagonism, but some of them are counteract with Ang-II effects [6]. It is necessary to find the 
answer of the question why the local RAS has crucial regulation of tissues. One of the explana-
tions of the issue is that the amount of local RAS components is independently controlled by 
its level in tissue [28]. It means that the mimetic or antagonist drugs could not be able to alter 
of the RAS members’ concentration. The other possible explanation of it is that local Ang-II 
has a vital role in controlling of sympathetic neurotransmission and smooth muscle hyper-
plasia without effects of sodium balance which is under controlled by systemic Ang-II [28].

RAS was probably reported to be related to some hepatic pathogenesis, including hepatic 
stellate cell inflammation, proliferation, elevation of portal vein pressure, and hepatic fibro-
genesis, as well [29]. RAS activation was reported in the patients with liver cirrhosis [30, 31], 
liver inflammation [12], nonalcoholic fatty liver disease [12], and fibrosis [4, 9]. RAS triggers 
oxidative stress at liver [32]. Moreover, blockage of RAS in the liver has improved for regen-
eration and inhibition of tumor progression [17]. There is an active interaction between the 
plasma ACE level and patient with liver fibrosis [29]. On the other hand, the local production 
of Ang-II might not be entirely blocked by ACE inhibitors due to that there are alternative 
pathways that are chymase [33].

Angiotensin-II, the most active member of RAS, has been indicated to have some pathologic 
effects, such as inflammation, oxidative stress, prothrombotic [18], cirrhosis [34], and acute 
liver injury [35]. Ang-II causes to contract vascular smooth cell and triggers nicotinamide ade-
nine dinucleotide phosphate oxidase (NADPH), thereby elevation of superoxide radicals [20]. 
Interestingly, local RAS in liver and tumor necrosis factor-alpha (TNF-α) was suggested to 
have some interaction for developing insulin resistance and atherosclerosis by activation of 
plasminogen activator inhibitor-1 (PAI-1) production [14]. By better knowledge of inhibition, 
local RAS in the liver might be able to prevent at least of these kinds of diseases. Local RAS has 
a pivotal role under the pathophysiologic circumstance, resulting from tissue inflammation, 
trauma, hypoxia-ischemia, ischemia-reperfusion, hyperglycemia, hyperlipidemia, hyperho-
mocysteinemia, and hyperuricemia and autocrine/paracrine effect on the target organ [2]. One 
of the recent studies reported that RAS blockage by using ACE, captopril, inhibits the liver 
tumor growth in mice. Moreover, captopril was indicated to increase liver regeneration as 
well. How the captopril could enhance its recovery might be explained by increasing of HCS. 
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HCS can secrete MMP-9, resulting in accumulation of extracellular matrix. HCS could produce 
some terminating factors including IL-1, TGF-β at the late stages of liver regeneration [27].

In addition to other effects, Ang-II could modulate the immune system by releasing macro-
phage/monocyte chemoattractant protein (MCP)-1, MCP-2, granulocyte colony-stimulating 
factor as well as increasing macrophage infiltration. It might be thought that macrophage 
infiltration can fight microorganism and tumor cells. The macrophage’s role in the late stage 
of tumor development is still needed to clarify. But some evidence is shown that macrophage 
infiltration might trigger cancer growth and metastasis. For instance, Kupffer cells could pro-
mote immune escape and facilitate metastatic colonies at a late stage of the disease. The macro-
phages could produce many cytokines to initiate angiogenesis, tumor growth, and metastasis. 
It is reported that Ang-II could stimulate macrophage infiltration and angiogenesis through 
AT1 and VEGF in a melanoma model. There might be an active interaction between macro-
phage and Ang-II. Because macrophage could produce ACE for the synthesis of Ang-II [5]. 
Ang-II increases the production of TNF, IL-1β the infiltration of CD43+ inflammatory cells 
which are inflammatory proteins [36].

2.4. The crosstalk of local renin-angiotensin system and liver pathologies

This chapter’s main aim is underlined of local RAS and its contribution of liver pathologies. 
But, it should be accepted that there is a limited study to evaluate or investigate this interac-
tion. Analyzing the interaction might be difficult. Because local and systemic RAS are hard 
to distinguish from each other. Also, they both could involve in developing liver pathologies 
or changing of liver function for some cases. That is why it will be divided the subhead of 
each liver pathology.

There are many factors determined to cause to liver diseases, such as alcohol, viral hepatitis, 
drug abuse, and autoimmune hepatitis. Chronic damage to liver causes liver fibrosis, leading 
to liver cirrhosis. Liver fibrosis is also produced by type-2 diabetes, concerned with obesity 
and steatosis that is fat accumulating in the liver [18]. There are two main cell types to over-
come that kind of pathologies, as well as healthy maintaining the liver function. One of these 
cells is Kupffer cells. The cells are a type of mobile macrophages bound to endothelial cells. 
The cells physiologically synthesize immune-suppressive cytokine such as IL-10 to block HSC 
activation and/or collagen production. When the liver is injured, Kupffer cells are activated 
and start to release inflammatory cytokines, associating with apoptosis. But, the others such 
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HSC, the cells moves to the degenerative area, then transform into interstitial myofibroblast. 
The myofibroblast can also produce cytokines, chemokines, matrix metalloproteinases, and 
tissue inhibitors of metalloproteinase (TIMPs). Local Ang-II has also affected on endothelial 
function. The endothelial cells have many tasks for regulation vascular tone, coagulation, cell 
growth, and leukocytes migration. All of the function of the endothelial cell requires a balance 
between vasodilatation such as nitric oxide and vasoconstriction such as Ang-II. Endothelial 
cell is very sensitive to the cell redox state [18].

2.4.1. The local renin-angiotensin system in liver and portal hypertension

Portal hypertension is one of the complications of cirrhosis having high of morbidity and 
mortality rates. Portal hypertension is interacted with RAS and sympathetic system, result-
ing in retention of water and salt then ascites [38]. If portal hypertension could be decreased, 
the complications of it could be declined as well. One of the drugs causing to reduce portal 
pressure is RAS inhibitors. Based on the suggestion, cirrhosis might cause vasodilation at 
the systemic and splanchnic vessel, so RAS could be activated to make up for the hypo-
tension, resulting from Ang-II production. Elevated Ang-II gives rise to high-intrahepatic 
resistance both static and dynamic ways, and portal venous inflow through sodium and 
water retention. Ang-II also increases aldosterone production which has been thought to 
participate in developing inflammation, oxidative stress, endothelial dysfunction, insulin 
resistance, and fibrosis. But, there is still more evaluation for analyzing of the beneficial 
effect of RAS inhibitions on the patient with portal hypertension-induced by cirrhosis. Not 
only does Ang-II cause vasoconstriction in the hepatic microvasculature, but also endo-
thelin, thromboxane-A2, leukotrienes, and norepinephrine also cause the vasocontraction. 
Therefore, it might be suggested that nitric oxide (NO) could not have efficient enough to 
overcome of that vasoconstriction. NO impairment could, therefore, help to progressive of 
liver dysfunction. So, the blockage of RAS may have a therapeutic effect on the early stage of 
cirrhosis. The local RAS might have some contributions to developing portal hypertension 
and virtually cirrhosis [39].

2.4.2. The local renin-angiotensin system in liver and hepatocellular carcinoma

Hepatocellular carcinoma (HCC) has been reported to be the most prevalent type of cancer 
throughout worldwide [30], being the fifth most predominant tumor case [17]. The patient with 
HCC has been informed to have only 5 years survival due to metastasis and recurrence based on 
angiogenesis [30]. HCC is one of the most severe complications of cirrhosis [6]. Although liver 
is one of the few tissues having regeneration, liver resection can perform at HCC and colorectal 
cancer (CRC) liver metastases patients for removing tumorous part of tissue [17]. CRC is the 
second leading cause of death at both genders, most of which are related to liver metastasis by 
70% of CRC patients [17]. Liver resection is maybe best treatment for these diseases [17]. Also, 
some patients are indicated to die after liver resection operation due to metastasis of liver from 
the inside or outside tissue. This tumor recurrence is suggested based on some factor elevation 
including growth, angiogenic factor, and also modulation of extracellular matrix [17].

