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Preface

This book aims to provide a selection of chapters reviewing some of the most 
relevant and interesting physiological and pathophysiological roles of the renin-
angiotensin system (RAS) and discussing novel scientific findings. 

The complex and convoluted RAS has been investigated for many years and, 
through rigorous scientific research, many important and previously unknown 
components and functions of the RAS have come to light. These discoveries 
have been crucial in the understanding of this system and provide a basis for 
effective modulation of the system as part of therapeutic strategies for a number 
of widespread disorders. New studies are continuing to elucidate the RAS and the 
mechanisms associated with its functions. 

The first chapter, written by Dr. A. Poisner, gives a chronological overview of 
the many years and decades of important research of the RAS as the scientific 
community expanded on the importance of this physiological system and 
established a structured portfolio of knowledge and information about it. The 
chapter is written with a focus on the personal experiences of Dr Poisner. The next 
chapter by Dr M. Ciocoiu et al. discusses the genomics, proteomics and therapeutic 
implications of the RAS. In the following chapter by Dr A. Kibel and coworkers, 
the significance of the RAS in clinical conditions is presented. The role of RAS 
in clinically relevant contexts, such as hypertension, heart failure, diabetes mellitus 
and others can be crucial for both pathogenic reasons and because of therapeutic 
targeting. The emphasis of the role of the RAS in the treatment of essential 
hypertension is brought further into focus by Dr G.B. de Oliveira Salvador in his 
chapter. The intratubular and intracrine RAS in the proximal tubules of the kidney 
and Its roles in angiotensin II-induced hypertension is discussed by Dr X. C. Li and 
colleagues. Interesting new scientific results regarding other roles and mechanisms 
connected to the RAS are susequently discussed in chapters by Dr K. Satue et al. 
and Dr G. I. Gomez et al. The final chapter of the book, by Al-kuraishy et al., deals 
with the implications of the new pandemic of COVID-19 as it relates to specific 
aspects of the RAS and discusses a potential link to Dipeptidyl Peptidase-4.

Taken together, the selected chapters in the book discuss relevant scientific knowl-
edge about the RAS and intend to introduce the reader to cutting-edge research 
of the RAS with an accentuation on the mechanisms on functional/physiological 
and on the molecular/cellular levels.

Dr. Aleksandar Kibel
Osijek University Hospital,

Croatia
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Chapter 1

From Angiotensin to Renin to 
Prorenin and from the Adrenal to 
the Kidney to the Placenta and the 
Lungs: An Historical Journey
Alan Poisner

Abstract

In 1966 I carried out a study on the role of calcium on angiotensin’s stimulant 
effects on the adrenal medulla. Since then I have been studying the renin- 
angiotensin system (RAS) for over a half-century in a wide variety of biological 
preparations, while awareness of its complexity has exploded. My journey has 
involved studies on genes, proteins, organelles, cells, tissues, glands, organs and 
whole animals. This chapter reviews what my colleagues and I have learned from 
these different levels of organization and is not meant to be an update on all fea-
tures of the RAS. My studies have included experiments on: perfused cat adrenal 
glands; genetic and second messenger control of catecholamine synthesis and 
secretion from cultured bovine chromaffin cells and from rats in vivo; renin storage 
and release in the rat kidney and secretory granules; properties of isolated renin, 
prorenin and renin-like proteins; hormonal and second messenger control of pro-
renin secretion from human utero-placental tissues; renin/prorenin in a variety of 
tumors; and the effect of RAS drugs in a rodent model of pulmonary fat embolism. 
This most recent study has direct clinical application. I conclude with what I have 
learned about biomedical research and lessons for the future.

Keywords: angiotensin, renin, prorenin, prorenin receptor, renin-angiotensin 
system, adrenal medulla, lungs, kidney, placenta, chromaffin granules, calcium,  
fat embolism

1. Introduction

Awareness of the complexity of the renin-angiotensin system (RAS) has 
increased exponentially since it was initially considered relevant only to hyper-
tension and has led to an explosion of understanding in biochemistry, molecular 
biology, cell physiology, anatomy, pharmacology, and pathophysiology. I have been 
involved in studies at all these levels in a wide variety of experimental models in 
animals and humans for over 50 years. This chapter is a review of what my col-
leagues and I have learned over the course of this half-century. This is not meant 
to be an update on all features of the RAS but rather the advances over the years 
in my personal research journey. It represents almost half of my total research 
publications.
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This has included studies on the effects of angiotensin on the adrenal medulla 
in intact cat adrenal glands and cultured bovine chromaffin cells, renin storage and 
release in the rat kidney and secretory granules, properties of isolated proteins, 
hormonal and second messenger control of prorenin presence and secretion from 
human utero-placental tissues and renin/prorenin in a variety of tumors. These 
studies have implicated the RAS in a rodent model of pulmonary fat embolism syn-
drome (PFE) and showed that drugs acting at different steps in the RAS provided 
protection, suggesting that this approach could be useful in treating/preventing this 
potentially fatal condition. Investigating the RAS in many models in animals and 
humans should increase our understanding of normal and pathological processes 
and thus improve therapy/prevention of a variety of diseases. For the sake simplic-
ity the term renin will be understood to mean total renin (renin + prorenin) unless 
specified otherwise. In extrarenal sites, prorenin may be the only one present and 
it can have some catalytic activity even without processing to the smaller protein 
renin, especially when bound to its membrane receptor.

2. Angiotensin and the adrenal medulla

2.1 Mechanism of short-term effects on the intact adrenal gland

In the early 1960s, evidence was presented that angiotensin II (Ang) could evoke 
the release of aldosterone from the adrenal cortex and catecholamines from the 
adrenal medulla, but the cellular mechanisms had not been completely identified. 
Since my colleagues and I had been mining the role of calcium in adrenal medullary 
secretion in response to acetylcholine [1], we decided to examine peptides in our 
studies and found that extracellular calcium was required for the stimulant effect 
of Ang [2]. Interestingly, one of the earliest demonstrations of the direct effect of 
Ang on adrenomedullary hormone secretion was carried out in 1963 in the labora-
tory of Wilhelm Feldberg at the National Institute for Medical Research in London 
[3] at which time I was working in the same lab on a different project during my 
postdoctoral training. Their study and our later one were carried out on the isolated 
perfused adrenal glands of cats. This is when I gained experience and insight into 
the value of using intact tissues in experimental studies without disruption of their 
cellular connections and revealed the immediate effect of treatment with peptides 
and amines. We could also stimulate the splanchnic nerve in these preparations to 
more closely simulate the natural signaling condition. Further studies on the role 
of calcium in stimulus-secretion coupling revealed its fundamental importance in 
exocytosis in exocrine secretion and neurosecretion [4–6]. This was summarized in 
several review papers [7–9].

2.2 Mechanisms of long-term effects on adrenal chromaffin cells

The next time that I had occasion to study the effects of Ang was over 20 years 
later when I was working on sabbatical in the laboratory of my former student, Dr. 
J.S. Hong, at the National Institute of Environmental and Health Sciences. His lab 
was interested in the long-term effects of agents on the adrenal medulla (as a surro-
gate for postganglionic sympathetic nerves) and the potential feedback on enzymes 
and peptides. In a series of experiments on isolated chromaffin cells, our group 
found that a stable Ang peptide (S-Ang) increased the secretion and expression 
of catecholamines and met-enkephalin as well as the mRNA expression of several 
catecholamine synthetic genes (tyrosine hydroxylase and phenylethanolamine 
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N-methyltransferase) [10, 11]. The time course of the response to S-Ang showed 
both short-term and long-term effects and revealed the increased expression of 
the oncogene c-fos [12] and its role in nuclear stimulation. These changes were 
mimicked by in vivo stimulation in rats by insulin [12]. These experiments directly 
implicated intracellular calcium as a second messenger leading to nuclear mRNA 
synthesis that required a lag time that followed catecholamine release [11].

2.3 Evidence for endogenous generation of Ang in chromaffin cells

We found evidence that endogenously released Ang from chromaffin cells could 
initiate the secretion of catecholamines and met-enkephalin from bovine chromaf-
fin cells [13, 14]. It is likely that the enzyme responsible for this is renin since renin 
has been found in the adrenal medulla and in chromaffin cells [15]. Prorenin was 
not found in these cells in control animals. These results suggest that there may be 
some autocrine regulation of adrenomedullary secretion mediated by the RAS.

3. Renin and the kidney

3.1 Properties of renin substrate

In the 1970s, we turned our attention to studies on renin and the analytical 
method of the day was to measure the generation of angiotensin I using a protein 
or polypeptide substrate. The literature indicated that renin activity from various 
sources was not inhibited by the usual SH-targeting agents but was potentiated in 
some cases by the SH-protecting agent dithiothreitol (DTT). Since we intended to 
find a useful substrate, we first studied the interaction of DTT with renin and/or 
several renin substrates (angiotensinogen). The commercially substrate available at 
the time was hog renin substrate but we also prepared a semi-purified bovine sub-
strate. We found that the potentiating effect of DTT was exerted on the substrate 
(bovine or porcine) and not on renin [16].

3.2 Subcellular storage of renin

Using our sensitive enzymatic assay and radioimmunoassay (RIA) for angio-
tensin I, we were able to initiate a number of studies on the storage of renin in the 
kidney using knowledge gained from our previous studies on secretory granules 
from the adrenal medulla [17] and the posterior pituitary [18]. The goal was to 
understand secretory mechanism for renin utilizing the secretory granules from the 
juxtaglomerular cells of the renal cortex. There had been a few studies on storage 
of renin but no systematic studies to understand their physical properties and the 
effect of isolation techniques. In our initial study we took into consideration what 
we had learned about the influence of temperature and pH on other secretory 
granules and found that crude rat kidney renin secretory granules were more stable 
when isolated at room temperature (22–25°) than at 0° and were most stable at 
pH 6.0 [19]. They were also somewhat stabilized by MgATP unlike adrenal chro-
maffin granules [20]. Later studies with more purified granules confirmed that the 
granules were more stable at room temperature but were labile if transferred from 
hyperosmotic density gradient media back to physiological tonicity [21]. When 
these purified granules were incubated at 37° instead of room temperature they 
again showed lability when they were subsequently incubated at 0° [22]. In order 
to avoid the problems with isolation in hypertonic media, we employed density 
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gradients with lower osmotic properties and at room temperature. These granules 
were stable as long as there were not transferred to 0° media and kept not far from 
pH 6.0 [23]. Granules prepared in isotonic density gradient media showed two 
peaks with short term centrifugation that was resolved with longer term prepara-
tion, suggesting that renin granules are of two sizes with the same density [23].

3.3 Renin-like activity in the rat in vivo

When we began to study renal granules, we became aware of a study of another 
angiotensin I-generating enzyme that had a lower pH optimum and preferred 
the tetradecapeptide substrate rather than the protein substrate. They called it 
pseudorenin [24]. It was found in rat plasma and a wide variety of tissues and 
in much higher concentrations in the salivary gland and the spleen than in the 
kidney. Since we could not find any physiological studies of pseudorenin in intact 
animals, we examined the changes in plasma pseudorenin and renin in rats after 
nephrectomy and in response to converting enzyme inhibition and beta-adrenergic 
receptor blockade. We found that, unlike renin, plasma pseudorenin increased after 
nephrectomy and treatment with propranolol but did change after angiotensin 
converting enzyme treatment [25]. Later we examined bovine spleen and provided 
evidence that pseudorenin is cathepsin D [26].

4. Renin in human tumors

4.1 Enzymatic analysis

Although there had been several reports of increased renin activity in serum or 
tissues of patients with renal tumors using bioassays for analysis [27, 28], none had 
followed the clinical course and biochemical evaluation of the patients and utilized 
agents interfering with angiotensin to modulate the course of the disease. We 
reported on a patient with bilateral Wilms tumor (nephroblastoma) who exhibited 
congestive heart failure, hypertension and elevated serum renin using a more 
contemporary radioimmunoassay and an international standard [29]. We found the 
patient’s clinical course and tumor size in response to surgery and chemotherapy 
were paralleled by serum renin concentrations (PRC) and his hypertension was 
ameliorated by saralasin, a peptide angiotensin receptor antagonist (this was before 
non-peptide ARBs were available). We were able to assay samples with exceed-
ingly high renin concentrations that would not be possible with simple plasma 
renin activity (PRA) assays since these high dilutions would reduce the available 
endogenous substrate to suboptimal levels. For our assays, we used substrate from 
nephrectomized sheep that was known to be a better substrate for human renin. 
Plasma renin concentration was over 4600 μU/ml before therapy (normal 30–90 in 
our lab) and fell to 69 after chemotherapy and surgery. A few months later the 
tumor size increased and so did the renin concentration [29] A partially resected 
tumor mass was found to contain renin by immunohistochemical and biochemical 
analysis (1245 μU/g).

4.2 Immunohistochemical analysis

To utilize a non-enzymatic method to localize renin, we utilized a specific 
antirenin antiserum and examined several non-renal tumors. In preliminary 
studies we found renin and prorenin in complete and incomplete hydatidiform 
moles [30, 31]. By 1990, prorenin was a widely accepted name for what had one 
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time been called “inactive renin” and we reported on its presence in cyst fluid and 
ascites in patients with ovarian tumors [32].

5. Renin/prorenin in human amniotic fluid and amnion

5.1 Purification and properties

When considering the possibility of alternative forms of renin, we noted the 
report of high concentrations of renin in human amniotic fluid [33] and sought 
to purify the enzyme from this source. We noted that the original description of 
renin in amniotic fluid included a step of acidification and that it was subsequently 
found that this caused an activation of “inactive renin”. We compared chromato-
graphic and kinetic properties of endogenous renin, acid- and pepsin-activated 
renin using bovine and hog substrate and found differences between acid- and 
pepsin-activated renin [34]. Further purification of the inactive renin allowed 
separation from the pseudorenin mentioned above that was similarly inhibited 
by pepstatin [35, 36]. We developed an assay utilizing a single tube for renin-
generated angiotensin I and the subsequent radioimmunoassay which greatly 
facilitated these studies [37]. We also showed that both prorenin and active renin 
were inactivated by ethyl diazoacetylglycinate, a compound known to inactivate 
aspartyl proteases but not pepsinogen [38].

5.2 Localization, synthesis and release from amnion

We initially demonstrated the presence of the renin and prorenin with both acid 
and trypsin activation using nephrectomized sheep plasma substrate. This showed, 
like amniotic fluid, that the bulk of the potential angiotensin-generating activity was 
in the inactive (IR)-prorenin form (about 70% in these samples) [39]. Our immuno-
fluorescence study, using antiserum to human kidney renin, showed that the positive 
cells were the amniotic epithelial cells and not contaminating chorionic cells [39]. We 
noted at the time that early initial attempts to show synthesis by cultured amniotic cells 
were negative [40]. Those studies included bioassays of samples that had initially been 
treated at pH 3.0 so some prorenin would have been activated and recorded as renin 
[40]. In our study where we did not expose samples to low pH and used trypsin activa-
tion to assay IR, we found no IR or R in medium from cultured amniotic cells although 
similarly cultured chorionic cells produced enormous quantities of IR/prorenin that 
sometimes required a dilution of 1000× to bring the samples into the assay range [41].

In another model, to assess the potential synthesis of IR from the amnion, 
we superfused separately the amnion and the chorion from a clamped fetal 
membrane in a Ussing chamber device. We found that there was a dramatic and 
increasing release from the chorion side but a low and decreasing amount from 
the amnion side [41]. Furthermore, when a high concentration of IR previously 
released on the chorion side, was superfused on the chorion side, there was no 
increase on the amnion side, thus excluding leakage or transport [41]. Since there 
are many sources of prorenin in the human uteroplacental complex at term preg-
nancy [42], there could be more than one source of its presence in amniotic fluid. 
That could include uptake from fetal urine since prorenin has been found in urine 
[43] and an uptake system in amnion has been reported [44]. The latter group 
used amnion explants and found very low levels of renin mRNA and extremely 
low levels of prorenin protein release but considered that the decidua could be the 
source of amniotic prorenin. There was no evidence of de novo synthesis in our 
experiments using undigested amnion [41].
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6.  Prorenin production and release from human chorion and chorionic 
trophoblasts

6.1 Purification and properties

After determining that the amnion was not a likely source of prorenin in the 
amniotic fluid, we turned our attention to the other major fetal membrane, the 
chorion, and more specifically the chorion leave (free chorion). In our initial report 
[45], we noted the early work that suggested that Hofbauer cells (fetal macro-
phages) and not trophoblasts or fibroblasts were the renin-containing cells, using 
the Bowie stain that showed renin in the kidney We used an immunofluorescence 
technique and employed an antiserum to a highly purified renin preparation from 
human kidney that we subsequently realized recognized both renin and prorenin. 
We found that the renin immunoreactivity in the chorion was strictly localized to 
the cytotrophoblast layer [45]. Subsequent biochemical studies showed that the 
“inactive renin” from chorion and culture medium from chorionic cells is definitely 
prorenin [46]. In addition, we found that this same cell layer was positive for hCG 
[47] and there was a relatively constant ratio of renin/hCG in purified chorionic 
cells: 5.14 μU renin/mIU hCG. Here and elsewhere the terms renin and prorenin and 
IR are used interchangeably except where noted since all or almost all the renin is 
present as prorenin.

6.2 Release of prorenin and hormones from intact membranes and isolated cells

We used our superfused membrane, preparation to show that both prorenin and 
hCG were released at a constant or increasing rate even after 80 minutes [47]. An 
interesting finding from our studies on the superfused chorion was the short term 
release of prorenin by angiotensin II [48]. We also found that angiotensin induced 
the release of LHRH (GnRH)-like activity from this preparation [49]. In parallel 
experiments we demonstrated specific binding of angiotensin II to these cells [49].

Since the purified chorionic cells could be grown in tissue cultures for many 
days, we were able to examine factors that might modify synthesis and release 
in the short or long term. We could even grow these cells for periods up to 
3 months without them losing their capacity to synthesize and release prorenin 
[41, 48]. When we examined these cells for the steroid hormone progesterone 
that had been reported to be present in the chorion, we found they indeed did 
contain progesterone and its synthesis and release could be promoted by various 
precursor steroids. (pregnenolone and 25HC) [50]. The amount of progesterone 
released greatly exceed the amount initially found in these cells and the syn-
thesis and secretion were both promoted by agents acting to raise cyclic AMP 
(cAMP) [50]. These included dibutyryl cAMP, methyl isobutyl-xanthine (MIX), 
forskolin and cholera toxin. Prorenin secretion by these cultured cells was also 
promoted by MIX and cholera toxin and especially by cholera toxin in the pres-
ence of phorbol myristate acetate (PMA), a protein kinase C agonist. In some 
cases, the concentration after 72 hours of incubation with these agents reached 
700,000 IU/ml. This was not due to an increase in cell numbers since these were 
confluent monolayers [48]. The dramatic potential for term chorion to synthesis 
and release prorenin clearly differentiates the secretory process from the renal 
secretion of renin where it is stored primarily in dense secretory granules and 
is presumably released by conventional regulated exocytosis. We have found 
prorenin in the chorion to be mostly in the cytoplasmic fraction of the tissue and 
not in particulate fractions [49].
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7. Prorenin production and release from decidua

7.1 Primary and second messengers

After a report in 1989 that decidual cells have the capacity to synthesize and 
release active and total renin from decidua [51], we turned our attention to the 
maternal portion of the feto-placental unit. The first potential hormonal/primary 
messenger that we examined was relaxin [52]. This hormonal messenger was 
known to be present in chorion and decidua [53]. We found that renin released 
from cultured purified decidual cells was 95% prorenin when we did not expose 
the samples to acidification as was done in the earlier report [51] and that relaxin 
caused a dose-dependent increase in release that was paralleled by an increase in 
tissue prorenin and was inhibited by cycloheximide [52]. This was consistent with 
new protein synthesis. We cited the views at the time on relaxin’s potential effects 
on uterine ripening and decidual prolactin release. This was one of many pieces of 
our studies on the utero-placental complex that pointed to paracrine or autocrine 
effects in supporting local autonomy.