It is speculated that RAS might participate in liver regeneration and tumor modification 
by tumor proliferation and apoptosis, angiogenesis, and ECM remodeling [17]. RAS might 
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participate in the development of this carcinoma due to its angiogenic and prolifera-
tive effects. Moreover, Ang-II could enhance vascular endothelial growth factor (VEGF), 
the most efficient angiogenic factor, which is decline by ACEI in mice with tumor [6]. 
Therefore, studies are indicated to be interaction Ang-II and vessel cancer growth. ACE 
having a homolog of ACE can convert to Ang-1-9 and Ang-1-7 from Ang-I and Ang-II, 
respectively. Elevated ACE2 is reported to block cell invasion, angiogenesis, VEGF in non-
small cell cancer cell line. The activation of VEGF by Ang-II is thought to be concerned 
with VEGF/eNOS pathway and inflammation as well. So, it is well documented that RAS 
plays a role in cancer progression or metastasis. Moreover, the alternation of RAS element 
in the local cancer tissue might be related to cancer severity. RAS could be elevated in the 
patient with cirrhosis, found a high level of both Ang-II and Ang-1-7. Ang-1-7 is a potent 
antifibrosis. Ang-II can trigger VEGF in dose and time-dependent manner, also HSC for 
contraction and proliferation. One of the studies was shown that AT1 inhibition markedly 
declines liver fibrosis and VEGF expression. So, they pointed out that the interaction of 
Ang-II-VEGF is so important for the development of liver fibrosis and HCS activation. 
HCC patients were shown to have low expression of ACE2, although Ang-II, ang-1-7 and 
VEGF were high levels in the patient [30].

In addition to VEGF, Ang-II’s angiogenic effect might be concerned with epidermal growth 
factor, angiopoietin 2, basic fibroblast growth factor, and an insulin-like growth factor that 
plays a major role in both liver regeneration and tumor growth. Moreover, both systems 
are reported to associate with liver regeneration. Although ACE-Ang-II-AT1 axis might be 
enhanced at early stages of its restoration, ACE2-Ang-1-7-Mas axis could be activated at the 
later stages of the recovery. RAS expression was reported to be cancer specific alternation. 
For examples, CRC metastases were indicated to elevate AT2, ACE, and Mas expressions, 
but decrease AT1 and angiotensinogen expressions. Moreover, AT1 was speculated to be 
healthy tissue cells, including Kupffer as well as the tumor and stromal infiltrating cell. 
But, the other RAS receptors, e.g., Mas, were found an only tumorous liver tissue. The other 
example was indicated that ACE localization was suggested to be hepatic endothelial cells, 
apical and cytoplasm of cancer and vascular cell because of neovascularization and cancer 
cell homeostasis. Also the other CRC metastases from colorectal adenoma, sarcomas pros-
tate cancer was also speculated to be the crucial importance of RAS. So, pharmacological 
blockage of RAS by ACE or AT1 antagonist gives rise to decline the growth of cancer. ACE 
antagonist was probably decreased the severity of tumors in some kinds of tumor, e.g., 
prostate, breast, and CRC. The other view was pointed out that cancer growth could be a 
decline in AT1 knockdown mice based on attenuation of VEGF, angiogenesis. This find-
ing was suggested that AT1 plays an important role. Also, the drop of AT1 might cause to 
enhance alternative RAS pathway action (ACE2, Mas). The other explanation of these was 
that when AT1 was chronically blockaded by the drug, it might be shifted a balance to AT2 
which is well known to have a different effect from AT1. Although AT1 has mitogenic and 
angiogenic effects, AT2 triggers apoptosis and inhibits proliferation. AT2’s effect on VEGF is 
the double direction. AT2 is reported to activate VEGF; it is also shown to antagonize VEGF 
as well. The other aspect should also be considered that AT2 could modulate NO and BK 
pathways in which both has participated angiogenesis. Moreover, the other candidate for 
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angiogenesis process could be proliferator-activated receptor-γ (PPAR-γ) because plenty of 
AT1 antagonists enhanced PPAR-γ attenuation of cancer proliferation. Why many of studies 
have focused on the regulation of angiogenesis by RAS is related to how to regulate tumor 
growth. But it should be noticed that Ang-II could be produced by another enzyme, chy-
mase which also enhance Ang-1-7. Thus, ACE inhibitors can just block one way, resulting 
in one alternative pathway still efficient for its production. The other important point is that 
the alternative RAS pathway could syntheses Ang-1-7as well. Ang-1-7 has been reported to 
reduce metastases in mice since it led to diminish in cyclooxygenase-2. Elevation of cyclo-
oxygenase-2 is related to cancer growth, inflammation, angiogenesis, thanks to enhancing 
prostaglandin E2, D2, and thromboxane A2. Ang-1-7 could also moderate thromboxane A2 
as well as prostaglandins. ACE inhibition increases not only Ang-1-7 levels but also BK lev-
els. However, the elevation of BK is not beneficial effect on the tumorous cell due to stimula-
tion of cancer growth by angiogenesis and inflammation [17].

2.4.3. The local renin-angiotensin system in liver and cholangiocarcinoma

Cholangiocarcinoma (CCA) is one of the uncommon malignant tumors. This tumor type 
is also related to local RAS. According to a recent study, the development of CCA is asso-
ciated with inflammation and biliary duct cell injury due to obstruction of bile flow rate. 
Cytokines productions in the biliary tissue by inflammation process are responsible for 
the malignant transformation. Locally produced Ang-II is reported to involve to the prolif-
eration and activation of CCA cells which express Ang-I as a growth factor in local effect 
(autocrine and paracrine). The local effect of Ang-II could modulate the balance between 
intrahepatic proliferation and fibrosis. Moreover, the patient with CCA was found to high 
ACE level. That is why it will be vital to understand the interaction of CCA and RAS in 
developing new strategies for cancer therapy to improve the patient’s life and life quality 
as well [40].

2.4.4. The local renin-angiotensin system in liver and cancer growth

Cancer growth and metastasis are well documented to related angiogenesis. The new vessel 
growth is associated with Ang-II and VEGF/VEGF-A, especially useful in vascular endo-
thelial cells. Ang-II’s new vessel formative effect is through AT1. Its angiogenic effect of 
Ang-II is consisted within several cancer models. For instance, VEGF is shown to secrete 
through Ang-II-AT1 in ovarian cancer cells. Also, ACE inhibitors are reported to decline the 
neovasculature in cancer tissue. VEGF is defined to use similar pathways in many tissues. 
After VEGF overexpression in cancerous tissue, the fibrin at extravascular is accumulated, 
but the extracellular matrix is degraded. Then, the endothelial cell can migrate into the 
stroma, forming enlarged but thinned vessel-walled, named as mother vessel. After this 
stage, the vascular development is reported to differ from each tissue and many daughter 
vessels from mother vessel could be developed branches and caused to disrupt vessel orga-
nization, including muscular arteries and veins and produced glomeruli bodies, a kind of 
disorganized tangle vessel (Figure 2). Ang-II is indicated to enhance vascular permeability 
by increasing some permeability factors such as prostaglandins, nitric oxide, NF-κB, VEGF, 
and endothelin [5].
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2.4.5. The local renin-angiotensin system in liver and cholangiopathy

Primary sclerosing cholangitis (PCS), an ischemic cholangiopathy, might be related to local 
RAS within the portal tract. Ang-II production may increase in portal tract due to biliary 
epithelial stimuli, including infections, drugs, and toxins. The other possibility of activa-
tion of RAS in it-portal tract relies on localized biliary tract ischemia such as microvascular 

Figure 2. The development of cancer angiogenesis, growth and metastasis [5].
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thrombosis; immune-mediated endothelial is or toxic injury to arterioles. Local RAS in the 
liver has suggested that Ang-II could modify bile secretion by elevation of the production 
of bile acid independent bile flow and by the nonvascular effect of Ang-II on hepatocytes 
or biliary epithelial. Elevation of Ang-II production can trigger some responses, such as 
inflammatory cytokines releasing from mesenchymal cells, biliary epithelia, and vascular 
endothelial, inflammatory cells influx, and the activation of portal tract mesenchymal cells 
with fibrogenesis. There is a vicious cycle with lymphocytic obliteration and occlusion of 
the peribiliary plexus and hepatic artery microvasculature, and biliary tract ischemia. These 
alternations give rise to enhance portal tract edema and venous pressure, promote cholesta-
sis as well [41].

2.4.6. The local renin-angiotensin system in liver and insulin resistance

The liver is well known to regulate blood glucose that is why insulin could block glucose 
production on hepatocytes and indirectly decreasing lipolysis in the adipose tissue, and free 
fatty acids. When insulin resistance is developed it enhances gluconeogenesis and lipolysis 
to elevate glucose and free fatty acids in circulation. Therefore, liver tissue plays pivotal role 
in developing insulin resistance [2]. Metabolic syndrome, in other words insulin resistance 
[12], is a complex disease related to obesity, dyslipidemia, hyperglycemia, and hypertension 
as well. Metabolic syndrome is one of the risk factors for developing type-2 diabetes and 
cardiovascular diseases [42]. Therefore, this kind of illness might also be related to insulin 
resistance.

Ang-II involves the development of the insulin resistance [15]. Ang-II declines the insulin-
stimulated tyrosine phosphorylation and thus to block the interaction between phospha-
tidylinositol-3-kinase and insulin receptor substrate (IRS-1) and downregulation insulin 
receptor signal. Hence, Ang-II increases liver glycogenolysis and thus increases gluconeo-
genesis. Taking together, these findings indicated that Ang-II could impair insulin meta-
bolic effects, thus participating in developing insulin resistance. Also, Ang-II led not only 
to decrease lipid storage capacity and triglyceride at adipose tissue but also increase the 
accumulation of triglyceride in liver tissue. These effects might have a well-established piv-
otal contributing to developing insulin resistance as well. So, ACE inhibition is reported to 
improve the insulin sensitivity [43].

The local RAS in the liver might link to improve the insulin resistance related to plasminogen 
activator inhibitor (PAI)-1 in liver tissue. Furthermore, PAI-1 might be activated by TGF-β. 
Takeshita et al. also found that TNF-α increased PAI-1 both mRNA and protein produc-
tions in hepatocytes. They reported of TNF-α could trigger the protein kinase C (PKC), p38 
mitogen-activated protein, kinase/extracellular signal-regulated kinase (ERK), protein tyro-
sine kinase, and NF-κB pathways to induce PAI-1 production in the liver. Ang-II activates 
PKC and NF-κB by 1,2-diacylglycerol production in primary rat hepatocytes. At this moment, 
the local RAS inhibition by AT1 antagonist could abolish TNF-α-induced PAI-1 protein and 
mRNA in liver [14]. The studies are suggested that both classical and alternative RAS path-
ways might involve developing insulin resistance. The classical pathway is ACE-Ang-II-AT1. 
So, one of the previous studies was shown that AT1 inhibition could improve the oral glucose 
test without alteration of the plasma insulin level in diabetic animals. Indeed, Ang-II-AT1 axis 
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probably has a significant role in developing insulin resistance. Therefore, insulin sensitive 
tissue, primarily skeletal muscles could be increased glucose uptake by AT1 inhibition. This 
elevation is, however, thought in partly to relate to the elevated insulin-mediated IRS1-IP3-
GLUT4 axis. On the contrary, it is suggested that angiotensin receptor blocker could increase 
insulin secretion at animals with type-II diabetes. Additionally, it is reported to enhance glu-
cose uptake at adipose tissue, one of the sensitive insulin organs, at AT2-knockdown animals 
[44]. Alternative RAS pathways, ACE2/An-1-7/Mas axis, might be the high beneficial effect on 
diabetes based on enhancing glucose reuptake, diminishing glycogen production, and insulin 
resistance in hepatocytes via Akt/PI3K/IRS-1/JNK insulin signaling. Also, Ang-1-7 declines 
inflammation factors from adipose tissue in obese animal [18].

Giving that there might be a relationship aldosterone and insulin, systemic RAS could, also, 
participate in developing insulin resistance. Because aldosterone could cause insulin resis-
tance based on its hypokalaemia effect on pancreatic beta cells, and also its direct action 
on insulin receptor, elevation gluconeogenesis at the liver, and sodium-glucose cotrans-
porters. The other possible effect of aldosterone is suggested to enhance oxidative stress 
and inflammation in pancreatic beta cells and cause insulin resistance in adipocytes tissue. 
Interestingly, aldosterone is emphasized to affect insulin metabolism in liver, cardiovascu-
lar, renal, adipose, and muscle tissues. Insulin enhances angiotensinogen expression in the 
liver [45].

2.4.7. The local renin-angiotensin system in liver and liver cirrhosis

The role of RAS in liver cirrhosis was shown to enhance intrahepatic pressure via AT1 by 
experimental and human cirrhosis. Ang-II gives rise to contract and proliferates of HSC. There 
has been indicated that an increase of intracellular calcium ion due to the production of ROS, 
release of proinflammatory cytokine and chemokines lead to activate Kupffer cells. These 
cytokines, thus, could destroy hepatocytes and modulate extracellular matrix remodeling. 
Moreover, TGF-β could transform from HSC to myofibroblast, so it plays a crucial effect on 
the development of fibrosis. Kupffer cells are part of the reticuloendothelial system (80–90%) 
and thus are a primary source of cytokines. These cytokines might activate HSC, resulting in 
the production of ECM components, such as TGF-β, fibronectin. Ang-II is reported to develop 
fibrosis by proinflammatory cytokine. Also, Ang-II triggers to the mononuclear cell to synthe-
size more cytokines, especially TGF-β. Moreover, Kupffer cells have shown to express some 
RAS components, including renin, ACE, and AT1 [34].

2.4.8. The local renin-angiotensin system in liver and ischemia/reperfusion injury

Local RAS is reported to play a vital role in I/R injury in the liver. Angiotensinogen, renin, 
and ACE were indicated to involve in I/R injury in the liver. So, ACE inhibition could have 
a positive impact on I/R injury due to liver transplantation. Also, ACE might participate to 
inflammation, fibrosis, and anoxemia of local tissue. ACE2 is newly discovered homology 
of ACE and can transform Ang-II to Ang1-7 which can antagonize Ang-II’s vasocontraction 
effects. When ACE2 is a knockdown, resulting in markedly elevating of Ang-II’s expression 
therefore, it is suggested that ACE2 and ACE can antagonize each other. But this correlation 
between ACE2 and ACE has not been found at liver transplantation yet. It might be due 
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to complication factors interaction of liver transportation, and therefore more studies need 
to evaluate to reveal this complicated interaction in liver pathologies. But, up to now we 
know that ACE2 plays a negative role in RAS. Furthermore, local ACE2 is thought to relate 
to tissue hypoxia as well. In parallel, the expression and activity of local ACE2 are found to 
significantly elevated in the lighting biliary tract in rats and human hepatic cirrhosis and 
other chronic hepatic injuries. The hypoxia is believed to have significant contribution in the 
increase of ACE2 expression, and upregulation of its may participate some protective mech-
anisms against hypoxia conditions. However, healthy liver tissue just is of a trace expres-
sion of ACE and ACE2, but their mRNA and protein expressions have been elevated in the 
transplanted liver of rats. ACE might relate to inflammation due to Ang-II which increases 
the production of TNF, CINC-1, and ICAM-1 in tissue via AT1. So, ACE inhibition reduces 
I/R injury after experimental liver transplantation by the inflammatory promotion process. 
Also, it is reported that renin expression elevated fivefold after reperfusion following the I/R 
model by clamping the portal vein. According to the findings authors concluded that renin 
significantly enhanced at the initial stage of liver transportation, resulting in elevation of 
Ang-I. These elevations lead to increase ACE expression, eventually increasing Ang-II which 
gave rise to diminish blood supply in transplanted liver and aggravates the liver hypoxia, 
combine with inflammation [46].