The next potential positive regulator of prorenin release that we examined was 
endothelin since it was known to be present in the placenta and had been found to 
modify renin release from the kidney. We found that several endothelin peptides 
caused a dose-dependent release of prorenin that was associated with an increase 
in renin mRNA [54]. The release was greater than the control content and was not 
associated with the release of cellular prolactin. This was another clear example 
of prorenin secretion by the protein synthesis-dependent constitutive secretion. 
Further studies on the effect of endothelin (ET-1) on prorenin release showed a 
clear difference from the control of prolactin (PRL) release The calcium ionophore 
A-23187 stimulated basal prorenin release and potentiated ET-1 stimulated release 
while having no effect on PRL release; and the calcium channel blocker nifedipine 
blocked the effect of ET-1 on prorenin but had no effect on PRL [55]. The protein 
kinase C agonist PMA stimulated basal and potentiated ET-1 induced prorenin 
release but inhibited basal PRL release and potentiated the inhibitory effect of 
ET-1 [55]. Finally, the PKC inhibitor staurosporine increased basal PRL release 
and reversed the inhibitory effect of ET-1 on PRL release. These results indicate 
that prorenin and PRL release from decidua are affected in different directions by 
protein kinase C and that prorenin release is dependent on extracellular calcium but 
PRL release is not [55]. In addition to protein kinase C and calcium, we also studied 
the influence of cyclic AMP (cAMP). We found that agents which elevated cAMP 
in decidual cells also stimulate Pro release. These included forskolin, cholera toxin 
(CT) and dibutyryl-cAMP [56]. Ninety-eight percent of the renin was in the form 
of Pro. PMA potentiated the effects of CT and dibutyryl cAMP. These studies had 
therefore implicated cAMP as well as protein kinase C as second messengers in Pro 
release from decidua.

7.2 Cytokines and prorenin secretion

After a report that lipopolysaccharide (LPS) and tumor necrosis factor-α 
(TNF) stimulated prostaglandin production by decidua [57], we examined the 
effects of these agents on prorenin release from our semi-purified decidual cells. 
We found that LPS inhibited the synthesis and release of both Pro and PRL from 
the decidual cells in a time and dose-dependent manner [58]. We noted at the 
time that the inhibitory effect of LPS might be mediated by the release of cyto-
kines from macrophages and then a paracrine effect on stromal cells could ensue. 
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We also indicated that it could also be due to a direct effect on the stromal cells. 
We followed up this study by an examination of the effects of two other cytokines, 
TNF and interleukin-1β (IL-1β). We reported that these cytokines inhibited syn-
thesis and release of renin from cultured decidual cells in a dose-dependent man-
ner [59] and noted that the cells that were initially plated were composed of 22% 
macrophages (CD-68-staining) and 78% PRL positive (the other major cell type 
in decidual cells). We therefore concluded that the effects of these two cytokines 
could have been mediated by their known actions on macrophages. There was 
no inhibition of DNA synthesis or cell number. It was of interest that the effects 
of these cytokines was opposite to those on the rat renal tissues where there was 
an increase in renin release which occurred in minutes [60] unlike the decidual 
release that took days [59]. The third cytokine that we examined was interferon-ϒ 
(IFNϒ) which was known to have receptors on placental cells. We found that 
IFNϒ inhibited Pro release and its mRNA expression in decidual cells. When we 
employed an additional step of purification using immunomagnetic beads to 
separate the macrophages, we found that renin release from both populations of 
cells was inhibited by IFNϒ and TNF and the combination of these two cytokines 
was even more effective in producing inhibition of release. Since IFNϒ mRNA was 
found only in the macrophage population, while the IFNϒ receptor was found on 
both, it suggested that the effect of locally produced IFNϒ on renin release from 
macrophages could result from both autocrine and paracrine mechanisms while 
effects on stromal cells would be paracrine in nature [59].

7.3 Release of prorenin from macrophages and monocytes

Since we knew that macrophages represented a significant portion of decidual 
cells at term pregnancy and represented about 22% of our decidual cell preparation, 
we decided to examine directly whether these cells could also could be a source of 
prorenin. We utilized a method employing immunomagnetic beads after coating 
the macrophages with HLA-DR antibody to separate the macrophages from stromal 
cells. This increased the portion of HLA-DR (+) cells from 22 to 93%. The purified 
cells no longer showed mRNA for prolactin which was abundantly expressed in the 
non-macrophage population [61]. These cells stained for renin with a specific anti-
body, expressed renin mRNA and released prorenin into culture medium during 
3 days of culture. They did not release prolactin. Importantly, the non-macrophage 
cells also stained positively for renin and released the same amount of renin per 
ug DNA per cell as the HLA-DR (+) cells. They also did not stain for a cytokine 
receptor that was present in the macrophage fraction [61]. These results indicated 
that both types of decidual sells had the capacity to synthesize and release prorenin 
and strengthened the case for possible autocrine/paracrine signaling. In addition, 
we collected some peripheral blood monocytes and demonstrated that they also 
showed mRNA for renin and speculated on some potential functions of the RAS 
within the uteroplacental complex [61].

7.4 Regulation of renin expression and secretion in differentiated monocytic cells

To study the expression and regulation of renin in a pure cell line, we employed 
the well-studied U-937 cells which can be differentiated into a terminal macro-
phage/monocyte phenotype using phorbol dibutyrate (PDBU). We found that the 
treatment did cause a morphological change that was identical to those reported in 
the literature [62, 63]. The differentiated cells expressed renin mRNA and released 
prorenin into culture media [64]. We first looked at the potential regulation by 
cAMP, which we had found to be important in prorenin release from decidual and 
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placental cells [56, 65] and others had found important in renal juxtaglomerular 
cells [66]. Renin mRNA and prorenin release were increased by dibutyryl-cAMP, 
and forskolin. In addition, terbutaline, a β2-adrenergic agonist known to increase 
c-AMP, also increased expression and release of prorenin [64]. The stimulation by 
terbutaline was potentiated by a type IV c-AMP-phosphodiesterase (PDE) inhibi-
tor. It was known that these cells possess β2-adrenergic receptors and the type IV 
PDE. The stimulatory effect of terbutaline on renin secretion was inhibited by an 
angiotensin receptor agonist and also by TNF and LPS+ IFNϒ [64]. Taken together 
with our studies on isolated decidual macrophages [61], these results reinforced 
the potential importance of some components of the RAS in the function of 
macrophages and other bone marrow-derived cells. They also highlight the possible 
positive and negative autocrine actions of local mediators.

8. Studies on villous placenta

8.1 Gestational differences in the RAS in placentas

The villous placenta at term has very low concentrations of renin with higher 
concentrations in decidua and chorion [67, 68]. We hypothesized that the renin 
concentration might be influenced by gestational age as influenced by alterations in 
hormonal milieu and found that this was indeed the case [69]. We found that there 
were dramatically high levels of prorenin and active renin in first-trimester preg-
nancies: prorenin was 1130 μU/mg protein in the first trimester vs. 5.9 at term; the 
corresponding values for active renin were 330 vs. 0.15. As might be expected, the 
values for hCG in the first trimester were also greater than at term (2396 vs. 38.6 
ng/mg protein). However the levels of hCG and prolactin in decidua did not change 
much during gestation and there was no detectable prolactin at any stage in placenta 
[69]. Placental prorenin correlated with chorionic gonadotropin but not prolactin in 
both groups. and could reflect similar cellular origins.

8.2 Experimental preparations to study the RAS in human placenta in vitro

An early preparation that we used was a superfused placental mince that allowed 
investigations of mostly intact cells with normal cellular contacts over a period of 
many hours. With this preparation we showed that there was a dramatic increase in 
prorenin release beginning after 12 hours, reaching levels of 16 μU/ml at 26 hours 
from a basal level about 0.5 or less [70, 71]. This spontaneous increase was blocked 
by cycloheximide and actinomycin D, supporting the conclusion that it required 
new mRNA and protein synthesis, like our results on decidua and chorion. We also 
showed that the spontaneous release could be amplified by treatment with relaxin 
[72]. Further evidence of the increase in synthesis of prorenin was found when we 
measured the tissue content of superfused placental minces after superfusion for 
24 hours with or without the adenyl-cyclase stimulator forskolin. This model was 
useful for rapid kinetic measurements, but the disadvantage was interruption of 
much cellular connections.

Another model that we used was the dually perfused human cotyledon which 
allowed nutrients and drugs to reach cells through vascular channels and permitted 
assessment of vascular reactivity. It was known that AI and AII produced dose-
dependent pressor responses which were blocked by the angiotensin  antagonist 
saralasin and the response to AI was blocked by captopril [73]. We showed 
in this preparation that there was no renin released into the fetal circulation but 
there was consistent release into the maternal circuit [74]. It was all prorenin. 
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This preparation suggested that renin in fetal circulation in vivo was not coming 
directly from the maternal vasculature. The advantage of this model was the greater 
integrity of the in vitro system, but it was restricted by logistical considerations to 
the number of different preparations that could be set up at one time.

The most useful model that we employed retained much cellular connections 
and could be used over longer periods of time. That was based on an early model 
of placental explants, sometimes called organ culture [75]. We found the optimal 
conditions by putting the explants on top of wire-mesh platforms and keeping 
the fluid level at the surface of the tissue. With this model we examined potential 
primary and secondary signals in regulation of the placental RAS.

8.3 Prorenin secretion: primary messengers and modulators

It was known in humans that renal renin secretion was stimulated by catechol-
amines and selectively by β-1 adrenergic agonists [76] and that the villous placenta had 
both β-1 and β-2 adrenergic receptors [77]. When we studied the effects of epinephrine 
and beta-adrenergic agonists on placental renin secretion from placental explants, we 
found that both β-1 and β-2 adrenergic agonists elicited renin secretion, associated with 
an increase in synthesis [78]. Again, this was about 95% trypsin activatable and pre-
sumably prorenin. This is consistent with the view that extrarenal renin in the human 
reproductive track is almost exclusively prorenin [54, 79]. We discussed the likelihood 
that beta-agonist-induced renin secretion would be regulated by activators produced by 
the fetus [78]. At the same time, we found that hCG secretion was selectively stimulated 
by the β-2 adrenergic agonist terbutaline and that its stimulant action was blocked by a 
selective antagonist. We showed that the stimulant effects of beta-adrenergic agonists 
on both renin and hCG secretion were potentiated by selective inhibitors of phospho-
diesterase types III and IV [78]. The differences in agonist selectivity between renin 
and hCG secretion was consistent with findings on their respective localization in term 
placenta, with renin in cytotrophoblasts and hCG in syncytiotrophoblasts [80].

The likelihood that renin and hCG are released in close proximity to one another 
suggests that there might be some paracrine regulation involved. With this model 
system we provided evidence that hCG stimulates renin secretion and tissue 
levels [81]. Furthermore, the stimulation was potentiated by phosphodiesterase 
inhibitors, just like renin secretion, and was accompanied by an increase in media 
cAMP. The effect of hCG was markedly attenuated by the protein kinase A inhibitor 
H-89. These results suggested that placental renin secretion may be regulated in part 
by hCG and mediated by cAMP transduction mechanisms [81]. Further support for 
the influence of cAMP on renin secretion is presented in Section 8.4.

A possible negative regulator on renin release, based on what has been found in 
studies on cultured juxtaglomerular cells (JG), is angiotensin II, where a purported 
negative feedback loop reveals an inhibitory action [82]. We found that a stable 
analog of angiotensin II inhibited the spontaneous release of renin from placental 
explants during the 72 hour incubation [71, 83]. This paralleled a study where 
transfected JG cells released prorenin and not renin [82].

Other negative regulators of placental renin secretion that we identified 
included LPS and the glucocorticoid dexamethasone. They both inhibited sponta-
neous and stimulated renin release [71]. These agents act at many different sites, 
including macrophages, so their influence on renin secretion is complicated.

8.4 Prorenin secretion: second messengers and nuclear signals

We had already identified cAMP as a second messenger for chorion and decid-
ual renin release and we examined if similar mechanisms existed in placental 
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prorenin secretion. Evidence for cAMP mediation was supported by our finding 
that renin release from explants was stimulated by several orders of magnitude 
by forskolin and by cholera toxin (CTX) [83]. The effects were potentiated by a 
cAMP phosphodiesterase inhibitor. The enhanced release of renin was accom-
panied by an increase in hCG found in the media. It is important to note that 
prolactin was not detected in the media, thus excluding decidual contamination. 
This was also supported by the fact that the phosphodiesterase inhibitor did not 
cause an increase in renin release from similarly-treated decidual explants [84]. 
Not only did the tissue levels of renin increase indicating new synthesis, but there 
was a decrease in LDH leakage demonstrating cellular integrity [83]. An interest-
ing finding was that an angiotensin II agonist inhibited both the spontaneous and 
the CTX-enhanced release of renin. This effect was blocked by an angiotensin 
receptor antagonist. Further evidence on the role of cAMP came from our studies 
on cAMP-dependent protein kinase (cAPK) [85]. We found that the dobutamine-
stimulated secretion of renin and cAMP was accompanied by an increase in tissue 
cAPK. We used substituted analogues of cAMP, selective for binding sites on 
cAPK, and found that site B analogues which bound to catalytic or regulatory 
sites were stimulants of renin secretion but that site A analogs were not [85]. 
Strengthening the case for the role of cAPK in dobutamine-induced renin secre-
tion, we found that the specific cAPK inhibitor H-89 blocked secretion and an 
activator SP-cAMPS stimulated secretion [85]. We then used molecular biology 
techniques to assess the role of mRNA synthesis in the stimulation of renin secre-
tion, using the β-1 agonist dobutamine and the β-2 adrenergic agonist terbutaline. 
These agents both increased renin mRNA in a dose-dependent manner which 
paralleled their effects on renin secretion and tissue levels [86]. The effects on 
renin secretion and tissue levels were blocked by cycloheximide (a translational 
inhibitor in protein synthesis) and actinomycin D (a transcriptional inhibitor 
which acts directly on DNA). Actinomycin D blocked the increase in renin mRNA 
but cycloheximide did not, thus showing the specificity of these agents and the 
importance of gene regulation in adrenergic stimulation of placental prorenin 
secretion [86].

Other second messengers that have been studied in a wide variety of tis-
sues including the placenta include eicosanoids, protein kinase C and calcium. 
Prostaglandins have been known to influence renal secretion of renin and are 
actively secreted by utero-placental tissues. We reported that meclofenamate, a 
relatively selective inhibitor of cyclooxygenase, inhibited the release of renin from 
placental cells and (unpublished studies) that it also inhibited the ET-1 induced 
renin release from decidua [71]. As with the decidua, the protein kinase C agonist 
PMA increased renin release from placental explants and the enzyme inhibitor 
staurosporine was inhibitory [71]. The influence of calcium was contrary to many, 
but not all, studies on the kidney where calcium is considered an inhibitory messen-
ger on renin secretion. Extracellular calcium caused a dose-dependent increase in 
short-term renin release between 1.0 and 3.6 mM in contrast to the kidney. It should 
be noted that there are some studies on renal tissues in special situations where cal-
cium is a positive regulator [87–89] and other studies on extra-renal renin secretion 
where calcium also has a positive influence on renin secretion [90, 91]. Similarly, 
angiotensin was shown to have inhibitory effects on the synthesis and release of 
renin from placental explants but was stimulatory during short term exposure of 
superfused chorion [48].

These studies on different anatomical portions of the utero-placental complex 
suggest that local conditions and times of gestation can modulate the regulation of 
the RAS and that studies on single cells may be missing the complex interactions 
that exist in vivo.
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9. Role of the RAS in pulmonary fat embolism

9.1 Fat embolism model in rats

After 40 years in academia and an enormous expansion of information in the 
RAS field, I retired. It was short lived because I still wanted to see new develop-
ments and help in obtaining information. That is why I was eager to join (and 
help revitalize) a project on fat embolism that had been dormant for 40 years. Dr. 
Federico Adler, a retired orthopedic surgeon, asked for my help in restarting a study 
of fat embolism in rats that he had worked on in the 1960s. My focus was gaining 
evidence on the potential role of the RAS in fat embolism syndrome, a sometime 
fatal consequence of long bone fracture (and some other conditions). This brought 
me back to in vivo studies with its advantages and disadvantages. We initially did 
time- and dose-related studies with intravenous dosing of the triglyceride triolein 
and used histochemical methods to evaluate pulmonary pathology. We found that 
there was an early phase beginning very early and peaking at 48 hours [92] with 
inflammatory, fibrotic and vasoconstrictive effects.

9.2 Effect of RAS drugs on pulmonary fat embolism

Since there were reports that some RAS drugs had beneficial effects in other 
types of pulmonary injury, we examined the effects of the angiotensin converting 
enzyme inhibitor (ACEI) captopril and the type 1 antagonist (AT1) losartan when 
given 1 hour after the triolein. Both agents provided significant protection against 
the histopathological effects when viewed at 48 hours [93] and provided strong 
evidence that the acute effects of fat embolism involved the production of angioten-
sin II and actions on the AT1 receptor. In a later study we found that the pulmonary 
injury was also ameliorated by the renin inhibitor aliskiren [94].

We subsequently determined that the initial acute phase after fat embolism 
was followed by a slowly developing smaller inflammatory response and this was 
associated with an increase in the presence of angiotensin peptides [95]. Since 
there were still some fat particles present at this later time period, we suggested 
that one mechanism could be the continued activation of macrophages that were 
engulfing the fat and signaling mast cells (and perhaps other cells) to release 
renin and then local angiotensin release. Some support for this view came from 
two further studies. In one, we gave the AT1 blocker losartan 6 weeks after the 
triolein injection and examined the rats 4 weeks later. In this experiment the 
protective effect of losartan was still demonstrated at this late stage, supporting 
the view of continued activation of the RAS [96]. In another study we found that 
24 and 48 hours after triolein there was an increase in renin staining in lungs 
that diminished but was still present at 3 and 6 weeks [97]. The renin staining 
increased again at this late stage when the rats were treated with lipopolysac-
charide (LPS) [97] which was known to interact with the RAS [98]. Since we had 
suggested that some of this renin could be in mast cells, we examined the presence 
of mast cells in triolein-treated rats and the influence of losartan. We found that 
10 weeks after triolein there was an increase of mast cells and this was attenuated 
by losartan [99]. Addition of LPS at 6 weeks caused slightly more mast cells and 
this was also blocked by losartan. We also considered that macrophages could be a 
source of renin.

In several of our papers, we have suggested that the RAS drugs could be useful 
in the treatment or prevention of fat embolism syndrome and there are some other 
findings of potential clinical interest. The lungs from a pregnant patient who had 
succumbed to a pulmonary fat embolism were examined at our affiliated hospital 
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and showed the same kind of histopathological changes that we had observed 
on our rat experiments [100]. Another point of possible clinical interest was our 
finding that 6 weeks after fat embolism when the animals appeared normal and 
had grown as well as the saline-treated controls, they were especially sensitive to a 
“second hit” with LPS [101]. The potential clinical relevance of these findings is that 
patients who have severe respiratory distress more than would be expected from 
their presenting diagnosis could be suffering from a “second hit” a long time after 
a forgotten trauma which has left a smoldering low-grade inflammatory process 
continuing in the lung. A recent review of our studies on fat embolism syndrome 
has been published online [102] that implicates the RAS as a key component of this 
condition.

10. Role of the RAS in homeostasis and lessons for the future

10.1 Historical developments as seen through my research journey

The latest part of my journey related to the RAS (which is still ongoing) comes 
53 years after my first paper mentioning angiotensin [2] and 59 years after my first 
scientific paper as a medical student [103]. Although I have enjoyed working in 
many areas of biomedical research, it has been very gratifying to see this major part 
of my career get closer to the long-range goal of improving health care for people 
in need. An ironic and maybe not surprising development is that my early and 
long-standing studies on chromaffin granules and their ATPase [17, 20, 104–107] 
have come full circle with the finding that the granules contain renin and prorenin 
[15] and their membranes contain the prorenin receptor [108, 109]; and it is now 
known, but not in the 1960s, that there is a receptor for renin/prorenin (P)RR 
that can act on second messengers independent of the RAS [110, 111] It was also 
not appreciated that there was an opposing arm of the RAS that could antagonize 
many of the deleterious effects of the angiotensin-ACE-AT1 receptor axis. and it is 
ubiquitous in distribution outside and inside the cell [112–115]. My studies and the 
current literature suggest that it will be difficult to find any extra-renal system that 
does not have some components of an endogenous RAS.

10.2 Lessons that I have learned about biomedical research

I will conclude with my views on ways of approaching biomedical research based 
on my experience and lessons that I have learned.

10.2.1 Pharmacological lessons

Many of these lessons were not appreciated when I was a medical student.

a. Low doses of drugs may have opposite effects of higher doses, the hormetic 
effect. Sometimes this is because receptors of different sensitivity are activated 
as the dose is increased. Other times this may be due to non-receptor mediated 
effects, such as enzyme inhibition. An example in the RAS is the activation of 
AT2 receptors by angiotensin II opposing the actions on AT1 receptors and the 
activation of Ang (1–7) receptors as angiotensin II is converted. This is further 
discussed below under moonlighting (10.2.d.).

b. Species differences: It has long been clear that other species may have differ-
ences in metabolism, pharmacokinetics, morphology and a host of features 
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that make direct extrapolation to humans problematic. Also, mice and rats are 
not equivalent when compared to human biology.

c. Short term vs. long term experiments: Many experiments have shown biphasic 
response to drugs with opposite effects seen depending on when the observa-
tions were made. This is an argument for examining time-response curves 
in addition to dose-response curves. This has led in the past to some studies 
missing a response by looking at a single time-point.

d. Response of young animals (organs) may not be the same as that of older ones. 
This has been obvious for a long time since the changes during maturation in 
animal biology has long been appreciated. A striking change during develop-
ment in a single organ has been found in the human placenta as we have noted 
in our studies on the RAS. Of course, the placenta is a unique organ and has 
features of many other organ systems, including the liver, kidney and endo-
crine and nervous systems among others.

10.2.2 Biochemical lessons

Another lesson that was not appreciated is that of moonlighting. This is the 
area pioneered by the ground-breaking research of Constance Jeffery from 1999 
[116] and still expanding in 2018 [117]. It appears that prorenin and the prorenin 
receptor are archetypes of multi-functional proteins. Prorenin (a) serves as the 
zymogen precursor of renin that follows cleavage of the prosegment; (b) becomes 
a catalytically active enzyme without cleavage when bound to its receptor, (c) 
activates a surface membrane receptor coupled to the generation of intracellular 
kinases, and (d) likely serves in several capacities intracellularly [118]. This 
complexity was not imagined at the time we were calling this ‘inactive renin’. 
The prorenin receptor ((P)RR) also has multiple functions, some not related to 
angiotensin peptides [119].

10.2.3 Experimental lessons from genes to molecules to intact humans

I have carried out experiments using extreme reductionist approaches, such 
as studies on isolated proteins and on gene expression. Some of our studies 
were on isolated organelles and on isolated cells. These types of experiments 
removed many cells from their natural environment and from potential neu-
ronal, paracrine, or endocrine modulation. The next step up in complexity 
were studies on isolated perfused glands or tissue slices where there was some 
contact between different cells as in the intact animal but still not complete 
signaling from the entire organism. Finally, I have studied the effects of drugs 
on whole animals in vivo, including humans. The result of this wide range 
of studies has provided me with the following perspective. No one approach 
will give us a complete picture although bringing us closer to a true view of 
what is going on in health and disease. Our reductionist approach strives to 
reduce as many variables as possible and each provides some useful informa-
tion. However, many interactions at higher levels of complexity may be lost or 
overlooked. Only experiments on normal humans could come close to a real 
world understanding but that is beyond ethical consideration. In addition to 
the reservations listed above, our studies do not take into consideration the 
epigenetic, environmental and social factors that influence how we interact 
with internal and external stimuli. Some of this newer point of view includes 
the field of hormesis [120].
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Finally, I have been fortunate to have chosen to study the RAS for much of my 
research career since this system seems to be ubiquitous throughout biology and 
has only in the past five decades begun to reveal the many ways we depend upon its 
proper regulation to maintain our health and suffer when it is out of control.
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The Renin-Angiotensin-
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Implications
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Abstract

Since its discovery in 1898, the renin-angiotensin-aldosterone system (RAAS) 
has been intensely studied in the medical community, which led to important 
breakthroughs concerning the treatment of heart diseases. The main role of RAAS 
is to maintain the circulatory homeostasis, by maintaining the fluid volume. 
Angiotensin II (ANG II) can act on two receptors: angiotensin type 1 and angio-
tensin type 2 (AT1R and AT2R). The effect of AT1R consists in increased sodium 
retention, promotes vasoconstriction (mostly on the efferent arteriole), induces 
sympathetic nervous system activity, determines thirst and promotes the release of 
aldosterone. Abnormal activation of RAAS will determine hypertension and cardiac 
hypertrophy that may lead to heart failure. This is the reason why the pharmacolog-
ical inhibition of this system has proven to induce such a beneficial effect in cardio-
vascular diseases such as hypertension and congestive heart failure. Later studies of 
patients with coronary artery disease revealed that angiotensin-converting enzyme 
(ACE) gene is also involved in the process of atherosclerosis and those mutations in 
its gene account for an increased susceptibility to severe acute coronary events. The 
most common ACE gene mutation is represented by deletions and insertions in the 
16th intron (presence or absence of the 287-bp Alu repeat sequence), resulting in 
three possible genotypes, identified by the length of the fragments: II (490 bp), ID 
(490, 190 bp) and DD (190 bp). Scientific evidence suggests that the D allele plays 
a major role in the determination of coronary artery disease. The next step would 
be to develop new treatment strategies according to the genetic background of each 
patient.

Keywords: renin, angiotensin, aldosterone, sodium retention, hypertension, ACE 
gene mutations, D allele

1. Introduction

The renin-angiotensin-aldosterone system (RAAS) has long been discovered, 
since 1898 by Tigerstedt and Berman, but still possesses many mysteries to be 
solved. The RAAS has a major impact in controlling blood pressure and fluid 
balance.
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The most important result of the activation of this system is the generation of 
angiotensin II (ANG II), which is a biologically active hormone that is produced 
through sequential cleavage of peptides derived from the initial substrate: the mol-
ecule of angiotensinogen. ANG II induces its actions after binding to different types 
of receptors and will induce a wide spectrum of biological reactions that can impact 
almost every system: the immune system, vessels, brain, heart and kidney.

The main role of RAAS is to maintain the circulatory homeostasis, by maintain-
ing the fluid volume. Abnormal activation of RAAS will determine hypertension 
and cardiac hypertrophy that may lead to heart failure. This is the reason why the 
pharmacological inhibition of this system has proven to induce such a beneficial 
effect in cardiovascular diseases such as hypertension and congestive heart failure.

2. Renin-angiotensin-aldosterone system physiopathology

Renin is produced by the epithelioid cells of the juxtaglomerular cells under the 
form of a precursor named preprorenin. Afterwards it may be released as prorenin 
or may be processed to active renin, which will be stored in granules. The release of 
renin granules is the rate-limiting step of the renin-angiotensinogen-aldosterone 
cascade.

The next step consists in the release of angiotensinogen from the liver, which 
will be metabolized by renin, thus liberating angiotensin I (ANG I) [1, 2].

Angiotensinogen is included in the superfamily of Serpin A8 proteins. Serpin 
is a large and diverse superfamily of protease inhibitors and related proteins. It is 
released into the blood stream after removal of the 33-amino acid signal peptide 
and will remain in the circulation for approximately 5 h. However, it remains still 
unclear how much intact angiotensinogen versus catabolized angiotensinogen [the 
so-called des-(Ang I)-Agt] is present in the circulation. There is few data in the 
literature describing the proportions of intact Agt versus des-(Ang I)-Agt in the cir-
culation. Other studies have suggested that des-(Ang I)-Agt may induce angiogen-
esis. Even though the liver is the main source of angiotensinogen synthesis, there are 
some other sources for this enzyme: the brain, heart, kidney, lung, adrenal gland, 
adipose tissue, blood vessels and digestive tube. An independent tissue regulation of 
angiotensinogen levels has also been proven [3–6].

ANG I will be transformed in ANG II due to angiotensin-converting enzyme 
(ACE), which is released from the endothelial cells. The angiotensinogen-convert-
ing enzyme is a dicarboxypeptidase that cleaves two amino acids from ANG I, thus 
generating ANG II (Figure 1).

There have been described two different types of ACE: somatic and testicular, 
which are both a result of the alternative splicing of a single gene. The role of ACE 
in forming ANG II from ANG I is primordial for its biological functions as ANG II is 
the major effector molecule of the RAAS. The ACE acts on other biologically active 
peptides, not only on ANG I, one of the most representative being bradykinin [7–9].

Bradykinin will be transformed into an inactive peptide through the action of 
ACE. This biological pathway for bradykinin metabolism is very significant in vivo. 
The ancient term for ACE is kininase II. As bradykinin promotes vasodilatation and 
induces a natriuretic effect, the pharmacological inhibition of ACE will diminish the 
kininase activity and will subsequently lower the blood pressure. The cleavage of 
ANG II by angiotensin-converting enzyme type 2 produces the heptapeptide angio-
tensin 1-7 (Ang 1-7). This peptide binds to the Mas receptor (MasR) and induces 
downstream vasodilatation, which has an opposing effect of the hypertensive action 
of AT1R signalling. The cardioprotective properties of Ang 1-7 can diminish or 
reverse heart failure and hypertensive cardiac remodelling [10] (Figure 2).
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ACE2 is a monocarboxypeptidase that transforms ANG I into Ang 1-9 which 
is a nonapeptide, and ANG II in Ang 1-7 (a heptapeptide). The discovery of these 
molecules unravels a distinct enzymatic pathway for ANG I and ANG II catabolism 
that will have an antagonist role to RAAS activation.

Ang 1-7 is a biologically active peptide that induces a wide range of effects, 
many of them being antagonist to those caused to Ang II. An endogenous orphan 
receptor, Mas (MasR), was identified in 2003; afterwards this receptor was proved 
to be Ang 1-7 receptor. It also protects cardiovascular function as it enhances 
vasodilatation via elevated release of NO and bradykinin, as well as diminish-
ing the production of reactive oxygen species (ROS). The major effects of Ang 
1-7 are those induced by MasR activation. These effects counterbalance the ones 
induced by ANG II and include the activation of the phosphatidylinositol 3-kinase 

Figure 1. 
The renin-angiotensin-aldosterone cascade [3].

Figure 2. 
ANG II formation [11].
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(PI3K)-Akt-endothelial nitric oxide synthase (eNOS) pathway, the inhibition 
of protein kinase C (PKC)-p38 MAPK pathways and the inhibition of collagen 
expression to limit cardiac fibrosis [12].

Also Ang 1-7 therapies have shown cardioprotective effects in preclinical models 
of non-ischemic and ischemic cardiomyopathy as it inhibited cardiomyocyte 
growth in vitro and diminished the ventricular hypertrophy induced by myocardial 
infarction in vivo. Ang 1-7 diminished the myocardial levels of pro-inflammatory 
cytokines (TNFα and IL-6), thus having a beneficial effect in cardiac inflammation.

Recent studies demonstrated that recombinant human ACE2 generated Ang 1-7 
and Ang 1-9, while recombinant murine ACE2 generated predominantly Ang 1-7.

Ang 1-9 has also proved to be beneficial as it acts on AT2R, thus leading to cardio 
protection. Therefore, the ACE2/Ang 1-7/MasR and ACE2/Ang 1-9/AT2R axes are 
now considered to be physiological antagonists that inhibit the RAAS [10, 12, 13].

ANG II can act on two receptors: angiotensin type 1 and angiotensin type 2 
(AT1R and AT2R). The effect of AT1R consists in increased sodium retention, 
promotes vasoconstriction (mostly on the efferent arteriole), induces sympathetic 
nervous system activity, determines thirst and promotes the release of aldosterone 
from the glomerular zone of the suprarenal glands (Figure 3).

The action on AT2R stimulation are antagonist to the one on AT1R as it induces 
vasodilatation and inhibits the inflammatory and fibrotic processes. This receptor 
is prevalent in the foetus; therefore, it has an important role in normal ontogenesis 
but has a minor role in adults [13–17] (Figure 4).

Aldosterone secretion results from the AT1R stimulation and is the final step 
of the RAAS. It is an important regulator of the hydric balance and of sodium and 
potassium exchange. The strongest inducers in aldosterone secretion are ANG II 
and the increased extracellular concentration of potassium, the synthesis of aldo-
sterone being induced by CYP11B2 gene expression. Aldosterone will activate the 
mineralocorticoid receptor, leading to increased reabsorption of natrium and water 
in kidneys and promoting potassium excretion (Figure 3).

Besides the systemic RAAS, a local system found in many tissues, including the 
heart has been described. The local RAAS functions in a dual manner: indepen-
dently and in correlation with systemic RAAS components. This second pathway of 
metabolisation present in the heart consists in ANG II synthesis by the endopepti-
dase chymase. Chymase is a serine protease found in a type of granulocytes called 
mast cells, which are located in the heart interstitium. Mast cells contain granules 

Figure 3. 
The RAAS activation [13].
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that are filled with cytokines and proteases (including chymase). The degranulation 
releases chymase during the inflammatory process via a classically mediated ligand-
dependent pathway. Chymase actions are similar to ACE but with a much higher 
catalytic activity in transforming ANG I into ANG II. Therefore, chymase may be 
in fact a major ANG II-forming enzyme in the human heart. Its role may be linked 
to many pathological processes, such as hypertension, atherosclerosis, vascular 
proliferation, development of cardiomyopathies, myocardial infarction and heart 
failure, as well as cardiac fibrosis [18–21].

A third pathway consists in the action of ACE2 (monocarboxypeptidase 
angiotensin-converting enzyme 2), which is similar to ACE in <50% of amino acidic 
constitution and therefore is unresponsive to the treatment with ACE inhibitors. 
This enzyme transforms ANG I into Ang 1-9 and ANG II into Ang 1-7, thus pro-
moting the synthesis of cardiorenal-protective peptides, through diminishment of 
ANG I and ANG II levels. This pathway may lead to a key role in modulating ANG II 
actions in cardiovascular disease [22].

3. Gene involvement

3.1 ACE gene polymorphisms and heart disease

The implication of gene alterations in the ethiopathogeny of different diseases 
is an important study direction in the later years. The RAAS is not only involved in 
the cardiovascular homeostasy but also in the development of the coronary artery 
disease. It seems that angiotensin-converting enzyme gene mutations have the key 
role in this process.

Figure 4. 
The actions of angiotensin receptors [11].
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in fact a major ANG II-forming enzyme in the human heart. Its role may be linked 
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ACE gene is found on the long arm of chromosome 17, position 23 (17q23), and 
include 26 exons and 25 introns (Figure 5) [23].

There are several possible mutations of this gene which initiate cardiovascular 
disease. The most common one is represented by deletions and insertions in the 
16th intron (presence or absence of the 287-bp Alu repeat sequence), resulting in 
three possible genotypes, identified by the length of the fragments: II (490 bp), ID 
(490, 190 bp) and DD (190 bp) (Figure 6).

Mutations are determined by collecting 2 ml of blood from the patients, extract-
ing the DNA from the leukocytes, followed by amplification of the genetic material, 
agarose gel electrophoresis in order to separate the fragments and UV light identifi-
cation of coloured fragments according to their length.

Those genotypes interact with the conventional environmental factors and 
influence the severity of the coronary artery disease. Most of the studies have 
demonstrated that the D allele is a risk factor, while the I allele is a protective factor. 
This hypothesis was first formulated by Cambien et al., in the study published 
in Circulation in 1994 [24]. They postulated that D allele is correlated with high 
plasma levels of ACE and that genotypes ID and DD increase the predisposition 
for myocardial infarction. Since then, this theory was largely debated. Guney et al. 
performed a study on 203 patients with acute coronary syndrome or positive func-
tional tests, selected based on the severity of the stenosis (>70%), as revealed by the 
coronary angiography. The control group was formed of 140 patients with nonsig-
nificant coronary stenosis. Results showed a higher prevalence of the D allele in the 
patient group than the control group (p = 0.002), in patients with hyperlipidaemia 
(p = 0.009) and smoking habit (p = 0.004), and a higher number of diseased vessel 
(two/three vessel diseases) (p = 0.002). The conclusion drawn was that D allele 
interacts with conventional risk factor and determines the degree of severity, since 
patients with D allele have higher plasma levels of ACE and are therefore more 
exposed to angiotensin II.