2.4.9. The local renin-angiotensin system in liver and liver fibrosis

There are many pathologies of liver to cause liver fibrosis, such as alcohol, nonalcoholic fatty 
liver, chronic hepatitis B, and C. Liver fibrosis’s characterization is related to accumulate 
matrix proteins in the tissue, including elastin, collagen, basement glycoproteins, proteogly-
cans, hyaluronan, and finally changing of the matrix composition. Under normal physiologic 
conditions, Disse space in the liver just has proteoglycan, nonfibril forming collagens, such as 
type IV, VI, and XIV and also glycoprotein, i.e., fibronectin, laminin, and tenascin. But, under 
the pathophysiologic conditions, these spaces have some alternation with enhancing fibro-
nectin and tenascin, then the accumulation of Type I, Type III collagen, elastin, and laminin. 
Thereby, liver parenchyma has to be remodeled to accumulate bands of scar tissue. HSC in 
the liver is a perivascular mesenchymal cell, the chiefly fibrogenic cell-type. One of its primary 
functions is retinoid (vitamin A) storages under normal physiologic conditions. However, 
HSC shifts into interstitial myofibroblast which can produce ECM components, profibrotic 
and proinflammatory cytokines and chemokines under the pathophysiologic condition, such 
as liver fibrosis. The activation of HSC can be triggered by responding to paracrine trigger 
from its surrounding cell-like hepatocytes and Kupffer cells as well as alternation of ECM. 
These process can be maintained by some factors and autocrine profibrogenic triggers, i.e., 
TGF-β 1 and platelet-derived growth factor. Nowadays, a well-established pivotal participant 
of both inflammatory cells and activated HSCs is Ang-II [6]. Ang-II can start a proliferation 
of myofibroblast and stellate cells, resulting in initiate inflammatory cell and release some 
profibrotic molecules, i.e., TGF-β, CTGF, and IL-1β. Both human and animal studies reported 
that overexpression of some component of RAS was found at fibrotic liver which is related 
to between Ang-II and TGF-β1 [47]. It suggests that inhibition of hepatic RAS has a beneficial 
effect on suppressing steatosis and fibrosis [12]. Therefore, increasing of Ang-II levels in liver 
tissue is tightly associated with fibrosis [32].
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There is some evidence indicated that both classic and alternative RAS might play a role in 
the development of liver fibrosis. ACE-Ang-II-AT1 axis, classic RAS, is reported to be most 
important for developing liver fibrosis (Figure 3). There is an exciting agreement that the drugs 
of ACE and AT1 inhibitors have been succeeding to heal of liver fibrosis by downregulation of 
some keys cytokines and inflammatory elements. The infusion of Ang-II is reported to cause 
bile duct epithelial cell proliferation, and exacerbation of liver fibrosis in rats with the bile duct 
ligation, resulting in to have the contribution of both local and systemic RAS. Also, Ang-II has 
a potential effect on cell growth and fibrosis which is critical processes of inflammation and 
wound healing as well. This process is activated HCSs by Ang-II though AT1. Moreover, when 
Ang-II incubates with activated HCS, it is shown to enhance intracellular calcium concentration, 
cell contraction, cellular proliferation via mitogen-activated protein kinase pathways. Ang-II in 
human HSCs causes profibrogenic effects on ROS generation via NADPH oxidase. NADPH 
oxidase is also expressed in Kupffer cells, sinusoidal endothelial cells that have to participate in 
developing fibrosis by ROS production as well. Hepatic fibrosis also related to the local RAS’s 
effect on extracellular matrix (ECM) which has a balance between ECM output and degrada-
tion by two enzymes. The name of these two enzymes is matrix metalloproteinases (MMP) and 
tissue inhibitors of metalloproteinases (TIMP), which produce and degrade ECM, respectively. 
The balance equals to 1:1. The Ang-II can run to balance favor of TIMP1 in HSCs via AT1, induc-
tion of protein kinase C. ACE or AT1 inhibitors, therefore, can make a balance again between 
these two enzymes in animal models of fibrosis. The other profibrotic effects of Ang-II depend 
on amplification of inflammatory response, inducing acute-phase reactants, ROS, releasing of 
inflammatory and fibrotic cytokines including IL6, IL1, TGF-β, TNF-α chronic, and ECM depo-
sition in liver injury. It has also induced monocyte chemoattractant protein-1 (MCP-1) and IL-8 
from HCS. MCP-1 triggers leucocytes for fortification and activation. MCP-1 could be upregu-
lated its genes by Rho intracellular pathways via Ang-II and AT1 axis. Ang-II can upregulate 
genes by activator protein-1 (AP-1), signal transducer, and activator of transcription (STAT) 
and NF-κB, which have proinflammatory efficiency, e.g., IL-6. Ang-II and NF-κB are reported 
to have a kind of positive feedback interaction on triggering the transcription of angiotensino-
gen via AT1. Kupffer cells might participate in this proinflammatory effect of Ang-II by AT1. In 
other words, activated Kupffer cells by Ang-II in the alcoholic liver disease generate TGF-β and 
TNF-α. That is why these proinflammatory effects of the Kupffer cell could be declined by AT1 
but not ACE inhibitors. This finding suggested that AT1 in Kupffer cell is a pivotal role in Ang-
II’s inflammatory effect [6]. Human studies of fibrotic treatment are reported to have difficulties 
based on the requirement of taking multiple biopsies from the patient. This brings an enormous 
ethic problem and also makes the patient suffering from pain. This cannot be acceptable for 
anyone. The other difficulties of human studies is related to the illness progression very slow 
in the most disease, e.g.,  hepatitis-C, nonalcoholic liver disease. This slow progression makes it 
difficult to determine of therapeutic beneficial of treatment. It may overcome when the studies 
are planned for tracking patient for many years [6].

Fibrosis is a complicated process including collagen-I accumulation, epithelial to mesenchy-
mal transition (EMT). EMT triggered by TGF-ß1 is a kind of structural and cellular alteration 
leading to separate cells, lose cell polarity, and gain cell adhesion, resulting in facilitating cell 
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motility. Responding to EMT, the extracellular matrix could be exposed to change for allow-
ing cell motility and express some growth factors, e.g., VEGF. Ang-II elevates TGF-ß1 level, 
α-smooth muscle actin and decreases E-cadherin. The fibrosis development after hepatic 
bile duct ligation is reported to participate in both Ang-II and Ang-1-7. According to these 
findings, although Ang-II levels increase in the first week after bile ligation, Ang-1-7 levels 
enhance after 3 weeks of bile ligation. It also emphasized that Ang-II tends to back to its 
normal level after 1 week, but Ang-1-7 maintained its priority after 2 weeks [5]. On the basis 
of these findings, it will be concluded that classical pathways of RAS, ACE-Ang-II-AT1 has 
involved in the development of liver fibrosis more than alternative RAS pathway, ACE2-Ang-
1-7-Mas (Figure 2).

Figure 3. The effect of classical and alternative renin-angiotensin system and the effect on renin angiotensin system 
blockers. The figure was modified from Refs. [6, 18].
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2.4.10. The local renin-angiotensin system in liver and nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) is a predominantly chronic hepatic disease in devel-
oped countries, and its prevalence is around 10–24% in the countries. The disease is linked 
to some illness, including obesity, hyperlipidemia, hypertension, type-2 diabetes, and insulin 
resistance (IR) [12], thus hepatic function could be elevated by losing weight [48]. In par-
ticular, there is a significant interaction between NAFLD and IR, also named metabolic syn-
drome that has found approximately 95% NADFLD patient. NADFLD has reported elevating 
inflammation and oxidative stress, leading to release inflammatory cytokines and abnormal 
lipoprotein [12]. Because metabolic syndrome is related to accumulate enormous triglycer-
ides in the tissue, it is shown that ACE antagonist by drugs could help to lose the weight in 
an obese patient [48]. Additionally, according to one of experimental study, the liver was 
indicated to gain weight when fed the high-fat diet for 12 weeks. In contrast, ACE inhibition 
by perindopril was shown to reduce the liver weight and food consume as well. The authors 
suggested that low-food intake might be concerned with Ang-II and corticotropin-releasing 
hormone (CRP), anorexic brain peptide. Ang-II receptors were reported to express at CRP-
containing neurons. Thus, Ang-II is thought to decline CRP expression from the neurons. 
Local Ang-II could cause to release leptin from isolated adipocytes; ACEI could block the 
releasing of leptin. One of the novel results of authors was that ACE activity is high in rat with 
obese-induced by high-fatty acid diet. They thought that elevation of ACE in liver led to accu-
mulate triglyceride. Also, they speculated to associate with elevation ACE and developing 
insulin resistance and type-2 diabetes. They implied when ACE could be pharmacologically 
antagonized; insulin signaling could be modified in the liver, resulting in triggering insulin 
receptor and enhancing glucose uptake by elevation bradykinin based on decline cleavage by 
ACE [48]. Indeed, liver function is also affected by systemic RAS.