Dhar et al., in a study on 217 patients with coronary disease compared to 255 
control patients (with negative Treadmill test), also found the D allele as an inde-
pendent risk factor in coronary vessel disease (p < 0.05). Most of the ID and DD 
patients were heavy smokers, diabetic and dyslipidemic, suggesting the interaction 
between D allele and risk factors. Another association pointed out by other studies 
is that D allele is more frequent in obese patients. The high levels of angiotensin 
II might lead to disturbances in macronutrient oxidation, causing fat deposits 
and weight gain [25, 26]. Despite the fact that most of the studies focusing on this 
mutation were positive, results are still controversial, since there are a few studies 
which showed negative results. Poorgholi et al. concluded from their 1050 CAD 
patients’ study that I/D polymorphism is not a predisposant factor [27]. Fujimura 
et al. also found no association between ACE gene polymorphism and CAD in 
his study on 1840 patients (947 ischemic patients and 893 healthy controls) [28]. 
Although in some populations, there were no positive correlations between D allele 
and coronary disease; this may be due to geographical differences and ethnical 
differences. In general, D allele seems to be a predisposing factor, and probably the 
severity of the ischemic heart disease (infarction or unstable angina, one/two/three 

Figure 5. 
The ACE gene location [29].
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vessel diseases) depends on the interactions between this mutation and the other 
risk factors: hypertension, diabetes mellitus, obesity, smoking habit and dyslipidae-
mia. In most studies, patients with DD genotype were hospitalized for myocardial 
infarction and had multiple vessel disease and a high exposure to the conventional 
cardiovascular risk factors [31, 32]. The role of D allele in atherosclerosis was gener-
ally studied by measuring and analysing the carotid artery intima-media thickness 
(IMT). Results were statistically significant for high-risk patients, rather than low-
risk patients. Therefore, D variant carriers have an increased risk of atherosclerosis, 
but only if they are also exposed to other genetic or environmental risk factors [33].

The association between ACE gene mutations and hypertension is explained by 
high plasmatic levels of ACE and a consequently increased quantity of ANG II in 
D-allele carriers. However, the predisposition for preeclampsia in D-allele women 
is less understood, and it is just a hypothesis still under debate. Preeclampsia 
implies high blood pressure and proteinuria after 20 weeks of pregnancy. It is the 
consequence of many risk factors, both genetic and environmental, and the RAAS 
may play a key role, since inactivating this system leads to a failure in achieving 
the hypervolemic status needed during pregnancy [34]. The studies on pregnant 
women are rare and often very small, making the available data on this issue very 
inconsistent. Some evidence suggests that it may come as a result of an abnormal 
regulation of the RAAS system and high intrauterine artery resistance [35]. Abedin 
et al., in a study on 296 patients, found no association between I/D polymorphisms 
but demonstrated a positive correlation with another ACE gene mutation, ACE 
rs4343, which was significantly present in the case group versus control group 
(p = 0.0001) [36]. On the other hand, a large meta-analysis including 45 studies 
found that DD and ID pregnant women have a higher risk of pregnancy-induced 
hypertension than II patients (74% D allele in the case group versus 56% D allele in 
the control group) [37]. Still, the large heterogeneity of the included patients lowers 
the force of the obtained results.

Another line of study in this field is represented by the involvement of RAAS 
system in the development of hypertrophic cardiomyopathy. This condition requires 
an anterior interventricular septum larger than 13 mm or a posterior interventricular 
septum larger than 15 mm, in the absence of hypertension and valvular disease. In 
most cases, hypertrophy is asymmetric. The implication of sarcomere protein gene 
mutations in the physiopathology of this disease is widely acknowledged. Later 
studies bring into attention a new puzzle piece in this genetic disorder, suggesting 

Figure 6. 
ACE genotypes: II (490 bp), ID (490, 190 bp) and DD (190 bp) [30].
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regulation of the RAAS system and high intrauterine artery resistance [35]. Abedin 
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mutations in the physiopathology of this disease is widely acknowledged. Later 
studies bring into attention a new puzzle piece in this genetic disorder, suggesting 

Figure 6. 
ACE genotypes: II (490 bp), ID (490, 190 bp) and DD (190 bp) [30].



Selected Chapters from the Renin-Angiotensin System

32

that ACE gene may also be involved, since the inhibition of ACE reduces cardiac 
hypertrophy and remodellation post-myocardial infarction [38, 39]. Some studies 
suggest that ACE gene mutations explain the intrafamilial phenotype differences in 
hypertrophic cardiomyopathy, which is considered a monogenic disease [40].

3.2 ACE polymorphism and treatment response

Genetic background often explains the different response to medication of 
patients with the same medical conditions.

“Sodium sensitive” hypertensive patients have certain physiopathological 
particularities: enhanced activity of the sympathetic nervous system, reduced renal 
excretion of sodium, hypersensitivity to vasoconstrictive hormones (adrenaline, 
ANG II) and alterations of the counteracting atrial natriuretic peptide (ANP) [41]. 
The connection between salt and hypertension is still under investigation, and it has 
not been fully explained [42], although it is clear that for some hypertensive patients, 
the mean blood pressure is higher when salt ingestion is increased. Studies focusing 
on determining the frequency of sodium sensitivity in hypertensive patients revealed 
the following distribution: 51% high sodium sensitivity, 33% intermediate sensitivity 
and 16% sodium resistance [43]. Patients with D allele display a higher sensitiv-
ity to dietary sodium intake, and therefore the risk of developing hypertension in 
those patients is increased, when high-sodium/low-potassium diet is associated. 
However, when the diet is low in sodium, the risk between presence and absence of 
D allele seems to be the same [44]. ACE inhibitors represent a gold standard therapy 
for cardiovascular and renal disease. But almost half of the hypertensive patients 
respond to ACE inhibitors alone. Most patients require multiple drug associations. 
Previous studies analysed the role of ACE gene polymorphisms in modulating 
treatment response in different populations around the world, and the results are 
still inconsistent. Heidari et al. in their study on 72 newly diagnosed hypertensive 
patients revealed a stronger response to enalapril and lisinopril in the DD genotype 
than ID (p = 0.03) and II (p = 0.001) [45]. Arnett et al. demonstrated a greater 
response to hydrochlorothiazide in hypertensive women during a 4-week study [46]. 
Results are still controversial. Other studies found no relationship between RAAS 
inhibitory treatment and genetic polymorphisms. For example, the study performed 
by Millions et al. did not link the D allele with a supplementary reduction of blood 
pressure during the treatment with ACE inhibitors [47]. Despite the results of some 
important trials stating that DD patients have a better response to ACE inhibitors, 
those results turn out non-reproducible [48]. Moreover, the pharmacogenomic 
analysis from PROGRESS study (5685 patients) based on the neuroprotective effect 
of perindopril after stroke revealed no implication of the ACE polymorphism on 
the end points [49]. There is also some evidence pointing out a different response 
to hydrochlorothiazide according to this polymorphism and sex: diuretic treatment 
was more efficient in II women and DD men [50]. Others suggested the synergism 
between II, ID and a-adducin Gly/Trp as an even better predictor of response to 
diuretic treatment [50]. The importance of the polymorphism in salt-sensitive 
population, the size of the study population and the ethnic variability may partially 
account for those differences. The differences in the response to ACE inhibitors 
between Caucasians and Africans are overwhelming [51], and this definitely repre-
sents a solid motivation for further investigations in this field. As for the response to 
beta blockers, a very important piece in the hypertension puzzle, it seems that ACE 
gene mutations might also be involved. A randomized controlled trial in hyperten-
sive patients treated with atenolol demonstrated a more important blood pressure 
decrease in patients with an AGT M 235 T or G-6A genotype. But those results were 
not reproducible [48].
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Pharmacogenomics is a new medical field trying to achieve personalized treat-
ments according to our genetic package, in an attempt to obtain better results in the 
treatment-resistant patients. Given that RAAS is a key system in cardiovascular hae-
modynamic, discovering mutations that explain individual differences in efficacy 
and toxicity of various drug categories, as well as designing treatment strategies 
taking genetic data in consideration, will certainly be a revolutionary breakthrough 
in the future, both for hypertension and coronary artery disease.

4. Renin-angiotensin-aldosterone therapeutical blockade

The blockade of RAAS has become a central therapeutic strategy for patients 
with cardiac pathology. The inhibition of RAAS system is realized with modulating 
drugs such as ACEi, angiotensin receptor blockers (ARBs) and mineralocorticoid 
receptor antagonists (MRA) [52, 53].

The direct renin inhibition is obtained upstream of the action of the convert-
ing enzyme and has been well-known for decades. This type of blockade prevents 
the generation of ANG I and subsequently ANG II. The most used drug is named 
aliskiren; it has been evaluated in two clinical heart failure trials: ASTRONAUT and 
ATMOSPHERE. These trials proved that aliskiren failed to reduce cardiovascular 
death or heart failure hospitalization, but it induced a significantly more important 
decrease from baseline in NT-proBNP levels [54].

One of the latest advances in RAAS is represented by the development of 
innovative AT1 receptor blockers which have a dual action, going beyond simple 
antagonism of the binding of ANG II. Similar to the classic ARBs, these molecules 
will act on the superfamily of G-protein-coupled receptors (GPCRs). When GPCRs 
are activated by an agonist, they will determine intracellular dissociation of a 
heterotrimeric G protein into G and G subunits. The result consists in inducing 
second messenger-mediated cellular responses. Other groups of proteins which 
induce specific signalling pathways in a manner that is independent of the protein G 
are represented by the 13-arrestins [52, 54].

Even though efficient blockade of RAAS system can be obtained at different 
levels, the cornerstone therapy remains the use of angiotensin-converting enzyme 
inhibitors (ACEi), ARBs and MRA. RAAS blockade combined with natriuretic 
peptides augmentation is considered to be a revolutionary treatment in heart failure 
patients.

The renin-angiotensin-aldosterone system and the natriuretic peptides have 
a yin/yang relationship that has a great potential in inducing beneficial effects, 
by influencing both systems. The desired effects of the RAAS blockade can be 
enhanced by augmenting the natriuretic peptides activity. Even though the mono-
therapy with neprilysin inhibitors has failed to prove efficiency in heart failure 
patients, the association with a RAAS blocker has overcome the disappointing 
results, and even more, it has proven to be one of the most promising therapies in 
patients with different types of heart failure [55–57].

5. Conclusions

The renin-angiotensin-aldosterone system is a key piece in the puzzle of cardio-
vascular homeostasis and disease. Therapeutical targeting of this system at different 
levels represents an important medical breakthrough. The observation that patients 
with the same condition and exposure to risk factors may have different disease 
evolutions and responses to treatment led to genetic studies and to the discovery 
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that ACE gene may also be involved, since the inhibition of ACE reduces cardiac 
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The connection between salt and hypertension is still under investigation, and it has 
not been fully explained [42], although it is clear that for some hypertensive patients, 
the mean blood pressure is higher when salt ingestion is increased. Studies focusing 
on determining the frequency of sodium sensitivity in hypertensive patients revealed 
the following distribution: 51% high sodium sensitivity, 33% intermediate sensitivity 
and 16% sodium resistance [43]. Patients with D allele display a higher sensitiv-
ity to dietary sodium intake, and therefore the risk of developing hypertension in 
those patients is increased, when high-sodium/low-potassium diet is associated. 
However, when the diet is low in sodium, the risk between presence and absence of 
D allele seems to be the same [44]. ACE inhibitors represent a gold standard therapy 
for cardiovascular and renal disease. But almost half of the hypertensive patients 
respond to ACE inhibitors alone. Most patients require multiple drug associations. 
Previous studies analysed the role of ACE gene polymorphisms in modulating 
treatment response in different populations around the world, and the results are 
still inconsistent. Heidari et al. in their study on 72 newly diagnosed hypertensive 
patients revealed a stronger response to enalapril and lisinopril in the DD genotype 
than ID (p = 0.03) and II (p = 0.001) [45]. Arnett et al. demonstrated a greater 
response to hydrochlorothiazide in hypertensive women during a 4-week study [46]. 
Results are still controversial. Other studies found no relationship between RAAS 
inhibitory treatment and genetic polymorphisms. For example, the study performed 
by Millions et al. did not link the D allele with a supplementary reduction of blood 
pressure during the treatment with ACE inhibitors [47]. Despite the results of some 
important trials stating that DD patients have a better response to ACE inhibitors, 
those results turn out non-reproducible [48]. Moreover, the pharmacogenomic 
analysis from PROGRESS study (5685 patients) based on the neuroprotective effect 
of perindopril after stroke revealed no implication of the ACE polymorphism on 
the end points [49]. There is also some evidence pointing out a different response 
to hydrochlorothiazide according to this polymorphism and sex: diuretic treatment 
was more efficient in II women and DD men [50]. Others suggested the synergism 
between II, ID and a-adducin Gly/Trp as an even better predictor of response to 
diuretic treatment [50]. The importance of the polymorphism in salt-sensitive 
population, the size of the study population and the ethnic variability may partially 
account for those differences. The differences in the response to ACE inhibitors 
between Caucasians and Africans are overwhelming [51], and this definitely repre-
sents a solid motivation for further investigations in this field. As for the response to 
beta blockers, a very important piece in the hypertension puzzle, it seems that ACE 
gene mutations might also be involved. A randomized controlled trial in hyperten-
sive patients treated with atenolol demonstrated a more important blood pressure 
decrease in patients with an AGT M 235 T or G-6A genotype. But those results were 
not reproducible [48].
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Pharmacogenomics is a new medical field trying to achieve personalized treat-
ments according to our genetic package, in an attempt to obtain better results in the 
treatment-resistant patients. Given that RAAS is a key system in cardiovascular hae-
modynamic, discovering mutations that explain individual differences in efficacy 
and toxicity of various drug categories, as well as designing treatment strategies 
taking genetic data in consideration, will certainly be a revolutionary breakthrough 
in the future, both for hypertension and coronary artery disease.

4. Renin-angiotensin-aldosterone therapeutical blockade

The blockade of RAAS has become a central therapeutic strategy for patients 
with cardiac pathology. The inhibition of RAAS system is realized with modulating 
drugs such as ACEi, angiotensin receptor blockers (ARBs) and mineralocorticoid 
receptor antagonists (MRA) [52, 53].

The direct renin inhibition is obtained upstream of the action of the convert-
ing enzyme and has been well-known for decades. This type of blockade prevents 
the generation of ANG I and subsequently ANG II. The most used drug is named 
aliskiren; it has been evaluated in two clinical heart failure trials: ASTRONAUT and 
ATMOSPHERE. These trials proved that aliskiren failed to reduce cardiovascular 
death or heart failure hospitalization, but it induced a significantly more important 
decrease from baseline in NT-proBNP levels [54].

One of the latest advances in RAAS is represented by the development of 
innovative AT1 receptor blockers which have a dual action, going beyond simple 
antagonism of the binding of ANG II. Similar to the classic ARBs, these molecules 
will act on the superfamily of G-protein-coupled receptors (GPCRs). When GPCRs 
are activated by an agonist, they will determine intracellular dissociation of a 
heterotrimeric G protein into G and G subunits. The result consists in inducing 
second messenger-mediated cellular responses. Other groups of proteins which 
induce specific signalling pathways in a manner that is independent of the protein G 
are represented by the 13-arrestins [52, 54].

Even though efficient blockade of RAAS system can be obtained at different 
levels, the cornerstone therapy remains the use of angiotensin-converting enzyme 
inhibitors (ACEi), ARBs and MRA. RAAS blockade combined with natriuretic 
peptides augmentation is considered to be a revolutionary treatment in heart failure 
patients.

The renin-angiotensin-aldosterone system and the natriuretic peptides have 
a yin/yang relationship that has a great potential in inducing beneficial effects, 
by influencing both systems. The desired effects of the RAAS blockade can be 
enhanced by augmenting the natriuretic peptides activity. Even though the mono-
therapy with neprilysin inhibitors has failed to prove efficiency in heart failure 
patients, the association with a RAAS blocker has overcome the disappointing 
results, and even more, it has proven to be one of the most promising therapies in 
patients with different types of heart failure [55–57].

5. Conclusions

The renin-angiotensin-aldosterone system is a key piece in the puzzle of cardio-
vascular homeostasis and disease. Therapeutical targeting of this system at different 
levels represents an important medical breakthrough. The observation that patients 
with the same condition and exposure to risk factors may have different disease 
evolutions and responses to treatment led to genetic studies and to the discovery 
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of the importance of ACE D allele in the determinism of coronary artery disease, 
arterial hypertension and hypertrophic cardiomyopathy. Therefore, developing 
treatment strategies according to the specific genetic pattern of the patient is the 
next step in medical evolution.
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Abstract

The renin-angiotensin system, in both its circulating and local tissue roles, is 
intertwined with multiple other regulatory and signalling mechanisms in various 
tissues and organ systems. It plays a central role in the normal regulation of arte-
rial blood pressure and in the development of hypertension, which is an immense 
global public health burden and a crucial modifiable risk factor in the development 
of cardiovascular diseases. The renin-angiotensin system plays also important roles 
in a range of other clinical conditions such as heart failure, kidney failure, diabe-
tes mellitus and others. Therapeutic interventions within the renin-angiotensin 
system include the use of medications such as angiotensin-converting enzyme 
inhibitors and angiotensin receptor antagonists, which are well established and 
have been invaluable as clinically effective tools during many years of practical use. 
Additionally, numerous other therapeutic approaches targeting components of the 
renin-angiotensin system have been developed or are currently in development. 
This chapter will discuss details of the roles of this system in the most relevant 
clinical conditions.

Keywords: renin-angiotensin system, hypertension, heart failure,  
angiotensin-converting enzyme inhibitors, diabetes mellitus

1. Introduction

The renin-angiotensin system (RAS), in both its circulating and local tissue 
roles, is intertwined with multiple other regulatory and signalling mechanisms 
in various tissues and organ systems. It is thereby involved in a number of clini-
cal disorders with complex pathophysiological mechanisms. This chapter aims at 
providing a brief overview of the most relevant conditions in clinical practice in 
which the RAS is important when considering its pathophysiological or therapeutic 
significance.

2. RAS in hypertension

Systemic arterial hypertension is the most crucial global modifiable risk 
factor for morbidity and mortality and clearly connected to cardiovascular 



Selected Chapters from the Renin-Angiotensin System

38

the angiotensin-converting enzyme 
insertion/deletion polymorphism on 
blood pressure and cardiovascular 
risk in relation to antihypertensive 
treatment: The genetics of 
hypertension-association treatment 
study. Circulation. 2005;111:3374-3383

[47] Millions HJ, Kostapanos MS, Vakalis 
K, et al. Impact of renin-angiotensin-
aldosterone system genes on the 
treatment response of patients with 
hypertension and metabolic syndrome. 
Journal of the Renin-Angiotensin-
Aldosterone System. 2007;8:181-189

[48] Mellen PB, Herrington DM.  
Pharmacogenomics of blood pressure 
response to antihypertensive 
treatment. Journal of Hypertension. 
2005;23:1311-1325

[49] Harrap SB et al. The ACE gene I/D 
polymorphism is not associated with 
the blood pressure and cardiovascular 
benefits of ACE inhibition. 
Hypertension. 2003;42:297-303

[50] Schwartz GL et al. Interacting 
effects of gender and genotype 
on blood pressure response to 
hydrochlorothiazide. Kidney 
International. 2002;62:1718-1723

[51] Sciarrone MT et al. ACE and alpha-
adducin polymorphism as markers of 
individual response to diuretic therapy. 
Hypertension. 2003;41:398-403

[52] von Lueder TG, Sangaralingham 
SJ, Wang BH, et al. Renin-angiotensin 
blockade combined with natriuretic 
peptide system augmentation: Novel 
therapeutic concepts to combat heart 
failure. Circulation. Heart Failure. 
2013;6(3):594-605. DOI: 10.1161/
CIRCHEARTFAILURE.112.000289

[53] Zannad F, McMurray JJ, Krum H,  
van Veldhuisen DJ, Swedberg K, 
Shi H, et al. Eplerenone in patients 
with systolic heart failure and mild 

symptoms. The New England Journal of 
Medicine. 2011;364:11-21

[54] Krum H, Massie B, Abraham WT, 
Dickstein K, Kober L, McMurray JJ, 
et al. Direct renin inhibition in addition 
to or as an alternative to angiotensin 
converting enzyme inhibition in 
patients with chronic systolic heart 
failure: Rationale and design of the 
Aliskiren Trial to Minimize OutcomeS 
in Patients with HEart failuRE 
(ATMOSPHERE) study. European 
Journal of Heart Failure. 2011;13:107-114

[55] Cleland JG, Swedberg K. Lack 
of efficacy of neutral endopeptidase 
inhibitor ecadotril in heart failure. The 
International Ecadotril Multi-centre 
Dose-ranging Study Investigators. 
Lancet. 1998;351:1657-1658

[56] Brenner BM, Cooper ME, de Zeeuw 
D, Keane WF, Mitch WE, Parving HH, 
et al. Effects of losartan on renal and 
cardiovascular outcomes in patients 
with type 2 diabetes and nephropathy. 
The New England Journal of Medicine. 
2001;345:861-869

[57] Dahlof B. Left ventricular 
hypertrophy and angiotensin II 
antagonists. American Journal of 
Hypertension. 2001;14:174-182

39

Chapter 3

Significance of the  
Renin-Angiotensin System in 
Clinical Conditions
Vedran Đambić, Đorđe Pojatić, Anto Stažić  
and Aleksandar Kibel

Abstract

The renin-angiotensin system, in both its circulating and local tissue roles, is 
intertwined with multiple other regulatory and signalling mechanisms in various 
tissues and organ systems. It plays a central role in the normal regulation of arte-
rial blood pressure and in the development of hypertension, which is an immense 
global public health burden and a crucial modifiable risk factor in the development 
of cardiovascular diseases. The renin-angiotensin system plays also important roles 
in a range of other clinical conditions such as heart failure, kidney failure, diabe-
tes mellitus and others. Therapeutic interventions within the renin-angiotensin 
system include the use of medications such as angiotensin-converting enzyme 
inhibitors and angiotensin receptor antagonists, which are well established and 
have been invaluable as clinically effective tools during many years of practical use. 
Additionally, numerous other therapeutic approaches targeting components of the 
renin-angiotensin system have been developed or are currently in development. 
This chapter will discuss details of the roles of this system in the most relevant 
clinical conditions.

Keywords: renin-angiotensin system, hypertension, heart failure,  
angiotensin-converting enzyme inhibitors, diabetes mellitus

1. Introduction

The renin-angiotensin system (RAS), in both its circulating and local tissue 
roles, is intertwined with multiple other regulatory and signalling mechanisms 
in various tissues and organ systems. It is thereby involved in a number of clini-
cal disorders with complex pathophysiological mechanisms. This chapter aims at 
providing a brief overview of the most relevant conditions in clinical practice in 
which the RAS is important when considering its pathophysiological or therapeutic 
significance.

2. RAS in hypertension

Systemic arterial hypertension is the most crucial global modifiable risk 
factor for morbidity and mortality and clearly connected to cardiovascular 



Selected Chapters from the Renin-Angiotensin System

40

disease development [1]. The RAS plays a central role in the normal regulation 
of blood pressure and in the development of hypertension [2]. RAS regulates 
blood pressure through its effector protein angiotensin II (Ang II), which causes 
the constriction of the efferent arteriole in the kidney glomerulus, as well as the 
vasoconstriction of arterioles in peripheral circulation [3]. In addition to the 
above, RAS achieves its effects by stimulating the secretion of aldosterone by 
adrenal glands and vasopressin by the posterior pituitary, which, through the 
synergistic effect of water retention and sodium absorption, ensures the stability 
or increase of the intravascular volume [3]. Abnormal RAS activity is present 
in conditions such as hypertension and diabetes, which causes slow, continuous 
damage to the renal parenchyma and leads to the development of chronic kidney 
disease (CKD) [4, 5].

The pathophysiology of essential hypertension and other types of hypertension 
is extremely complex and not fully elucidated, with the RAS contributing only in 
part to the multifactorial pathophysiological mechanisms [1]. There is a pathophysi-
ological interplay between the RAS, endothelial function/dysfunction, the role 
of the sympathetic nervous system, natriuretic peptides, inflammation and the 
immune system [1]. A dysfunction in the factors that contribute to blood pressure 
control may lead to the development of increases in mean blood pressure [1]. The 
genetic background/predisposition is of course very relevant. Furthermore, the 
RAS may play a completely different role depending on the type of hypertension. 
For instance, in primary aldosteronism, the most common type of secondary hyper-
tension, there is an inappropriate increase in aldosterone synthesis in the setting of 
low plasma renin [6].

In addition to its main hemodynamic, fluid volume and vascular tone-changing 
effects, RAS can participate in stimulating immune cell infiltration, inflammation 
and fibrosis that is present in conditions such as renal ischemia, myocardial infarc-
tion and systemic hypertension [7]. Because of the connection of angiotensin II to 
endothelial dysfunction, proinflammatory and profibrotic actions and oxidative 
stress, it is associated with renal, cardiac and vascular injury and thereby directly 
linked to target organ damage in hypertension [7].

Besides the most largely know effector arm of the RAS, which includes 
angiotensin II and the angiotensin II type 1 receptor (AT1R), the RAS system 
is much more complex and features other important components, including 
angiotensin-(1–7) (Ang-(1–7), which exerts opposite effects than angiotensin 
II—it leads to vasodilation, and it has antifibrotic and antiproliferative effects 
[8]. Angiotensin-(1–7) is being extensively studied, including for its potential 
antihypertensive effects. Its potentially favourable cardiovascular actions are 
elicited through Mas G protein-coupled receptors that are expressed in various 
tissues essential to blood pressure regulation such as the brain, kidneys, blood 
vessels and heart [9]. However, the clinical potential and role of angiotensin-(1–7) 
in the pathophysiology and treatment is not yet clear because of a lack of adequate 
clinical studies and data [9].

From a therapeutic standpoint, there are several important groups of pharma-
cological agents targeting the RAS in hypertension. These include already clinically 
well-established antihypertensive drugs such as inhibitors of the angiotensin-
converting enzyme (ACE inhibitors), AT1R blockers or direct renin inhibitors [2]. 
However, novel potential drugs targeting the RAS are also being developed, includ-
ing agents seeking to upregulate the ACE2/angiotensin-(1–7)/Mas axis—coun-
teracting the unwanted actions of the ACE/angiotensin II/AT1R axis—or agents 
such as new small molecule inhibitors, recombinant ACE2 protein, as well as gene 
therapy suppressing angiotensinogen at the RNA level [2].
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3. Role in heart failure

3.1 Introduction

Heart failure is a progressive condition defined by the inability of the heart to 
pump enough blood to meet the body requirements for nutrients and oxygen.

It develops when the heart fails to pump enough blood to meet the requirements 
of metabolizing tissues, which is caused by conditions like ischaemic heart disease, 
arrhythmias, etc., and produces different symptoms and signs. Some of the symp-
toms and signs include the following: exertional dyspnoea and/or dyspnoea at rest, 
orthopnoea, acute pulmonary oedema, chest pain, tachycardia, fatigue and weak-
ness, distention of neck veins, rales, wheezing, S gallop or pulsus alternans, etc. [7].

Heart failure is one of the most challenging pathophysiologic states with increas-
ing prevalence in the Western world, affecting 1–2% of the total population [10].

The neurohumoral basis of heart failure is complex and includes interaction 
between components of the renin-angiotensin-aldosterone system (RAAS), the 
sympathetic nervous system and counterregulatory mediators (i.e., the natriuretic 
peptides).

Activation of neurohumoral mechanisms (i.e., the renin-angiotensin-aldoste-
rone system) initially improves cardiac output, but despite this, counterregulatory 
mechanisms finally lead to heart failure syndrome with different signs and symp-
toms [11].

3.1.1 The neurohumoral pathophysiology of heart failure

The renin-angiotensin-aldosterone system (RAAS) plays a major role in the 
pathogenesis of heart failure, and the impact of treatment that targets RAAS is 
significant.

Figure 1. 
A summary of the key pathogenesis of RAAS in heart failure. RAAS, renin-angiotensin-aldosterone system; 
ADH, antidiuretic hormone.
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The neurohumoral basis of heart failure includes activation of RAAS by 
renal hypoperfusion (caused by hypotension or hypovolemia) and sympathetic 
 activation [12].

Production of angiotensin II leads to vasoconstriction of arterioles and an 
increase in blood pressure, leads to antidiuretic hormone secretion, and stimulates 
the release of aldosterone and consequently salt and water retention [12] (Figure 1).

All of the above temporarily improve cardiac output but finally propagate the 
heart failure syndrome via overwhelming the opposing vasodilators and natriuretic 
mediators (i.e., A-type natriuretic peptide and B-type natriuretic peptide) which 
are mainly secreted form heart in response to the degree of ventricular stretch [13].

An imbalance between regulatory and counterregulatory mechanisms is the 
major pathophysiological target in heart failure treatment.

Therefore drugs that modulate RAAS (i.e., ACE inhibitors, beta-blockers, angio-
tensin receptor blockers and mineralocorticoid receptor antagonists) represent 
the core of treatment augmented by angiotensin receptor neprilysin inhibitors as a 
novel therapy [14].

4. Role in kidney failure

Chronic kidney disease (CKD) is a disease whose prevalence is constantly 
increasing in the elderly in the current, modern age [15]. CKD has multiple causes, 
where different organ dysfunctions lead to the reduction of the glomerular filtra-
tion rate, a disorder of excretory and endocrine function of the kidney and a 
significant diminishment of quality of life of such patients [16, 17]. End-stage 
renal failure, where glomerular filtration rate falls to less than 15 ml/min, requires 
treating the patient suffering from CKD with haemodialysis, which is a process in 
which blood is filtered through a semipermeable membrane, intended to replace the 
excretory function of the kidney [18]. Considering the high costs of treatment of 
patients with CKD, much research has been dedicated to studying the pathophysi-
ological mechanisms that contribute to its development and exacerbation with the 
intention of developing new medications and procedures in an attempt to slow 
down the increase in the prevalence of patients with CKD. Abnormal activity of the 
renin-angiotensin system (RAS), regardless of the primary cause of CKD, has an 
immense value in the results of many studies [19].

In patients with CKD, RAS activity is increased in the central and periph-
eral circulation, which is indirectly confirmed by the fact that the activity and 
expression of the angiotensin-converting enzyme (ACE) linearly increases as the 
glomerular filtration rate decreases in patients with CKD [20]. Although ACE is 
the main enzyme that leads to RAS activation in patients with CKD by convert-
ing angiotensin I (Ang I) into angiotensin II, certain studies have shown that in 
particular types of acute renal failure, such as the one caused by aristolochic acid, 
there is a more significant RAS activation through chymases and a relatively mild 
ACE activation [21]. Chymase inhibition causes the slowing of the progression 
of fibrotic and inflammatory changes in the renal parenchyma, which makes it 
possible to talk about the synergistic effect of ACE and chymases in the activa-
tion of RAS effectors [21]. The role of chymase is also crucial for RAS activation 
in patients with stage five CKD treated with haemodialysis [22]. Considering the 
lower-than-normal levels of ACE and high chymase levels in such patients than 
those in patients with the same stage of CKD who are undergoing conservative 
treatment, it is clear that in such patients, the high levels of angiotensin in the renal 
parenchyma are a consequence of the increased chymase activity [22]. Increased 
chymase and angiotensin II activity leads to faster development of renal fibrosis 
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in patients treated with haemodialysis than that in patients with the same stage of 
CKD who are not treated with dialysis [22].

According to new findings, nearly all RAS components may have a big effect on 
the development of CKD and its predisposing factors, such as hypertension. The 
activity of the prorenin receptors (PRR), which is found in the collecting duct cells 
of the kidney and increases the affinity of renin for angiotensinogen, is significant 
for RAS activation [23]. PRR blockade in animal models causes the decrease of 
RAS activity, which indirectly decreases levels of proteinuria, macroscopic signs 
of interstitial fibrosis and renal fibrosis. Although the increased activity of the 
systemic RAS plays a large role in the development of CKD, new findings place 
greater emphasis on the role of the local RAS in the renal and brain parenchyma 
and their synergistic effects. Prolonged activation of the local RAS in the renal 
parenchyma causes the production of inflammatory cytokines IL-6 and TNF-
alpha, which lead to the infiltration of inflammatory cells into renal tissue, tissue 
damage and fibrosis [24] (Table 1).

Recent studies have identified the Wnt/β catenin signalling pathway as the 
main pathway for expression of RAS components in renal tissue, and its blockade 
in animal models of CKD was connected to significant clinical improvement and 
reduction of proteinuria and creatininaemia [25]. The Wnt/β catenin signalling 
pathway is the main pathway for RAS expression in the hypothalamic paraventricu-
lar nucleus which indirectly affects the renal tissue RAS through activation of the 
sympathetic nervous system [26]. Blocking the central Wnt/β catenin signalling 
pathway leads to the inhibition of expression of the renal RAS components and to 
the slowing of the progression of renal fibrosis; it is thus clear that in the tissue, 
local RAS is regulated by the central nervous system [5, 26]. Inhibition of RAS 
through intraventricular injection of losartan leads to a decrease in peripheral 
sympathetic nervous system activity and renal RAS activity, which potentially 
makes the sympathetic nervous system one of the possible pathways of communi-
cation between renal RAS and brain RAS [5]. In animal models of CKD, where a 
strong expression of RAS components was noticed after incubation of renal cells 
with inhibitors of the Wnt/β catenin signalling pathway, there is mainly a reduced 
expression of profibrotic factors in the renal parenchyma. In one such model, posi-
tive feedback was noticed between RAS and the Wnt/β catenin signalling pathway, 
where angiotensin II increases the expression of proteins of that signalling pathway, 
which is probably also the mechanism used by the central and circulating RAS to 
stimulate the activity of local RAS [25].

The role of the Wnt/β catenin signalling pathway in RAS activation and local 
fibrosis is also confirmed by research done on its inhibitors. The Klotho gene, which 
plays a significant role in slowing the process of ageing, encodes the protein which 
inhibits the components of the Wnt/β catenin signalling pathway [27]. In renal tissue 
of animal models of CKD, the Klotho level is inversely associated with the levels of 
RAS components, and the Klotho expression level showed a negative correlation with 
the degree of renal fibrosis [27]. Experimental studies on animal models that proved 
the effect of vitamin D on the decreased level of CKD and renal fibrosis measure an 
increased Klotho level, decreased activation of the Wnt/β catenin signalling pathway 
and low tissue RAS activity in in vitro conditions [28]. Multiple experimental studies 
have demonstrated the connection between the Wnt/β catenin signalling pathway 
and harmful RAS activation in CKD and renal fibrosis, which paves the way for 
new research with the aim of finding efficient medications that would slow the 
development and progression of CKD by affecting the above components [24, 26].

Local renal RAS may be activated by the effects of free radicals, which stimulate 
the expression of RAS components at the molecular level of signalling pathways. 
The above factor is one of the main mechanisms examined in harmful RAS 
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lower-than-normal levels of ACE and high chymase levels in such patients than 
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in patients treated with haemodialysis than that in patients with the same stage of 
CKD who are not treated with dialysis [22].

According to new findings, nearly all RAS components may have a big effect on 
the development of CKD and its predisposing factors, such as hypertension. The 
activity of the prorenin receptors (PRR), which is found in the collecting duct cells 
of the kidney and increases the affinity of renin for angiotensinogen, is significant 
for RAS activation [23]. PRR blockade in animal models causes the decrease of 
RAS activity, which indirectly decreases levels of proteinuria, macroscopic signs 
of interstitial fibrosis and renal fibrosis. Although the increased activity of the 
systemic RAS plays a large role in the development of CKD, new findings place 
greater emphasis on the role of the local RAS in the renal and brain parenchyma 
and their synergistic effects. Prolonged activation of the local RAS in the renal 
parenchyma causes the production of inflammatory cytokines IL-6 and TNF-
alpha, which lead to the infiltration of inflammatory cells into renal tissue, tissue 
damage and fibrosis [24] (Table 1).

Recent studies have identified the Wnt/β catenin signalling pathway as the 
main pathway for expression of RAS components in renal tissue, and its blockade 
in animal models of CKD was connected to significant clinical improvement and 
reduction of proteinuria and creatininaemia [25]. The Wnt/β catenin signalling 
pathway is the main pathway for RAS expression in the hypothalamic paraventricu-
lar nucleus which indirectly affects the renal tissue RAS through activation of the 
sympathetic nervous system [26]. Blocking the central Wnt/β catenin signalling 
pathway leads to the inhibition of expression of the renal RAS components and to 
the slowing of the progression of renal fibrosis; it is thus clear that in the tissue, 
local RAS is regulated by the central nervous system [5, 26]. Inhibition of RAS 
through intraventricular injection of losartan leads to a decrease in peripheral 
sympathetic nervous system activity and renal RAS activity, which potentially 
makes the sympathetic nervous system one of the possible pathways of communi-
cation between renal RAS and brain RAS [5]. In animal models of CKD, where a 
strong expression of RAS components was noticed after incubation of renal cells 
with inhibitors of the Wnt/β catenin signalling pathway, there is mainly a reduced 
expression of profibrotic factors in the renal parenchyma. In one such model, posi-
tive feedback was noticed between RAS and the Wnt/β catenin signalling pathway, 
where angiotensin II increases the expression of proteins of that signalling pathway, 
which is probably also the mechanism used by the central and circulating RAS to 
stimulate the activity of local RAS [25].

The role of the Wnt/β catenin signalling pathway in RAS activation and local 
fibrosis is also confirmed by research done on its inhibitors. The Klotho gene, which 
plays a significant role in slowing the process of ageing, encodes the protein which 
inhibits the components of the Wnt/β catenin signalling pathway [27]. In renal tissue 
of animal models of CKD, the Klotho level is inversely associated with the levels of 
RAS components, and the Klotho expression level showed a negative correlation with 
the degree of renal fibrosis [27]. Experimental studies on animal models that proved 
the effect of vitamin D on the decreased level of CKD and renal fibrosis measure an 
increased Klotho level, decreased activation of the Wnt/β catenin signalling pathway 
and low tissue RAS activity in in vitro conditions [28]. Multiple experimental studies 
have demonstrated the connection between the Wnt/β catenin signalling pathway 
and harmful RAS activation in CKD and renal fibrosis, which paves the way for 
new research with the aim of finding efficient medications that would slow the 
development and progression of CKD by affecting the above components [24, 26].