Ang-II plays a significant role in the development of liver inflammation and fibrosis. So, when 
Ang-II is blocked by ACE and ACE antagonist drugs, it helps to modify some factors, e.g., 
decreasing cytokine production such as TNF-α, decreasing TGF-β, elevation of adiponectin, 
insulin, and insulin signaling at the cellular level as well as limiting the HSCs activity. HCS in 
the healthy liver has very low concentration of RAS elements, but the cell increases the RAS 
expression, e.g., ACE, AT1 under the pathophysiologic circumstance. After activation of HCS, 
the cell could produce Ang-II which led to trigger some fibrogenic effects, such as cell migra-
tion, proliferation, inflammatory cytokine, and collagen secretions through commonly AT1 
[12]. Ang-II’s fibrogenic effects in the liver, kidney, and also heart are concerned with TGF-β. 
Therefore, RAS inhibition is reported to the therapeutic effect on liver fibrosis and inflamma-
tion based on NAFLD. The oxidative stress levels are reported to relate to NAFLD and also IR 
severity. It is shown to enhance some factors, including TNF-α, TGF-β, plasminogen activa-
tor-1, IL6, and CRP at the patients with NAFLD [12].

Additionally, the liver might be affected by cardiorenal metabolic syndrome (CRS) and type-2 
diabetes mellitus based on metabolic toxicities with the development of the nonalcoholic fatty 
liver disease or steatohepatitis. The liver tissue has occurred some cellular remodeling during 
those pathologies. In the beginning, hepatocytes increase the fat accumulation as a result of 
lipolysis, triglycerides, and free fatty acids. Accumulation of fat triggers oxidative stress and 
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ROS production. Two hypotheses have been proposed to elucidate nonalcoholic fatty liver 
disease progression. The first theory is associated with CRS causing to the development of ste-
atosis. The second approach is associated with hepatocytes injury, inflammation, and fibrosis, 
which causes mostly oxidative stress, elevated cytokines synthesis. The development of fibro-
sis and accumulation of ECM predominantly rely on HCS activity, a sinusoidal pericyte cell. 
HCS led to accumulate type-I and type-III collagen around hepatic sinusoids, probably result-
ing in destroying the structural and function of sinusoidal and endothelial cell-hepatocytes. 
Local RAS in the liver has shown to play a major role in the development of liver fibrosis. That 
is why Ang-II blockage could be attenuate oxidative stress, steatosis, inflammation, and fibro-
sis[2]. Those studies were pointed out the role of systemic RAS in NADFLD. We can speculate 
that there is no available research directly indicated the local RAS in liver. While Ang-II could 
involve a kind of NADFLD, it still needs also to evaluate the role of local RAS in liver.

2.4.11. The local renin-angiotensin system in liver and acute liver failure

Paracetamol is one of the commonly utilized drugs as a painkiller and for decreasing fever 
when it is used at therapeutic doses. It caused hepatotoxicity when it overdoses, a worldwide 
problem, resulting in acute liver failure. The drug’s metabolized process is mainly carried out 
at liver and converted to it nontoxic metabolites which extracted by urine. But, its small pro-
portion usually less than 5% is also metabolized by the cytochrome P450 (CYP) enzyme system 
(generally CYP2E1), and converted to it highly reactive metabolite, named as N-acetyl-p-
benzoquinone imine (NAPQI). Its reactive metabolite leads to a toxic effect through oxidative 
stress. NAPQI covalently binds intracellular proteins based on its reactive electrophilic prop-
erty. Although NAPQI reacts with reduced glutathione (GSH) shifting to nontoxic metabo-
lites at its therapeutic dose, it also reacts with GSH at high doses of paracetamol, but GSH 
could not have enough level of enormous reactive metabolites, resulting from oxidative stress 
and mitochondrial dysfunction. GSH is one of the vital antioxidant enzymes for suppressing 
of the oxidative compound. A decline of GSH could cause mitochondrial oxidative, depress 
mitochondrial respiration, and adenosine triphosphate deprivation, resulting in hepatocytes 
and sinusoidal endothelial cells necrosis. Ang-II is well documented to exaggerate oxidative 
stress. So, Ang-II blocked by aliskiren, renin inhibitors, is reported to decline acute toxicity of 
liver-induced by paracetamol by decreasing oxidative stress. Moreover, aliskiren is shown to 
reduce elevated TGF-α and downregulate activated Kupffer cells and HSCs at the acute liver 
injury induced by paracetamol [49].

3. Conclusion

After recognition of local RAS, the new insight of RAS is shifted to local or tissue due to 
its endocrine function. Systemic RAS may not play important role under pathophysiologic 
conditions but local RAS may play a crucial role under pathophysiologic conditions, espe-
cially independent and/or dependent systemic RAS. The studies have shown that local RAS 
in the liver has a crucial role not only in maintaining the physiologic functions but also in 
 developing pathophysiology. There are limited studies available to evaluate local RAS under 
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a pathophysiologic circumstance. The component of local RAS may present a small amount 
expression in the normal liver tissue. However, its component expressions are increased 
under a pathophysiologic condition, leading to enhance of importance and effects of RAS in 
the tissue. So, some pathophysiologic conditions have been indicated to relate to local RAS, 
such as liver fibrosis, portal hypertension, insulin resistance, liver cirrhosis, cancer growth, 
and metastasis. That is why the new studies are needed to evaluate the local RAS under a 
pathophysiologic condition.
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Abstract

Food proteins contain active peptide fragments encrypted within their structure that can
exert beneficial effects on human health above and beyond their expected nutritional
value. Among many types of food-derived peptides, peptides with antihypertensive
activity have received the most significant attention due to the prevalence of hyperten-
sion and its associated complications with pharmacological interventions. One strategy
for the selection of potential food-derived antihypertensive peptides is to search for
in vitro renin inhibitory activity. Thus far, various food protein-derived peptides and
protein hydrolysates have shown in vitro renin inhibitory capacity. Many of these pep-
tides have induced antihypertensive effects when orally administered to spontaneously
hypertensive rats, and also, antihypertensive effects in hypertensive humans have been
reported. Indeed, the results indicate that antihypertensive food protein-derived pep-
tides may be acting at the same time via multiple pathways at the protein level as well as
at the gene level modulating the renin-angiotensin system. Important knowledge on
structure-function parameters of peptides is increasing constantly, which can greatly
enhance the production and processing of peptides with high physiological efficacy. By
means of novel nutrigenomic approaches, it is possible and, in future, perhaps essential
to investigate the impact of peptides on the expression of genes and hence endeavor to
optimize the nutritional and health effects delivered by peptides. Novel technologies are
available to standardize and stabilize the concentrations of active peptides in the prod-
ucts in down-stream processing. The existing data provide strong potential for develop-
ing new added-value products with scientifically approved health effects for consumers.
This review provides an overview of food-derived peptides that may mediate the antihy-
pertensive activities through inhibiting renin, one of the key enzymes in renin-angiotensin
system, and reviews also the safety and applicability aspects of the these peptides.

Keywords: bioactive peptide, renin inhibition, antihypertensive, peptides
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1. Introduction

Cardiovascular diseases (CVD) account approximately one third of the total deaths, totaling ≈17
million annually worldwide [78]. Hypertension is considered one of the key risk factors for
the development of CVD such as coronary heart diseases, peripheral artery disease and stroke,
and kidney disease. Hypertension is often termed as “silent killer” affecting 1 billion people
worldwide and causes up to 9 million deaths every year. In addition to health burden, treat-
ment and prevention of hypertension are also associated with substantial socioeconomic
consequences. A range of synthetic drugs, such as direct vasodilators, diuretics, adrenergic
inhibitors, and angiotensin converting enzyme inhibitors, are commonly used for the treat-
ment of hypertension [50]. The estimated costs for treating hypertension and related diseases
were $156 billion in the USA in 2011 and nearly €110 billion in Europe in 2006. Healthy
lifestyle choices and early treatment for individuals with mild hypertension are of high impor-
tance for reducing the global healthcare costs [50].