Local renal RAS may be activated by the effects of free radicals, which stimulate 
the expression of RAS components at the molecular level of signalling pathways. 
The above factor is one of the main mechanisms examined in harmful RAS 
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activation in diabetic nephropathy, which is one of the leading causes of CKD 
[5]. The effect of free radicals on the development of CKD was demonstrated 
in studies examining strong antioxidants, such as melatonin. The application 
of melatonin in animal models of CKD leads to a reduced expression of all RAS 
components, decreased levels of markers of interstitial fibrosis and increased 
expression of antioxidant enzymes, such as superoxide dismutase [29]. The role 
of RAS in CKD has also been examined at the level of angiotensin receptors. 
Angiotensin II mainly produces its effect by activating the AT1 receptor, through 
which it causes vasoconstriction and has a proinflammatory and profibrotic 
effect on renal parenchyma. In addition to the AT1 receptor, there is also the AT2 
receptor, which is presumed to have a vasodilatory and renoprotective effect. In 
experiments on animal models of CKD using resveratrol, which is a selective AT1 
receptor antagonist and AT2 receptor agonist, increased expression of antioxidant 

Component of RAS system 
whose activation or 
inhibition is involved in the 
development of CKD

Explanation of mechanism References (author, year and 
title of study)

Prorenin receptor placed in 
collecting duct cells of kidney

PRR increases the affinity 
of prorenin and renin for 
angiotensin, and blockade of this 
receptor decreases activity of 
components of RAS and reduces 
laboratory markers of CKD

[23] (Fang et al., 2018, Role of 
(pro)renin receptor in albumin 
overload-induced nephropathy 
in rats)

Wnt/β catenin signalling 
pathway as the main pathway 
for expression of RAS 
components in kidney and 
brain tissue (hypothalamic 
paraventricular nucleus )

Wnt/β catenin signalling 
pathway is the main pathway 
of molecular expression of RAS 
components in brain and kidney 
tissue; local brain RAS and renal 
RAS communicate through the 
sympathetic nervous system

[26] (Zhou et al., 2019, The 
regulation effect of WNT-RAS 
signalling in hypothalamic 
paraventricular nucleus on renal 
fibrosis
[25] (Xiao et al., 2019, Wnt/β-
catenin regulates blood pressure 
and kidney injury in rats)

Angiotensin-converting 
enzyme in systemic 
circulation

Activity of ACE in systemic 
circulation increases with an 
increase of severity of CKD 
and in that way leads to further 
deterioration of kidney function

[20] (Wolke et al., 2017, Serum 
protease activity in chronic 
kidney disease patients: The 
GANI_MED renal cohort)

Chymase enzyme as an 
alternative pathway of 
activation of angiotensin II

Chymase, as an alternative 
pathway of RAS activation, 
converts angiotensin I to 
angiotensin II; blockade of this 
enzyme prevents CKD progression

[21] (Hsieh et al., 2017, Renal 
chymase-dependent pathway 
for angiotensin II formation 
mediated acute kidney injury in a 
mouse model of aristolochic acid 
I-induced acute nephropathy)

Neprilysin as an 
secondary enzymatic 
pathway for activation of 
angiotensin-(1–7)

Neprilysin, similar to ACE2 
enzyme, converts angiotensin 
II to angiotensin-(1–7) which 
binds to Mas receptors and causes 
vasodilatory and renoprotective 
effects; prevents CKD

[31] (Domenig et al., 2016, 
Neprilysin is a mediator of 
alternative renin-angiotensin-
system activation in the murine 
and human kidney)

Angiotensin receptor-
associated protein (ATRAP), 
which is associated with AT1 
receptor

ATRAP inhibits expression of 
AT1 receptor with circulating 
angiotensin II; it disables RAS 
activity in the development and 
progression of CKD

[32] (Kobayashi et al., 2017, An 
angiotensin II type 1 receptor 
binding molecule has a critical 
role in hypertension in a chronic 
kidney disease model)

Table 1. 
RAS in the pathophysiology of renal failure.
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enzymes was demonstrated, as was a reduced expression of fibronectin and type IV 
collagen—which are markers of tissue fibrosis [30].

A similar role, but with another agonist as the AT2 receptor, is played by the Mas 
receptor, which is also a part of RAS that contributes to local vasodilatation and 
has renoprotective effects. It is also known that, in normal circumstances, the Mas 
receptor is activated by angiotensin-(1–7), which is synthesized by the action of 
angiotensin-converting enzyme 2 (ACE2) on angiotensin II [31]. More recent stud-
ies of animal models with ACE2 enzyme blocking have determined the existence 
of stable levels of angiotensin-(1–7), and neprilysin was found to be the secondary 
enzymatic pathway contributing to its increase [31].

The AT1 receptor activity is regulated by a special associated protein, which 
regulates its expression and thus indirectly also regulates RAS activity. ATRAP 
inhibits the expression of the AT1 receptor and thus decreases the effect that 
circulating angiotensin II has on blood pressure levels, while also having a long-
term effect by inhibiting the secretion of TNF-alpha, whose inflammatory factors 
contribute to the development of CKD [32].

The results of the latest studies confirm the essential role that RAS plays in the 
development and progression of CKD, which emphasizes the need and paves the 
way for new research on the subject of medications and therapeutic procedures that 
could efficiently decrease the growing epidemic of patients with CKD by affecting 
RAS components [32].

5. Role in diabetes

The RAS has been implicated in the human pathophysiology of numerous 
diseases, of particular importance in the development and onset of complications 
of diabetes as one of the most lethal non-communicable metabolic diseases [33]. 
The major intracellular mechanisms responsible for the adverse effects of diabetes 
are excessive production of advanced glycation end-products (AGEs), activation 
of the hexosamine biosynthetic pathway, activation of protein kinase C (PKC), 
lipotoxicity, mitochondrial dysfunction, enhanced oxidative stress and activation 
of intracellular RAS [34]. Because of hyperglycaemia in diabetes, intracellular 
accumulation of glucose that is not oxidised by glycolysis (because of inhibition of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by reactive oxygen species 
(ROS)) is already being diverted to other metabolic pathways [34]. The result of 
GAPDH inhibition is the increased flux of glucose metabolites through four other 
metabolic pathways. These are the aldose reductase or polyol pathway, the forma-
tion of advanced glycation end-products, the formation of diacylglycerol (DAG), 
resulting in protein kinase C activation and increased flux via the hexosamine bio-
synthesis pathway (HBP), and generation of the end product uridine diphosphate 
N-acetylglucosamine (UDP-GlcNAc), a substrate used for protein glycosylation 
[35]. The polyol pathway leads to NADPH and glutathione deficiency resulting in 
massive ROS formation [34]. On the other hand, in addition to leading to the devel-
opment of insulin resistance, hyperlipidaemia also has a lipotoxic effect on cells 
[34]. Excessive fatty acid (FFA) inflow leads to increased and inefficient oxidation 
of FFA in the mitochondria with consequent generation of reactive oxygen radicals 
and exacerbation of mitochondrial dysfunction [34]. In diabetes, mitochondrial 
function decreases, and mitochondrial mass decreases, which is most likely con-
nected to a decrease in OxPhos protein expression [34]. Excessive amounts of 
ROS, AGEs, DAG and activated PKCs and post-translational O-GlcNAcylation of 
transcription factors jointly lead to activation of intracellular synthesis of AGT, 
renin and chymase and thus activation of intracellular RAS. In addition, AGEs act 
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enzymes was demonstrated, as was a reduced expression of fibronectin and type IV 
collagen—which are markers of tissue fibrosis [30].

A similar role, but with another agonist as the AT2 receptor, is played by the Mas 
receptor, which is also a part of RAS that contributes to local vasodilatation and 
has renoprotective effects. It is also known that, in normal circumstances, the Mas 
receptor is activated by angiotensin-(1–7), which is synthesized by the action of 
angiotensin-converting enzyme 2 (ACE2) on angiotensin II [31]. More recent stud-
ies of animal models with ACE2 enzyme blocking have determined the existence 
of stable levels of angiotensin-(1–7), and neprilysin was found to be the secondary 
enzymatic pathway contributing to its increase [31].

The AT1 receptor activity is regulated by a special associated protein, which 
regulates its expression and thus indirectly also regulates RAS activity. ATRAP 
inhibits the expression of the AT1 receptor and thus decreases the effect that 
circulating angiotensin II has on blood pressure levels, while also having a long-
term effect by inhibiting the secretion of TNF-alpha, whose inflammatory factors 
contribute to the development of CKD [32].

The results of the latest studies confirm the essential role that RAS plays in the 
development and progression of CKD, which emphasizes the need and paves the 
way for new research on the subject of medications and therapeutic procedures that 
could efficiently decrease the growing epidemic of patients with CKD by affecting 
RAS components [32].

5. Role in diabetes

The RAS has been implicated in the human pathophysiology of numerous 
diseases, of particular importance in the development and onset of complications 
of diabetes as one of the most lethal non-communicable metabolic diseases [33]. 
The major intracellular mechanisms responsible for the adverse effects of diabetes 
are excessive production of advanced glycation end-products (AGEs), activation 
of the hexosamine biosynthetic pathway, activation of protein kinase C (PKC), 
lipotoxicity, mitochondrial dysfunction, enhanced oxidative stress and activation 
of intracellular RAS [34]. Because of hyperglycaemia in diabetes, intracellular 
accumulation of glucose that is not oxidised by glycolysis (because of inhibition of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by reactive oxygen species 
(ROS)) is already being diverted to other metabolic pathways [34]. The result of 
GAPDH inhibition is the increased flux of glucose metabolites through four other 
metabolic pathways. These are the aldose reductase or polyol pathway, the forma-
tion of advanced glycation end-products, the formation of diacylglycerol (DAG), 
resulting in protein kinase C activation and increased flux via the hexosamine bio-
synthesis pathway (HBP), and generation of the end product uridine diphosphate 
N-acetylglucosamine (UDP-GlcNAc), a substrate used for protein glycosylation 
[35]. The polyol pathway leads to NADPH and glutathione deficiency resulting in 
massive ROS formation [34]. On the other hand, in addition to leading to the devel-
opment of insulin resistance, hyperlipidaemia also has a lipotoxic effect on cells 
[34]. Excessive fatty acid (FFA) inflow leads to increased and inefficient oxidation 
of FFA in the mitochondria with consequent generation of reactive oxygen radicals 
and exacerbation of mitochondrial dysfunction [34]. In diabetes, mitochondrial 
function decreases, and mitochondrial mass decreases, which is most likely con-
nected to a decrease in OxPhos protein expression [34]. Excessive amounts of 
ROS, AGEs, DAG and activated PKCs and post-translational O-GlcNAcylation of 
transcription factors jointly lead to activation of intracellular synthesis of AGT, 
renin and chymase and thus activation of intracellular RAS. In addition, AGEs act 
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via RAGE receptors that, through activation of inflammatory signalling pathways 
(TGF β, MAPK, JNK and NF-κB), lead to enhanced expression of collagen proteins 
and other extracellular matrix proteins. Together with activated RAS and activated 
PKCs isoforms by DAGs and by some lipid intermediates (e.g., ceramide, diacylg-
lycerol and acylcarnitine), there is increased inflammation, fibrosis and apoptosis 
of cells attacked by hyperglycaemia [34] (Figure 2).

6. The role of intracellular Ang II (iAngII)

In addition to the commonly known circulating RAS, there is a local tissue 
intracellular RAS that occurs in all cells that produce peptides [36]. Activation of 
the transcription factors and gene expression described in the previous paragraph 
results in the synthesis of intracellular angiotensinogen, which is converted to 
angiotensin I by renin, and becomes the intracellular angiotensin II by the proteo-
lytic action of chymase [34]. Chymase is a key proteolytic enzyme that completely 
replaces the role of extracellular angiotensin-converting enzyme within the cell 
and, unlike other alternative enzymes (tonin and cathepsin), has the highest 
substrate specificity. Intracellular Ang II levels are three times higher in diabetic 
patients than those in nondiabetic patients [37]. Intracellular Ang II has intracrine, 
autocrine, paracrine and endocrine functions [38]. iAngII by direct unidentified 
mechanisms, independent of global circulating RAS, causes an increase in oxidative 
stress and cell apoptosis and enhances the expression of intracellular components of 
RAS. Activation of AT1R via iAng II can trigger the MAPK signalling pathway (p38-
MAPK), promoting inflammation, cell proliferation and thrombosis [37]. The study 
showed that an increase in phosphorylated p53 was associated with an increase in 
iAngII, enhanced activation of AT1R and RAS-independent O-glycosylation [39]. 

Figure 2. 
Intracellular mechanism of activation and deleterious action of RAS in diabetes. ACE, angiotensin-converting 
enzyme; AGEs, advanced glycation end-products; Ang, angiotensinogen; Ang I, angiotensin I; Ang II, 
angiotensin II; ARB, angiotensin receptor blocker; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin 
II type 2 receptor; DAG, diacylglycerol; FFA, free fatty acid; GAD-3P, glyceraldehyde 3-phosphate; iAng, 
intracellular angiotensin; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; NF-κB, 
nuclear factor-kappa beta; PKC, protein kinase C; RAGE, receptor for advanced glycation end-products; TCA 
cycle, tricarboxylic acid cycle; TGF-β, transforming growth factor beta.

47

Significance of the Renin-Angiotensin System in Clinical Conditions
DOI: http://dx.doi.org/10.5772/intechopen.92309

Also, iAng II enhances AT1R expression and decreases extracellular ACE2 expres-
sion in diabetic patients [37]. Increased expression of AT1R leads to stronger and 
negative effects of activation of AG1R [40]. ACE2 activation and AT2R activation 
are known to have protective effects on cells [38]. Direct inhibition, glycosylation 
or some other forms of protein modification leads to impaired ACE2 activity [41]. 
ACE2 catalyses the breakdown of Ang II to produce angiotensin-(1–7), which has an 
anti-inflammatory and antioxidant role [41]. In an animal model, it has been shown 
that oral administration of the recombinant-rich bacterium Lactobacillus paracasei 
(LP) can express and deliver human ACE2 to the circulation, which prevents the 
development of diabetic retinopathy and probably other forms of diabetes com-
plication [41]. This potent protective effect of AT2R is prevented by the activation 
of AT1R by either iAngII or eAngII which results in the direct inhibition of AT2R 
activity or reduced expression of AT2R[38]. On the other hand, eAngII acts through 
AT1R and AG2R, and activation of a particular receptor depends on their balance 
regulated by the indicated intracellular mechanisms [38]. Thus, activation of AT1R 
by extracellular or intracellular Ang II leads to activation of several signalling 
pathways, activation of growth factor receptors, promotion of ROS synthesis and 
other apoptotic and fibrotic responses [37]. Patients with diabetes have 10 times 
higher levels of prorenin than renin than healthy subjects, and prorenin is thought 
to contribute more to the pathogenesis of diabetic complications [40]. Also, hyper-
glycaemia induces an increase in aldosterone by activation of AT1R and an increase 
in local Ang II whose pathophysiological effects in diabetes are unknown, but are 
thought to synergize with Ang II causing inflammation, apoptosis and fibrosis [42].

7.  Influence of the RAS on pancreatic tissue, muscle tissue and adipose 
tissue

Chymase is found in all cells, and predominantly in mast cells, so we can also 
associate inflammation with the activation of RAS [43]. Activated intracellular 
RAS is thought to induce growth factor and cytokine synthesis by acting directly 
on other cells, which explains proteinuria in patients with diabetes with ACE 
inhibitors, resistance to antihypertensives in diabetics with hypertension and 
higher cardiovascular mortality in diabetics with hypertension [44]. Ang II reduces 
blood flow through beta Langerhans cells [45]. Ang II is thought to directly affect 
beta cell function and mass, promoting inflammation, oxidative stress and fibrosis 
[45]. All these effects finally lead to a decrease in insulin secretion and thus at least 
partially participate in the development of diabetes when it comes to beta cells 
[45]. Since muscle tissue accounts for about 80% of insulin-stimulated glucose 
disposal, the decrease in tissue perfusion caused by RAS directly contributes to the 
decreased glucose uptake into muscle cells [45]. On the other hand, it also leads to 
microvascular dysfunction, but all of this needs to be explored in more detail in 
the future [46]. Blockade of RAS causes overexpression of the GLUT4 transporter 
in skeletal muscle and accumulation of bradykinin that stimulates glucose uptake 
into skeletal muscle [47]. Long-term valsartan treatment reduced oxidative 
stress, NF-κB activation and TNF-alpha expression in skeletal muscle [48]. iAngII 
synthesized in adipose tissue (AT) leads to adipocyte hypertrophy, increased lipid 
synthesis and storage and inhibition of lipolysis, thereby modulating the lipid 
capacity of adipocytes to develop and worsen insulin resistance [49]. Also, Ang 
II promotes AT gene expression by enhancing the synthesis of proinflammatory 
adipokines and thus macrophage infiltration [49]. In female mice lacking the 
angiotensin II type 2 receptor (AT2R), decreased insulin sensitivity to adipose tissue 
leads to compensatory adiponectinaemia [50]. Animal model research has shown 
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via RAGE receptors that, through activation of inflammatory signalling pathways 
(TGF β, MAPK, JNK and NF-κB), lead to enhanced expression of collagen proteins 
and other extracellular matrix proteins. Together with activated RAS and activated 
PKCs isoforms by DAGs and by some lipid intermediates (e.g., ceramide, diacylg-
lycerol and acylcarnitine), there is increased inflammation, fibrosis and apoptosis 
of cells attacked by hyperglycaemia [34] (Figure 2).

6. The role of intracellular Ang II (iAngII)

In addition to the commonly known circulating RAS, there is a local tissue 
intracellular RAS that occurs in all cells that produce peptides [36]. Activation of 
the transcription factors and gene expression described in the previous paragraph 
results in the synthesis of intracellular angiotensinogen, which is converted to 
angiotensin I by renin, and becomes the intracellular angiotensin II by the proteo-
lytic action of chymase [34]. Chymase is a key proteolytic enzyme that completely 
replaces the role of extracellular angiotensin-converting enzyme within the cell 
and, unlike other alternative enzymes (tonin and cathepsin), has the highest 
substrate specificity. Intracellular Ang II levels are three times higher in diabetic 
patients than those in nondiabetic patients [37]. Intracellular Ang II has intracrine, 
autocrine, paracrine and endocrine functions [38]. iAngII by direct unidentified 
mechanisms, independent of global circulating RAS, causes an increase in oxidative 
stress and cell apoptosis and enhances the expression of intracellular components of 
RAS. Activation of AT1R via iAng II can trigger the MAPK signalling pathway (p38-
MAPK), promoting inflammation, cell proliferation and thrombosis [37]. The study 
showed that an increase in phosphorylated p53 was associated with an increase in 
iAngII, enhanced activation of AT1R and RAS-independent O-glycosylation [39]. 

Figure 2. 
Intracellular mechanism of activation and deleterious action of RAS in diabetes. ACE, angiotensin-converting 
enzyme; AGEs, advanced glycation end-products; Ang, angiotensinogen; Ang I, angiotensin I; Ang II, 
angiotensin II; ARB, angiotensin receptor blocker; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin 
II type 2 receptor; DAG, diacylglycerol; FFA, free fatty acid; GAD-3P, glyceraldehyde 3-phosphate; iAng, 
intracellular angiotensin; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; NF-κB, 
nuclear factor-kappa beta; PKC, protein kinase C; RAGE, receptor for advanced glycation end-products; TCA 
cycle, tricarboxylic acid cycle; TGF-β, transforming growth factor beta.
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sion in diabetic patients [37]. Increased expression of AT1R leads to stronger and 
negative effects of activation of AG1R [40]. ACE2 activation and AT2R activation 
are known to have protective effects on cells [38]. Direct inhibition, glycosylation 
or some other forms of protein modification leads to impaired ACE2 activity [41]. 
ACE2 catalyses the breakdown of Ang II to produce angiotensin-(1–7), which has an 
anti-inflammatory and antioxidant role [41]. In an animal model, it has been shown 
that oral administration of the recombinant-rich bacterium Lactobacillus paracasei 
(LP) can express and deliver human ACE2 to the circulation, which prevents the 
development of diabetic retinopathy and probably other forms of diabetes com-
plication [41]. This potent protective effect of AT2R is prevented by the activation 
of AT1R by either iAngII or eAngII which results in the direct inhibition of AT2R 
activity or reduced expression of AT2R[38]. On the other hand, eAngII acts through 
AT1R and AG2R, and activation of a particular receptor depends on their balance 
regulated by the indicated intracellular mechanisms [38]. Thus, activation of AT1R 
by extracellular or intracellular Ang II leads to activation of several signalling 
pathways, activation of growth factor receptors, promotion of ROS synthesis and 
other apoptotic and fibrotic responses [37]. Patients with diabetes have 10 times 
higher levels of prorenin than renin than healthy subjects, and prorenin is thought 
to contribute more to the pathogenesis of diabetic complications [40]. Also, hyper-
glycaemia induces an increase in aldosterone by activation of AT1R and an increase 
in local Ang II whose pathophysiological effects in diabetes are unknown, but are 
thought to synergize with Ang II causing inflammation, apoptosis and fibrosis [42].

7.  Influence of the RAS on pancreatic tissue, muscle tissue and adipose 
tissue

Chymase is found in all cells, and predominantly in mast cells, so we can also 
associate inflammation with the activation of RAS [43]. Activated intracellular 
RAS is thought to induce growth factor and cytokine synthesis by acting directly 
on other cells, which explains proteinuria in patients with diabetes with ACE 
inhibitors, resistance to antihypertensives in diabetics with hypertension and 
higher cardiovascular mortality in diabetics with hypertension [44]. Ang II reduces 
blood flow through beta Langerhans cells [45]. Ang II is thought to directly affect 
beta cell function and mass, promoting inflammation, oxidative stress and fibrosis 
[45]. All these effects finally lead to a decrease in insulin secretion and thus at least 
partially participate in the development of diabetes when it comes to beta cells 
[45]. Since muscle tissue accounts for about 80% of insulin-stimulated glucose 
disposal, the decrease in tissue perfusion caused by RAS directly contributes to the 
decreased glucose uptake into muscle cells [45]. On the other hand, it also leads to 
microvascular dysfunction, but all of this needs to be explored in more detail in 
the future [46]. Blockade of RAS causes overexpression of the GLUT4 transporter 
in skeletal muscle and accumulation of bradykinin that stimulates glucose uptake 
into skeletal muscle [47]. Long-term valsartan treatment reduced oxidative 
stress, NF-κB activation and TNF-alpha expression in skeletal muscle [48]. iAngII 
synthesized in adipose tissue (AT) leads to adipocyte hypertrophy, increased lipid 
synthesis and storage and inhibition of lipolysis, thereby modulating the lipid 
capacity of adipocytes to develop and worsen insulin resistance [49]. Also, Ang 
II promotes AT gene expression by enhancing the synthesis of proinflammatory 
adipokines and thus macrophage infiltration [49]. In female mice lacking the 
angiotensin II type 2 receptor (AT2R), decreased insulin sensitivity to adipose tissue 
leads to compensatory adiponectinaemia [50]. Animal model research has shown 
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that RAS in diabetic rats leads to remodelling of the sympathetic nervous system, 
increased oxidative stress and increased norepinephrine levels in the myocardium 
itself [51]. In addition to its role in controlling electrolytes, blood pressure and 
vascular tone, RAS is involved in the development of inflammation, oxidative 
stress, metabolic syndrome, diabetes and its complications [49, 52–55].

8. Use of RAS inhibitors in patients with diabetes

Therapy with angiotensin-converting enzyme inhibitors (ACEi) and 
angiotensin receptor blockers (ARB) is a mainstay of treatment for diabetes 
mellitus (DM) because they prevent the development of diabetic complications 
[56]. Also, these drugs reduce the incidence of newly acquired DM II by 22% in 
the high-risk population by improving insulin sensitivity and insulin secretion 
[49]. Unfortunately, ARB and ACE inhibitors do not block iAngII, but only the 
autocrine and paracrine effects of extracellular Ang II, while the renin inhibitor 
aliskiren blocks extracellular and intracellular Ang II synthesis; therefore, aliskiren 
of all RAS inhibitors tested has the most potent effect in inhibiting fibrosis and 
apoptosis of cells exposed [49]. Insulin treatment showed no pronounced effect on 
the inhibition of iAngII synthesis [57]. Numerous meta-analyses state that many 
RAS blockers in use today will not have an additional benefit for diabetics over 
nondiabetics [38]. Today, attention is increasingly focused on the pharmacological 
activation of angiotensin II type 2 receptor and angiotensin-converting enzyme 
2, which has been shown to reduce oxidative stress, inflammation, fibrosis and 
cell apoptosis in diabetics [57]. The protective effect has been demonstrated in 
combination therapy with activator neprilysin inhibitors (NEPi) with angiotensin-
converting enzyme 2 [57]. This combination in diabetic rats significantly 
contributes to the inhibition of inflammatory, profibrotic and apoptotic signalling 
and thus prevents the development of diabetic cardiomyopathy and nephropathy 
[58]. Concomitant activation of the angiotensin II type 1 receptor (AT1) and 
activation of glucagon-like peptide-1 (GLP-1) receptor in insulin resistance leads 
to a decrease in oxidative damage to renal function and a significant decrease in 
albuminuria [59]. Urinary angiotensinogen may serve as an important marker 
of RAS activity, which may help in the decision to initiate treatment with RAS 
inhibitors and prevent the development and progression of complications in 
patients with diabetes [59, 60]. Numerous studies are based on uncontrolled 
studies of RAS inhibition; therefore, some studies discuss the beneficial effects 
on insulin sensitivity [61–65], and controversial studies report conflicting data 
[66–69]. Dosage and duration of treatment can be important factors that can create 
controversy, and in the future, they present us with a challenge in discovering the 
beneficial effects of inhibiting potent RAS [49].

9. Role in other clinical conditions

The local renin-angiotensin system in blood vessels of the brain parenchyma 
plays a significant role in regulating blood flow. The central nervous system RAS is 
separated from the systemic circulation by the blood-brain barrier, which enables 
the homeostasis of vasoconstriction and vasodilation of blood vessels in the brain, 
independent of blood pressure changes. Components of local RAS, such as renin, 
angiotensin II, ACE and AT1 receptor, participate in the cascade that results in 
vasoconstriction and anti-inflammatory effects, while activation of the AT2 
receptor by angiotensin II and activation of the Mas receptor by angiotensin (1–7) 
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cause vasodilation and increase local brain tissue perfusion; the above has been 
demonstrated in experimental animal models [70]. Reduced levels of angiotensin-
converting enzyme 2, which produces vasoprotective angiotensin (1–7), have been 
found in clinical trials of patients with acute ischemic stroke; its levels normalise 
only in the post-acute phase of the stroke [71, 72]. As regards the above, the most 
sensational research conducted is the research on experimental animal models in 
which a reduction in the size of the ischemic penumbra after a stroke was found 
upon the use of the AT1R antagonist and the AT2R agonist; this represents a new 
treatment option for patients with ischemic stroke [71, 73]. Apart from the effect 
it has on regulating cerebral circulation, RAS also has a great effect on learning 
and memory acquisition through the activation of the AT2 receptor within the 
hippocampus and the cortex [74]. In animal models of dementia induced by 
scopolamine, simultaneous oral treatment of mice with ACE and ARB inhibitors 
slows cognitive decline [75]. It has been confirmed in clinical trials that ACE 
inhibitors and ARBs have an effect on slowing the progression of dementia caused 
by Alzheimer’s disease, cerebrovascular disease and other diseases [70].

Local RAS in the retina, which is also part of the central nervous system, plays 
a significant role in the development and progression of diabetic retinopathy. The 
effect of angiotensin II on the production of free radicals and inhibition of antioxi-
dant enzymes, which causes an increase in VEGF production, which in turn leads 
to the development of diabetic retinopathy by stimulating angiogenesis, has been 
confirmed in experimental animal models [76].

RAS plays a significant, though as yet insufficiently explored, role in the regula-
tion of physiological processes in the lung parenchyma, which is evident in the fact 
that long-term treatment by ACE inhibitors and ARBs decreases the incidence of 
inflammatory, infectious and structural diseases of the lung parenchyma [77].

Coronavirus disease 2019 (COVID-19) caused a serious pandemic, with car-
diovascular disease (10.5%) having the highest mortality rate, especially if over 70 
years of age [78]. The hypothesis of an association between the use of ACE inhibi-
tors and COVID-19 is based on the fact that the COVID-19 agent (also known as 
SARS-CoV-2) uses the SARS-CoV receptor angiotensin-converting enzyme 2 for 
entry into target alveolar epithelial cells causing pneumonia [79]. ACE2 is found in 
endothelial cells, type I and II alveolar cells of the lungs, enterocytes, basal epider-
mal cells of the skin and epithelium of the nose, oral mucosa and nasopharynx, and 
ACE2 levels decline with age and are lower in patients with chronic diseases [80]. 
Cardiovascular patients taking ACE inhibitors or AT blockers significantly increase 
mRNA expression and activity of cardiac ACE2 [81]. By binding SARS-CoV-2, ACE2 
is depleted, which inhibits the protective axis and may cause imbalances between 
the ACE/Ang II/AT1R pathway and the ACE2/Ang-(1–7)/Mas receptor in RAS, 
which may result in an increase in ACE activity and exacerbation of acute severe 
pneumonia by an increase in proinflammatory factors [82]. Animal models have 
also shown that acute ACE-induced lung injury results in increased ACE activity and 
Ang II expression, whereas ACE2 and Ang- (1–7) activities are reduced. In patients 
undergoing ACEi therapy, there is an increase in renin whose cascade response is 
directed towards the formation of ACE2 as an important balancing factor [83]. The 
binding of SARS-CoV-2 may decrease ACE2 function, leading to increased neutro-
phil infiltration into the lungs and resulting in excessive inflammation and injury 
[84]. The progression of inflammation could lead to hypoxia-induced enhanced 
expression of renin synthesis, which closes the vicious cycle, and it is clear that 
hypertension is an important risk factor in patients with COVID-19 [85, 86]. A 
meta-analysis conducted by Caldeira et al. did not highlight the protective effect of 
ACEi and ARBs [87]. A 5-year study showed that ACE administration had a higher 
risk of pneumonia than ARB administration. Low-dose lisinopril in neurological 
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that RAS in diabetic rats leads to remodelling of the sympathetic nervous system, 
increased oxidative stress and increased norepinephrine levels in the myocardium 
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vascular tone, RAS is involved in the development of inflammation, oxidative 
stress, metabolic syndrome, diabetes and its complications [49, 52–55].
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Therapy with angiotensin-converting enzyme inhibitors (ACEi) and 
angiotensin receptor blockers (ARB) is a mainstay of treatment for diabetes 
mellitus (DM) because they prevent the development of diabetic complications 
[56]. Also, these drugs reduce the incidence of newly acquired DM II by 22% in 
the high-risk population by improving insulin sensitivity and insulin secretion 
[49]. Unfortunately, ARB and ACE inhibitors do not block iAngII, but only the 
autocrine and paracrine effects of extracellular Ang II, while the renin inhibitor 
aliskiren blocks extracellular and intracellular Ang II synthesis; therefore, aliskiren 
of all RAS inhibitors tested has the most potent effect in inhibiting fibrosis and 
apoptosis of cells exposed [49]. Insulin treatment showed no pronounced effect on 
the inhibition of iAngII synthesis [57]. Numerous meta-analyses state that many 
RAS blockers in use today will not have an additional benefit for diabetics over 
nondiabetics [38]. Today, attention is increasingly focused on the pharmacological 
activation of angiotensin II type 2 receptor and angiotensin-converting enzyme 
2, which has been shown to reduce oxidative stress, inflammation, fibrosis and 
cell apoptosis in diabetics [57]. The protective effect has been demonstrated in 
combination therapy with activator neprilysin inhibitors (NEPi) with angiotensin-
converting enzyme 2 [57]. This combination in diabetic rats significantly 
contributes to the inhibition of inflammatory, profibrotic and apoptotic signalling 
and thus prevents the development of diabetic cardiomyopathy and nephropathy 
[58]. Concomitant activation of the angiotensin II type 1 receptor (AT1) and 
activation of glucagon-like peptide-1 (GLP-1) receptor in insulin resistance leads 
to a decrease in oxidative damage to renal function and a significant decrease in 
albuminuria [59]. Urinary angiotensinogen may serve as an important marker 
of RAS activity, which may help in the decision to initiate treatment with RAS 
inhibitors and prevent the development and progression of complications in 
patients with diabetes [59, 60]. Numerous studies are based on uncontrolled 
studies of RAS inhibition; therefore, some studies discuss the beneficial effects 
on insulin sensitivity [61–65], and controversial studies report conflicting data 
[66–69]. Dosage and duration of treatment can be important factors that can create 
controversy, and in the future, they present us with a challenge in discovering the 
beneficial effects of inhibiting potent RAS [49].

9. Role in other clinical conditions

The local renin-angiotensin system in blood vessels of the brain parenchyma 
plays a significant role in regulating blood flow. The central nervous system RAS is 
separated from the systemic circulation by the blood-brain barrier, which enables 
the homeostasis of vasoconstriction and vasodilation of blood vessels in the brain, 
independent of blood pressure changes. Components of local RAS, such as renin, 
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cause vasodilation and increase local brain tissue perfusion; the above has been 
demonstrated in experimental animal models [70]. Reduced levels of angiotensin-
converting enzyme 2, which produces vasoprotective angiotensin (1–7), have been 
found in clinical trials of patients with acute ischemic stroke; its levels normalise 
only in the post-acute phase of the stroke [71, 72]. As regards the above, the most 
sensational research conducted is the research on experimental animal models in 
which a reduction in the size of the ischemic penumbra after a stroke was found 
upon the use of the AT1R antagonist and the AT2R agonist; this represents a new 
treatment option for patients with ischemic stroke [71, 73]. Apart from the effect 
it has on regulating cerebral circulation, RAS also has a great effect on learning 
and memory acquisition through the activation of the AT2 receptor within the 
hippocampus and the cortex [74]. In animal models of dementia induced by 
scopolamine, simultaneous oral treatment of mice with ACE and ARB inhibitors 
slows cognitive decline [75]. It has been confirmed in clinical trials that ACE 
inhibitors and ARBs have an effect on slowing the progression of dementia caused 
by Alzheimer’s disease, cerebrovascular disease and other diseases [70].

Local RAS in the retina, which is also part of the central nervous system, plays 
a significant role in the development and progression of diabetic retinopathy. The 
effect of angiotensin II on the production of free radicals and inhibition of antioxi-
dant enzymes, which causes an increase in VEGF production, which in turn leads 
to the development of diabetic retinopathy by stimulating angiogenesis, has been 
confirmed in experimental animal models [76].

RAS plays a significant, though as yet insufficiently explored, role in the regula-
tion of physiological processes in the lung parenchyma, which is evident in the fact 
that long-term treatment by ACE inhibitors and ARBs decreases the incidence of 
inflammatory, infectious and structural diseases of the lung parenchyma [77].

Coronavirus disease 2019 (COVID-19) caused a serious pandemic, with car-
diovascular disease (10.5%) having the highest mortality rate, especially if over 70 
years of age [78]. The hypothesis of an association between the use of ACE inhibi-
tors and COVID-19 is based on the fact that the COVID-19 agent (also known as 
SARS-CoV-2) uses the SARS-CoV receptor angiotensin-converting enzyme 2 for 
entry into target alveolar epithelial cells causing pneumonia [79]. ACE2 is found in 
endothelial cells, type I and II alveolar cells of the lungs, enterocytes, basal epider-
mal cells of the skin and epithelium of the nose, oral mucosa and nasopharynx, and 
ACE2 levels decline with age and are lower in patients with chronic diseases [80]. 
Cardiovascular patients taking ACE inhibitors or AT blockers significantly increase 
mRNA expression and activity of cardiac ACE2 [81]. By binding SARS-CoV-2, ACE2 
is depleted, which inhibits the protective axis and may cause imbalances between 
the ACE/Ang II/AT1R pathway and the ACE2/Ang-(1–7)/Mas receptor in RAS, 
which may result in an increase in ACE activity and exacerbation of acute severe 
pneumonia by an increase in proinflammatory factors [82]. Animal models have 
also shown that acute ACE-induced lung injury results in increased ACE activity and 
Ang II expression, whereas ACE2 and Ang- (1–7) activities are reduced. In patients 
undergoing ACEi therapy, there is an increase in renin whose cascade response is 
directed towards the formation of ACE2 as an important balancing factor [83]. The 
binding of SARS-CoV-2 may decrease ACE2 function, leading to increased neutro-
phil infiltration into the lungs and resulting in excessive inflammation and injury 
[84]. The progression of inflammation could lead to hypoxia-induced enhanced 
expression of renin synthesis, which closes the vicious cycle, and it is clear that 
hypertension is an important risk factor in patients with COVID-19 [85, 86]. A 
meta-analysis conducted by Caldeira et al. did not highlight the protective effect of 
ACEi and ARBs [87]. A 5-year study showed that ACE administration had a higher 
risk of pneumonia than ARB administration. Low-dose lisinopril in neurological 
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dysphagia does not reduce pneumonia but increases mortality. Compared to calcium 
channel blockers, ACE inhibitors showed a lower mortality rate in patients with 
viral pneumonia [88]. Paradoxically, some authors report that chronic administra-
tion of ACE inhibitors or ARBs leads to an increase in ACE2 activity, which reduces 
the risk of infection because ACE2 dysregulation is triggered by the binding of a 
virus that increases the production of protective angiotensin-(1–7) [89]. This is 
based on the knowledge that ACEI/ARBs have shown an anti-inflammatory effect 
in the lungs, and it is suggested that they reduce the risk of pneumonia in elderly 
patients with hypertension with Parkinson’s disease, in patients after CVI and in 
patients with chronic obstructive pulmonary disease (COPD) [90]. Patients with 
viral pneumonia who retained ACE and ARB had lower mortality rates and the need 
for intubation [91]. A major Chinese study has reported that ACE2 expression level 
is not crucial for the severity of COVID-19 infection but also plays an important role 
in the immune response and viral particle count and that, given pressure control, 
ACEi and ARBs can be used in patients with new types of coronavirus pneumonia 
to reduce pulmonary inflammation and reduce patient mortality rates [80]. No 
information is currently available on the number of hospitalized COVID-19 patients 
with hypotension, but it can be considered as an important limiting factor for the 
use of ACE inhibitors or ARBs in the treatment of COVID-19 patients [89]. Thus, we 
do not yet have the most accurate information on the real impact of ACEi and ARBs 
on infectious diseases such as pneumonia. Research should be conducted as soon 
as possible to prove the hypotheses and thus reduce the risk of mortality in patients 
taking ACE inhibitors and/or AT blockers.