In addition to nutritive value of food proteins, they can have various biological activities either
intact or after released during processing or digestion. The active peptide fragments, bioactive
peptides, can exert beneficial effects on human health in addition to nutritional value. These
fragments can be released from various food proteins by gastrointestinal digestion or food
processing. According to the Biopep and BioPD (bioactive peptide database) databases, more
than 1200 different bioactive peptides have been recorded. These peptides have 2–20 amino
acids and molecular masses of less than 6000 Da. Their bioactivity is mainly determined by
their composition and amino acid sequence [17, 56, 64]. Especially, peptides with antihyper-
tensive activity have received the significant attention due to the persistence of hypertension
and its associated complications. Inhibition of angiotensin I converting enzyme (ACE) has
been the main target of these peptides. ACE plays crucial role through renin-angiotensin
system (RAS) in the regulation of blood pressure and electrolyte balance in human body. At
present, the correlation between in vitro and in vivo antihypertensive activities appears to be
weak [18, 23]. To develop effective antihypertensive peptides, it is important to understand the
complex pathophysiology of hypertension and the potential targets where these bioactive
peptides may exert their specific actions. This review provides an overview of food-derived
peptides that may mediate the antihypertensive activities through inhibiting renin, one of the
key enzymes in RAS.

2. Renin-angiotensin-aldosterone system

In cascade system of blood pressure regulation, the renin-angiotensin-aldosterone system
(RAAS) plays a key role. The importance of RAAS in diseases such as hypertension, congestive
heart failure, and chronic renal failure has been recognized; moreover, the inhibition of RAAS
is an effective way to intervene with the pathogenesis of these disorders [11, 43]. Secretion of
renin (EC 3.4.23.15) is the first step in RAAS pathway and, importantly, also the rate-limiting
step of the RAAS by converting angiotensinogen (Ang) into inactive decapeptide angiotensin I
(Ang I), which is converted at the endothelial surface of blood vessels by the enzyme ACE into
angiotensin II (Ang II), the primary effector molecule of the RAAS. Therefore, physiological
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total renin activity, measured as plasma renin activity, can reliably indicate the risk of hyper-
tension, and the inhibition of renin activity by natural products can be explored for the
management of hypertension. Inhibition of renin could provide a more effective treatment for
hypertension as it prevents the formation of Ang-I, which can be converted to angiotensin II
(Ang-II), the vasoconstrictor compound, independent of ACE, by the enzyme chymase. In
addition, unlike ACE which acts on a number of substrates, angiotensinogen is the only
known substrate of renin. ACE inhibitors and AT1 receptor blockers (ARBs) are proven to be
effective therapeutic agents in the treatment of CVD. However, both ACE inhibitors and ARBs
lead to a substantial compensatory rise of circulating active renin and Ang peptides that may
eventually limit their therapeutic potential [24, 67]. Moreover, the increased Ang I can be
converted to Ang II by nonACE pathways, mediated by chymase and chymotrypsin-like
enzyme. In addition to the side effects of ACE inhibitors, such as cough and angioedema, a
meta-analysis of randomized controlled trials in 2010 suggested that ARBs are associated with
a modestly increased risk of new cancer diagnosis, although conclusions about the exact risk of
cancer associated with each particular drug have not been drawn [65]. Therefore, direct renin
inhibition may be an alternative pharmacological approach to RAS inhibition.

The first-generation renin inhibitors were peptide analogs prosegment of renin or substrate
analogs of the amino-terminal sequence of angiotensinogen containing the renin cleavage site
and were synthesized already more than 30 years ago. The second generation inhibitors were
peptidomimetic agents that are dipeptide inhibitors of the active site. However, the clinical use
of these renin inhibitors is limited due to poor metabolic stability and oral bioavailability,
short duration of action, weak antihypertensive activity, and high cost of synthesis [61, 66].
Pepstatin, a statine-containing hexapeptide, is the first reported renin inhibitor, but the inhibitory
activity of pepstatin was remarkably lower against renin than against pepsin [20]. An endoge-
nously expressed renin-binding protein (RnBP) has been reported to inhibit renin activity [68]
based on the selective binding mediated by a leucine zipper (f195–216) in RnBP [33]. The
primary RnBP sequence in the renin-binding region is a valuable information for designing
potent renin-inhibiting peptides that may be identified and released from food proteins using
bioinformatic tools. Aliskiren is the only commercial clinically proven synthetic renin inhibitor
for managing hypertension; it has been approved for use in Europe and the United States from
2007 [34]. It has been found to be a more effective antihypertensive agent than ACE inhibi-
tors [74], but recent clinical evidence suggests that Aliskiren may be harmful to patients with
type 2 diabetes who are at risk of developing cardiovascular and renal diseases [54].

3. Structural characteristics of food protein-derived renin inhibitory
peptides

To reduce the time and cost-intensive steps in the peptide discovery with the conventional
pathway, it is important to understand the relationship between peptide structure and subse-
quent bioactivity. By utilizing the knowledge of structure activity relationship putatively,
active peptide sequences can be released in a targeted manner. To date, the research has
focused in production and characterization of bioactive peptides, and data concerning the
structure-activity relationship are still quite limited.
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Renin is a 335-amino acid, glycosylated aspartic protease belonging to pepsin-like fam-
ily [14, 69]. In contrast to other aspartic proteases such as pepsin, which cleaves a wide variety
of substrates, renin specificity is very restricted. The high specificity of renin catalysis is
explained by the restricted three-dimensional space of the active site. The C- and N-terminal
domains of renin form a deep cleft constructing the active site in which the inhibitors
bind [34, 60]. Angiotensinogen is the highly specific physiological substrate of renin, but new
renin inhibitors—among which the best known is nonpeptidic Aliskiren—have been devel-
oped based on the structural data of the active site [34]. Aliskiren is an orally active renin
inhibitor with a very high binding affinity for renin [77], but it is a complicated molecule and
thus, drugs simpler in structure and with high bioavailability are desirable in the drug market.

The structure of the active site of renin and the binding of Aliskiren is illustrated in Figure 1 [58]. It
is known that the binding to the catalytic aspartate residues is vital for all the protease inhibi-
tors [9]. The active renin inhibitors seem to presuppose interactions with the aspartate residues of
renin (Asp 32 or Asp 215) and the S3sp sub pocket unique for renin. Thus, it has been suggested
that any new renin inhibitor should interact with these sites in the active site of renin [58].

Several renin inhibitor peptide sequences have been identified thus far (Table 1), however,
quite little is known on detailed structure-activity relationship (SAR). Some general character-
istics, such as hydrophobicity and molecular size of the peptide fractions, are suggested to
correlate with the renin inhibitory activity, but the results are somewhat contradic-
tory [2, 31, 36, 40, 44]. Taken together, the position of amino acid residues in the peptide
sequence is more important for the renin inhibition capacity than the actual molecular size or
total net charge.

The presence of N-terminal aliphatic (e.g., leucine, isoleucine, valine) and C-terminal bulky
amino acid residues (e.g., phenylalanine, tryptophan) has been suggested to contribute to

Figure 1. Binding mode of aliskiren as produced from crystallographic data. The protein backbone is shown in ribbons.
Residues of the binding site are displayed as gray sticks and aliskiren as ball and sticks. The right panel shows a zoom in
the active site and the formed H-bonds with aliskiren [58].
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higher renin inhibitory activity of dipeptides [71]. For example, dipeptides Leu-Tyr, Ile-Trp,
and Thr-Phe have been reported to inhibit renin activity with IC50 values of 1.8, 2.3, and 3.7 mM,
respectively [30]. The structures of these peptides mostly agree with the characteristics pro-
posed to contribute to renin inhibition. The importance of C-terminal bulky hydrophobic
amino acid residue was also observed by changing the position of amino acids residues from
Thr-Phe to Phe-Thr, which resulted to substantial decrease in renin inhibition [30, 71]. How-
ever, highly hydrophilic peptides, such as Gly-His-Ser, have also been reported to inhibit renin
with IC50 value of 1.09 mM [31]. Also, a cationic tetrapeptide Arg-Ala-Leu-Pro and a 13-amino
acid residue, Ile-Arg-Leu-Ile-Ile-Val-Leu-Met-Pro-Ile-Leu-Met-Ala, have also shown rather
high renin inhibitory potency [22, 30]. The highest renin inhibitory activity among the reported
food protein-derived peptides thus far is 0.054 mM for Trp-Tyr-Thr produced from hemp seed
protein [27]). Taken together, more research is needed to gain more knowledge on detailed
SAR for designing potential renin inhibitory peptide sequences as physiological antihyperten-
sive agents.

Quantitative computational tools are increasingly applied in medicinal and pharmaceutical
drug discovery. At present, the relationship of peptide structure and bioactivity, especially
the enzyme inhibitors of ACE are known in some extent. The knowledge of the active
peptide sequences enables utilization of quantitative structure-activity relationship model-
ing (QSAR) for evaluating the crucial physicochemical features of the peptide for the effec-
tive bioactivity. A small number of QSAR studies have been carried out on ACE-inhibitory
peptides [59, 66] however, no studies have been carried out with seeking potential renin
inhibitory peptides.

4. Bioavailability

To induce health effects in vivo, peptides need to reach the physiological target organs in intact
and active conformation. Considering the renin inhibition, there are three main barriers and
hydrolytic threats on the way to the in vivo outcome: the digestive proteinases in the gastroin-
testinal tract, enzymes in the site of absorption, and serum peptidases in the circulation. Thus
far, the published data concerning the bioavailability of the peptides, which have shown
in vitro renin inhibitory activity, are very limited. This makes it very difficult to predict the
in vivo antihypertensive effect of the in vitro renin inhibitory peptides. However, some struc-
tural characteristics have been shown to correlate with the bioavailability of, e.g., ACE-
inhibitory peptides. These general peptidic characteristics can be considered with renin inhib-
itory peptides as well.

At first, after oral ingestion bioactive peptides need to resist the hydrolytic actions in stomach
by pepsin and pancreatic peptidases, including trypsin, elastase, and chymotrypsin, and
further, carboxypeptidases in the small intestine. Several different methods have been applied
to model the gastrointestinal digestion in vitro. Most of the methods not only concern utiliza-
tion of commercial porcine enzyme mixtures (e.g., Refs. [42, 46, 75]) but also human digestive
liquids have been utilized [19, 49]. Due to the variation in the methods, the comparison of the
results across the studies is difficult and thus, a harmonization of the various in vitro methods
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would be important. A consensus for a static process to model the digestion of plant secondary
metabolites has been constructed based on in vivo data [3]. Indeed, the future research should
focus more on the in vivo bioavailability of the peptides and based on the correlation with
in vivo data, a harmonized in vitro method could be proposed.

The peptides are exposed to peptidolytic digestion also on the brush border membrane of the
intestine. There are number of peptidases with varying specificities bound on the intestinal
epithelial cells. It has been suggested that dipeptide and tripeptide tend to resist the gastric and
duodenal digestion and also the hydrolytic action of peptidases at the brush border mem-
brane. These small peptides can be absorbed by active transcellular transport or by passive
process [63]. To study the absorption in vitro, the monolayer of intestinal cell lines, such as
Caco-2 cells, simulating intestinal epithelium, is commonly utilized. Clinical data concerning
the bioavailability of bioactive peptides are very restricted; however, ACE-inhibitory lactotri-
peptides, Ile-Pro-Pro and Val-Pro-Pro, have been detected in human and animal circulatory
system after oral ingestion [25].

5. Effects of food protein-derived renin inhibitory peptides in vitro and
in vivo

The most widely utilized method for assessing the renin inhibitory potential in vitro is a
fluorometric assay utilizing a human recombinant renin (Cayman Chemical, MI, USA). Recent
data indicate that some food protein-derived hydrolysates and peptides possess in vitro renin
inhibitory activity. Inhibiting activity against human recombinant renin has been reported, for
instance, for hemp seed, pea, bovine blood, and chicken skin protein-derived hydrolysates
produced by various food grade proteases (Table 1).

Among the protein hydrolysates, the highest renin inhibitory activities have been reported for
hemp seed protein hydrolysates with IC50 values of 0.08–0.81 mg/ml [27, 44]. These activities
are at the same level with the synthetic renin inhibitor Z-Arg-Arg-Pro-Phe-His-Sta-Ile-His-Lys-
(Boc)-OMe [22]. Alcalase has yielded to very active renin-inhibiting hydrolysates (e.g., Refs.
[2, 30]), and also pancreatin and papain have produced high renin inhibitory activity (e.g.,
Refs. [21, 27]). Papain has also exhibited good prospects in silico in releasing renin inhibitory
peptides from, for instance, bovine fibrinogen [37]. Moreover, simulated food protein hydro-
lysis with gastrointestinal enzymes has also resulted in products with renin inhibitory activi-
ties [27, 51]. Taken together, the efficiency of the protease to release renin inhibitory peptides
seems to depend on the parent protein matrix. Thus, in silico tools are recommended to be
utilized prior to the in vitro experiments to predict the efficacy of proteases with the particular
protein matrixes.

Spontaneously hypertensive rats (SHR) are widely used animal model to assess the antihyper-
tensive effects by in vivo experiments. This animal model is applied in short- and long-term
manners, for example, to study the antihypertensive effects of milk protein-derived pep-
tides [18, 23]. Recently, food protein-derived renin-inhibiting peptides and protein hydroly-
sates have induced antihypertensive effects when orally administered to spontaneously
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hypertensive rats. Decreases in SBP by 19–33 mmHg have been reported for instance, for
enzymatic hydrolysates of chicken skin, red seaweed (Palmaria palmata), hemp seed, and pea
protein (Table 1). Generally, the purified renin inhibitory peptides and RP-HPLC fractions
have exerted the antihypertensive activities at lower dosage (30 mg/kg bw) compared to the
crude protein hydrolysates and membrane-filtrated fractions, which has shown similar anti-
hypertensive effects with 100–200 mg/kg bw (Table 1). Hydrolysates and peptides have shown
dual inhibition against renin and ACE, or modulation capacity on the RAAS gene expression.
Thus, the antihypertensive effects are not solely due to the renin inhibition (e.g., Ref. [41]). For
example, egg-derived pentapeptide RVPSL has been recently shown to decrease renin mRNA
expression in the kidney of SHRs with a dosage of 50 mg/kg bw administered daily for 4
weeks [79]. Also, weakly active renin-inhibiting peptides have been shown to display physio-
logical antihypertensive activity. Aweakly active pea protein hydrolysate (19% renin inhibition
at 1 mg/ml) exhibited SBP lowering effects in SHRs and in a kidney disease rat model and was
found to downregulate renal expression of renin mRNA in the rat model (Table 1). Also, the
pea protein hydrolysate showed antihypertensive effects in hypertensive humans in a 3-week
intervention trial (Table 1). This indicates that antihypertensive food protein-derived peptides
may be acting at the same time via multiple pathways at the protein level as well as at the gene
level modulating the RAAS.

6. Production of food protein-derived renin inhibitory peptides

A general challenge is how to process the protein hydrolysates further into peptide products
with high yield and biological efficacy. Careful choice of suitable enzymes and conditions such
as temperature, hydrolysis time, degree of hydrolysis, and enzyme-substrate ratio are crucial
for production of peptides with targeted bioactivities and functional properties. Hydrolysis
process is recommended to be performed as a continuous process rather than traditional batch
process to reduce the enzyme consumption and increase the efficacy [45, 76]. One advantage of
enzymatic hydrolysis process is the feasibility in pilot and industrial scale production [6, 7, 28].

To enhance the bioactivity, the active peptides should be concentrated after protein hydrolysis.
Size, net charge, and hydrophobicity of the peptides have an important role to select the most
suitable techniques to enrich the active peptides. The commonly used techniques include
ultrafiltration membranes and chromatographic techniques to obtain an uniform product with
the desired range of molecular mass (e.g. [15]). For example, ultrafiltration with 1 kDa mem-
brane has been utilized to concentrate renin inhibitory peptides from rapeseed protein
hydrolysate into permeate [36, 38, 48]. In addition to separation based on molecular size,
ultrafiltration can be applied to separate peptides according to the net charge. This
electrodialysis-ultrafiltration can be utilized to separate anionic, cationic, and neutral peptides
of corresponding size range [5, 16, 17]. Large-scale chromatographic methods, used in sugar
recovery and wastewater treatments, have been used to enrich peptides from hydrolysates and
to separate off ineffective peptides or further undesirable components of the hydrolysates,
such as colors, abnormal flavors, and/or salts [10]. Large-scale food-grade processing protocols
for designed peptides fractions are needed for further development. Understanding the
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structural characteristics of peptides with targeted bioactivity and exploitation of these char-
acteristics is a crucial requirement for this approach.

7. Safety aspects of peptides

The term food allergy refers to an immune response directed toward food and affects approx-
imately 8% of children and 1–2% of adults, and its frequency is increasing [35]. Most allergens
reacting with IgE antibodies are proteins found in peanuts, soybeans, tree nuts, milk, egg, fish,
crustaceans, and wheat [53, 70].

European Food Safety Authority (EFSA) encourages the use of in silico tools for initial predic-
tion of potential allergens from food proteins [8]. Although the toxicity and the allergenicity of
food products must be assessed also in vitro and in vivo, the in silico tools can be also used to
predict the toxicity of peptides [29]. The available bioinformatics-based allergen prediction
tools consist of two groups. The first group is based on searches for sequence similarities
following the Codex alimentarius guidelines produced by the Food and Agriculture Organi-
zation (FAO) and the World Health Organization (WHO), which states that a “protein is
potentially allergenic if it either has an identity of over six contiguous amino acids or a
minimum of 35% sequence similarity when compared to known allergens” [13]. The second
group utilizes databases aiming to identify conserved, allergenicity-related linear motifs [13].
AlgPred (http://www.imtech.res.in/raghava/algpred/) integrates different approaches by means
to predict the allergenicity of proteins [62].

After ingestion of food, proteins are naturally hydrolyzed in the gastrointestinal digestion. The
digestion often produces peptides with low MW and free amino acids, which are transported
across the intestine wall [57]. Highly hydrolyzed proteins and peptides with low MW are not
generally toxic and are known to be less allergenic than the native proteins and are widely used
in the formulation of hypoallergenic infant foods [32]. However, toxic peptides have been identi-
fied from plant as well as animal origin, and they can result in acute, physiological effects, and
death. Toxic peptides are usually rich in residues like Asn, Cysm His, and Pro, whereas nontoxic
peptides contain dominantly residues Ala, Arg, Gln, Ile, Leu, Lys, Met, Phe, Thr, and Val. [53].

Altogether, the in silico assessment of toxicity is not enough, and in vivo studies in animal
models should be carried out before human consumption. The in vivo assessment of the
toxicity of food products must be carried out following the guidelines proposed by interna-
tional authorities. Large quantities of scientific evidence and tests need to be carried out on
vertebrate models and cell lines, or unicellular microbial species [47]. Multiple peptide toxicity
studies have been carried out in animal models to date [12, 57].

8. Application

Intensive research on bioactive peptides being carried out around the world has already led to
the introduction of a wide range of commercial products. The bioactive peptides offer an
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digestion often produces peptides with low MW and free amino acids, which are transported
across the intestine wall [57]. Highly hydrolyzed proteins and peptides with low MW are not
generally toxic and are known to be less allergenic than the native proteins and are widely used
in the formulation of hypoallergenic infant foods [32]. However, toxic peptides have been identi-
fied from plant as well as animal origin, and they can result in acute, physiological effects, and
death. Toxic peptides are usually rich in residues like Asn, Cysm His, and Pro, whereas nontoxic
peptides contain dominantly residues Ala, Arg, Gln, Ile, Leu, Lys, Met, Phe, Thr, and Val. [53].

Altogether, the in silico assessment of toxicity is not enough, and in vivo studies in animal
models should be carried out before human consumption. The in vivo assessment of the
toxicity of food products must be carried out following the guidelines proposed by interna-
tional authorities. Large quantities of scientific evidence and tests need to be carried out on
vertebrate models and cell lines, or unicellular microbial species [47]. Multiple peptide toxicity
studies have been carried out in animal models to date [12, 57].

8. Application

Intensive research on bioactive peptides being carried out around the world has already led to
the introduction of a wide range of commercial products. The bioactive peptides offer an
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exciting opportunity in the area of the development of novel functional foods which in turn
could contribute to the prevention and management of certain diseases, such as hypertension,
type 2 diabetes, or obesity, and more broadly metabolic syndrome. The functional foods or
food ingredients containing milk-derived bioactive peptides, such as the fermented milk
Calpis, are already in the market [55]. The claims related to peptides are hypotensive proper-
ties, aiding mineral absorption, improving athletic performance, and reducing stress. Since
1991, the Ministry of Health and Welfare in Japan has awarded the status of Food of Specific
Health Use (FOSHU) to foods with scientifically validated health claims. Since then, anti-
hypertensive peptides, such as Val-Pro-Pro, Ile-Pro-Pro, Val-Tyr, have obtained FOSHU
approval [55]. In Europe, applications for nutrition and health claims are submitted to the
European Food Safety Authority (EFSA) under Regulation 1924/2006 and are evaluated by
Dietetic Products, Nutrition and Allergies (NDA) panel of scientific experts [4]. There are three
categories of health claims as defined by EU legislation. Article 13.1 claims are defined as new
function or emerging science claims. Recently, the aspects concerning the scientific information
needed for the use of a health claim in the functional food product labeling and marketing
should include the scientific evidence on the beneficial effects of the product. The characteri-
zation of food components with in vitro and animal models is needed but they are not
sufficient to substantiate the biological functionality in humans. Human studies to investigate
the effects of food or food components on reliable markers, such as blood pressure and
oxidative damage, are essential. There is still a lot of confusion within the food industry as to
what evidence is required with the EU. Regarding the applications already processed, the
Commission of European Communities has not yet authorized any claims relating to the effect
of bioactive peptides in foods.

9. Conclusions

There is no doubt that the hydrolysis of proteins gives rise to diversity of peptides, some of
them displaying remarkable functionalities relevant to human health. The research should
encourage the industry to invest more in the added-value products with scientific evidence of
health benefits. To this end, novel technologies are available to standardize and stabilize the
concentrations of active peptides in the products by means of chromatographic, membrane
separation techniques, and encapsulation. Important structure-function parameters of pep-
tides are increasing constantly, which can greatly enhance the production and processing of
peptides. With improved understanding of the structure-activity relationship, we may be able
to design targeted enzyme hydrolysis strategies to release these peptides.

According to Foltz et al. [25], it appears that it is only valid to propose efficacy once the peptide
exhibits reasonable proteolytic stability and physiologically relevant absorption, distribution,
metabolism, and excretion profiles. In this field, more in-depth topics include the stability of
the biological activity of peptides, during processing as well as in vivo in the body before being
absorbed and transported to the target site. Greater understanding of the biological fate of
peptides and the site of action will allow delivery or an effective dose and formulation of the
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peptides to ensure that they reach their target sites. Moreover, we need to gain better under-
standing of the relationship between these in vitro activities and, especially, long-term health
benefits in humans and establish appropriate biomarkers of biological efficacy. For example,
the extent of the antihypertensive effects has been suggested to depend on the nature of
delivery system, dose, study duration, genetic background of the subjects, and stages of
hypertension (reviewed in [72]). Furthermore, molecular studies are needed to assess the
mechanisms by which bioactive peptides exert their activities in the body. To this end, it may
be necessary to employ proteomic and metabolomic methods. By means of these novel
nutrigenomic approaches, it is possible and, in future, perhaps essential to investigate the
impact of peptides on the expression of genes and hence, endeavor to optimize the nutritional
and health effects delivered by peptides.

The safety of all novel peptides intended for food or pharmaceutical uses should be tested in
accordance with international and national food safety regulations. In cases of products
intended to be marketed in the EU member states, the novel food legislation has to be
observed. Other challenges with dietary bioactive peptides are posed by health claims, which
in the EU countries are strictly regulated and require science-based documentation before
approval by the European Commission. At present, there are worldwide efforts to harmonize
these regulations so as to develop fair global food marketing and protect consumers against
false or misleading product information.
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