At its molecular level, vitamin D is a prorenin molecule transcription antagonist. 
In animal models with knockout genes for vitamin D receptors, this is reflected in 
an elevated transcription of renin-angiotensin system components, development 
of hypertension and chronic cardiac and renal failure [92]. Data obtained through 
clinical studies that investigated possible therapeutic uses of vitamin D supplemen-
tations on RAS was inconsistent. Exogenous application of vitamin D has a distinct 
effect on local kidney tissue RAS. It causes a reduction in angiotensin excretion in 
patients with chronic renal failure and/or in renal transplant recipients [93, 94]. 
However, in prospective studies, the simultaneous application of vitamin D and 
drugs that affect RAS on patients with arterial hypertension or in normotensive 
patients did not result in a decrease in arterial pressure or the difference in RAS 
component concentrations [95, 96]. The exception with regard to the previous 
statements is the prospective study carried out by Wu et al., in which a decrease in 
blood pressure values was noted after 6 months of perioral administration of high 
doses of vitamin D, as well as a decrease in atherosclerotic plaque circumference 
and thickness on epicardial blood vessels of test subjects that underwent a coronar-
ography [97]. The latest data points out an evident need for supplementary studies 
that must include a sufficient period for observation and a sufficiently large dose 
of vitamin D supplementations that would achieve a clearly notable effect on the 
observed variables.

Ghrelin, which is a peptide hormone secreted by the stomach, fulfils its 
physiological role by binding to target receptors in the central nervous system in 
which it triggers the feeling of hunger or the need for sleep by regulating hormone 
levels [98]. However, according to newly acquired data, the acylated form of this 
enzyme plays a significant, opposite role in the cardiovascular system, namely, 
in the area of the heart ventricle and aorta. Unlike RAS, which causes ischemic 
expansion and tissue degradation in cases of acute myocardial infarction, ghrelin 
has an opposite effect that is realized through its receptors. It causes a reduction 
in angiotensin-converting and proapoptotic enzyme expression, along with a 
reduction in oxidative stress [99].
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10. Therapy targeting the RAS

Knowledge of the physiology of RAS and participation in the pathophysiology of 
cardiovascular and other diseases has led to the development of drugs that have an 
effect on numerous stages of the synthesis of RAS components and their action on 
known RAS receptors. Blocking of RAS is achieved by direct inhibitors of the enzyme 
responsible for the synthesis of RAS component (renin-angiotensin-converting 
enzyme) and inhibition of receptors through which they exert their effects (angioten-
sin receptor blockers) [100]. In recent years, new RAAS components have been discov-
ered whose pathways have protective effects, which have enabled the development of 
new therapeutic targets [101]. One of the most impressive approaches in the study of 
novel therapeutic methods is the selective deletion of hepatic angiotensinogen [102].

10.1 Direct renin inhibitors

A low molecular weight non-peptide renin inhibitor that is well tolerated and 
has clinical utility is called aliskiren [103]. Clinical trials have demonstrated a strong 
antihypertensive and organoprotective (cardioprotective, renoprotective) role for 
the renin inhibitor [104, 105]. It has been shown to be very good at regulating blood 
pressure in hyperthyroid rats [106]. The use of aliskiren showed a decrease in the 
antidiuretic effect of renin [107]. This drug has a potent antifibrotic activity medi-
ated by the reduction of oxidative stress and fibrogenic cytokines in all tissues [108].

10.2 ACE inhibitors

ACE is a multifunctional enzyme with numerous biological substrates. These 
classic drugs directly inhibit the vasoconstrictive and proliferative effects of the 
already known ACE/Ang II/AT1R axis and indirectly stimulate the production of 
the vasoprotective and antiproliferative peptide Ang-(1–7) [100].

10.3 Angiotensin I receptor antagonists/blockers (ARBs)

Selective AT1 receptor blockers inhibit the effects of Ang II on AT1R. The main 
effect is the inhibition of vasoconstriction, i.e., the reduction of peripheral vascular 
resistance, without significantly affecting the heart rate [109]. Administration 
of these drugs significantly reduces cardiovascular mortality, stroke, myocardial 
infarction and the onset and development of complications of diabetes [110]. The 
consequence of AT1R blockade is an increase in the secretion of renin, ACE and 
consequently Ang II [109].

10.4 Other therapeutic compounds

10.4.1 β1 blockers

Blocking the sympathetic β1 receptor in plasma cells of the dense macula results 
in a decrease in plasma renin levels. An effect on the reduction of Ang II has been 
demonstrated. β1 blockers also reduce the conversion of prorenin to renin [111].

10.4.2 Prorenin receptor antagonist/blocker

The newly discovered prorenin receptor blocker is a decoy peptide for the 
handle region of the prorenin average (HRP) [112]. It binds competitively to the 
non- proteolytic domain of prorenin, thereby preventing its activation [113]. 
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is not crucial for the severity of COVID-19 infection but also plays an important role 
in the immune response and viral particle count and that, given pressure control, 
ACEi and ARBs can be used in patients with new types of coronavirus pneumonia 
to reduce pulmonary inflammation and reduce patient mortality rates [80]. No 
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consequently Ang II [109].

10.4 Other therapeutic compounds

10.4.1 β1 blockers

Blocking the sympathetic β1 receptor in plasma cells of the dense macula results 
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The newly discovered prorenin receptor blocker is a decoy peptide for the 
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Studies have shown that its administration reduces renal and cardiac impairment 
without affecting blood glucose levels in diabetic and antihypertensive rats [112]. 
Transgenic rat models with overexpression of the prorenin receptor showed massive 
proteinuria and glomerulosclerosis, but administration of HRP significantly sup-
pressed the production of proteinuria and glomerulosclerosis, but without affecting 
the level of circulating Ang II [114]. Another study questions the use of HRP in 
which there was no reduction in target organ damage in hypertensive rats, nor did 
the blockade affect the expression of the prorenin receptor. It is thought that HRP 
cannot block extracellular signal-regulated kinases (ERKs) that induce prorenin 
and renin and that its positive effect depends on an undefined mechanism and not 
on the antagonism of the prorenin receptor. Clearly, this receptor plays a major role 
in the human body, but its cellular biology and its impact on the cardiovascular 
system need further investigation [112].

10.4.3 Chymase inhibitors

The chymase enzyme is only active in damaged tissues resulting from the activa-
tion of intracellular RAS [115]. The chymase can convert TGF-beta and MMP-9 
precursors into their active forms that induce inflammation and fibrosis. To date, 
there are no specific results from human studies, but animal models have shown 
that inhibitors of chymase enzyme prevent vascular proliferation, myocardial fibro-
sis after cardiac infarction, development of diabetic complications, development of 
skin keloid and the occurrence of abdominal aortic aneurysm [116].

10.4.4 Angiotensin II receptor agonist

The first synthesized oral agonist was called Compound 21 (C21), which showed 
organoprotective, anti-inflammatory, antithrombotic, antifibrotic and antiapop-
totic effects in an animal model. It has a very high affinity for AT2R and a low 
affinity for AT1R [103]. C21 lowers mean arterial pressure and improves ventricular 
function after myocardial infarction [117]. It significantly stimulates the growth 
of the hippocampal neurons, and its role mediated through AT2R in enhancing 
congenital functions is further investigated [118].

10.4.5 Activation angiotensin-converting enzyme 2 and Mas receptor agonist

Activation of the protective axis of RAS by ACE2, Ang-(1–7) and Mas recep-
tors achieves beneficial vascular effects. The aim of this therapeutic target is to 
enhance the effect of ACE2, reduce the level of circulating Ang II and redirect the 
formation of Ang-(1–7), which by acting on AT2R and Mas receptors, achieves its 
protective effect. For the time being, the administration of human recombinant 
ACE2 is known to have an antihypertensive effect. ACE2 diminazene aceturate 
(DIZE) activator also reduces body weight and markers of adipogenesis and 
improves plasma lipid profile. They have a protective and pancreatic effect because 
it increases proliferation and decreases β-cell apoptosis and promotes glucose-
stimulated insulin secretion. Overexpression or expression of ACE2 enhances 
basal and insulin-stimulated glucose uptake into cells, especially hepatocytes 
and adipocytes. Another tested ACE2 activator is 1-[[2-(dimethylamino) ethyl] 
amino]-4-(hydroxymethyl)-7-[[(4-methylphenyl) sulfonyl] oxy] -9H-xanthone-9 
(XNT), which, through 2 weeks of continuous treatment, led to an improvement 
in endothelial function in hypertensive and diabetic rats by reducing oxidative 
stress. It also causes Mas receptor-mediated vasodilation [119]. In diabetic rats, 
it reduced pulmonary hypertension and significantly improved function and 
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reduced myocardial fibrosis [120]. Therefore, in addition to the antihypertensive 
effect, the use of ACE2 activator leads to beneficial metabolic effects that reduce 
the possibility of diabetes and its complications [119]. Deficiency of Mas receptor 
genes or blockade of Mas receptors in male mice results in a metabolic syndrome 
that includes hyperlipidaemia, hyperglycaemia, hyperinsulinaemia, increased 
insulin resistance, increased glucose intolerance and adiposity [121]. The use of Mas 
agonists AVE0991 in animal models showed mild cardioprotective effects and an 
effect on lowering glucose and lipid levels in the blood [122]. Another Mas agonist 
of hydroxypropyl-p-cyclodextrin (HPβCD), in addition to increasing the half-life 
of Ang-(1–7), reduced the adverse effects and magnitude of myocardial infarction, 
myocardial hypertrophy and isoproterenol-induced heart damage. The remaining 
two agonists CGEM856 and CGEM857 cause vasodilation and cardioprotection 
[123]. In addition to Mas receptors, there are probably other receptors through 
which Ang-(1–7) exerts its effects, but this needs to be revealed in the future [119]. 
Virus-mediated ACE2 gene expression, i.e., gene therapy, has shown cardioprotec-
tive and antihypertensive effects in animal models. ACE2 overexpression by gene 
therapy is not limited to the heart but shows effects in brain and lung tissue where it 
exhibits antihypertensive effects [123].

10.4.6 Analogue of Ang-(1–7)

Although it is a very attractive therapeutic target, there are very limited 
studies today because of the short lifespan of this hormone. The clinical studies 
conducted focused on the intra-arterial or intravenous administration of infu-
sions of the Ang-(1–7) analogue, which exerts its immediate vasodilatory effects. 
ACE inhibitors and angiotensin receptor antagonists, by their action, indirectly 
redirect the metabolic pathway of RAS towards the formation of increased levels 
of Ang-(1–7) [124].

10.4.7 Vaccines

The Ang I vaccine showed no antihypertensive effect, probably due to low 
antibody levels. Ang II vaccine, on the other hand, has proven to be very effective 
with a half-life of about 4 months. It was formed by covalent attachment of virus-
like particles derived from the bacteriophage Qb envelope and modified Ang II. The 
antihypertensive effect manifested on systolic and diastolic pressures mostly in the 
early morning hours compared to placebo [125]. In addition to preclinical, it has 
also been tested in clinical trials with mild side effects such as flu symptoms. The 
more recent divalent vaccine HBcAg-CE12-CQ10 has shown antihypertensive and 
renoprotective properties without immune or electrophysiological adverse effects 
and has specific binding to AT1R and L-type calcium channels [126].

10.4.8 Alamandine

Recently, a new member of the RAS family named alamandine was discovered 
on animal models. It acts on MrgD receptors and exerts vasodilatory and cardio-
protective effects similar to Ang-(1–7) [127]. Deletion of the MrgD gene at an early 
age resulted in the development of gender-independent dilated cardiomyopathy 
[128]. Endogenous alamandine is known to reduce leptin synthesis and secretion 
by activating the c-Src/p38 MAP kinase pathways, which is contrary to the action 
of Ang-(1–7) [129]. To date, no studies have been conducted on the administration 
of drugs that modulate this newly discovered component of RAS, so there is an 
opportunity to discover new therapeutic strategies in the future [127].
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reduced myocardial fibrosis [120]. Therefore, in addition to the antihypertensive 
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the possibility of diabetes and its complications [119]. Deficiency of Mas receptor 
genes or blockade of Mas receptors in male mice results in a metabolic syndrome 
that includes hyperlipidaemia, hyperglycaemia, hyperinsulinaemia, increased 
insulin resistance, increased glucose intolerance and adiposity [121]. The use of Mas 
agonists AVE0991 in animal models showed mild cardioprotective effects and an 
effect on lowering glucose and lipid levels in the blood [122]. Another Mas agonist 
of hydroxypropyl-p-cyclodextrin (HPβCD), in addition to increasing the half-life 
of Ang-(1–7), reduced the adverse effects and magnitude of myocardial infarction, 
myocardial hypertrophy and isoproterenol-induced heart damage. The remaining 
two agonists CGEM856 and CGEM857 cause vasodilation and cardioprotection 
[123]. In addition to Mas receptors, there are probably other receptors through 
which Ang-(1–7) exerts its effects, but this needs to be revealed in the future [119]. 
Virus-mediated ACE2 gene expression, i.e., gene therapy, has shown cardioprotec-
tive and antihypertensive effects in animal models. ACE2 overexpression by gene 
therapy is not limited to the heart but shows effects in brain and lung tissue where it 
exhibits antihypertensive effects [123].

10.4.6 Analogue of Ang-(1–7)

Although it is a very attractive therapeutic target, there are very limited 
studies today because of the short lifespan of this hormone. The clinical studies 
conducted focused on the intra-arterial or intravenous administration of infu-
sions of the Ang-(1–7) analogue, which exerts its immediate vasodilatory effects. 
ACE inhibitors and angiotensin receptor antagonists, by their action, indirectly 
redirect the metabolic pathway of RAS towards the formation of increased levels 
of Ang-(1–7) [124].

10.4.7 Vaccines

The Ang I vaccine showed no antihypertensive effect, probably due to low 
antibody levels. Ang II vaccine, on the other hand, has proven to be very effective 
with a half-life of about 4 months. It was formed by covalent attachment of virus-
like particles derived from the bacteriophage Qb envelope and modified Ang II. The 
antihypertensive effect manifested on systolic and diastolic pressures mostly in the 
early morning hours compared to placebo [125]. In addition to preclinical, it has 
also been tested in clinical trials with mild side effects such as flu symptoms. The 
more recent divalent vaccine HBcAg-CE12-CQ10 has shown antihypertensive and 
renoprotective properties without immune or electrophysiological adverse effects 
and has specific binding to AT1R and L-type calcium channels [126].

10.4.8 Alamandine

Recently, a new member of the RAS family named alamandine was discovered 
on animal models. It acts on MrgD receptors and exerts vasodilatory and cardio-
protective effects similar to Ang-(1–7) [127]. Deletion of the MrgD gene at an early 
age resulted in the development of gender-independent dilated cardiomyopathy 
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of Ang-(1–7) [129]. To date, no studies have been conducted on the administration 
of drugs that modulate this newly discovered component of RAS, so there is an 
opportunity to discover new therapeutic strategies in the future [127].
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10.5 Perspectives

The use of RAS-A blockers to date has not been shown to be sufficient to achieve 
the desired effects on the cardiovascular system [130]. With the realization that 
there is a protective axis within RAS, pharmacotherapy and gene therapy are 
increasingly focused on the activation of the protective components of RAS. The 
greatest challenge in the future remains to unravel the mutual mechanisms of 
regulation of the vasoconstrictive and vasoprotective axis. It is important to 
explore whether the expression of one enzyme/receptor induces the expression or 
inhibition of another, which are the mechanisms of action of the protective axis at 
the cellular level, which are the consequences of prolonged activation or inhibition 
of RAS, whether we can act more selectively on RAS and are there additional 
undetected roles and consequences of deleterious action therapies on RAS. We 
also need to further investigate the impact of gender, organ function, dosage and 
timing of administration on the targeted effect of therapy [123]. Discoveries and 
the complex modulation of RAS add a great challenge to the treatment of the most 
common diseases of humanity [130] (Figure 3).
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Figure 3. 
Influence of specific therapeutic strategies on components of the RAS. ACE, angiotensin-converting enzyme; 
AMPA, aminopeptidase A; AMPM, aminopeptidase M; Ang, angiotensin; ARBs, angiotensin receptor 
blockers; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor; AVE0991, orally active 
Mas receptor agonist; C21, Compound 21 (AT2R agonist); CGEM856 and CGEM857, orally active Mas 
receptor agonists; DIZE, ACE2 activator diminazene aceturate; HPβCD, Mas agonist hydroxypropyl-p-
cyclodextrin; HRP, decoy peptide for handle region of the prorenin prosegment; IRAP, insulin-regulated 
aminopeptidase receptor; MasR, angiotensin-(1–7) Mas receptor; MrgD, Mas-related G protein-coupled 
receptor; NEP, neprilysin; POP, prolyl oligopeptidase; PRR, prorenin receptor; TOP, thimet oligopeptidase; 
XNT, ACE2 activator xanthenone.
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Treatment of Essential 
Hypertension with Emphasis 
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How to Prevent Secondary 
Outcomes without Adding Fuel 
to the Fire
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Abstract

The effectiveness of angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin II receptor blocker AT-1 (ARBs) in reducing the systemic hypertension 
(SH) is widely known. However their comparative outcomes resulting from pro-
longed use remain unknown. The objective of this chapter is to discuss the evidence 
of prospective randomized double-blind clinical trials; all the events result from 
prolonged use of ACEIs or ARBs in hypertensive patients. In lowering blood pres-
sure, the use of ACE inhibitors or ARBs reduces, in long-term use, the risk of acute 
myocardial infarction, stroke, and heart failure. However, the use of ACEIs is effec-
tive in an overall quantitative analysis; the total mortality regarding cardiovascular 
causes an outcome that was not observed with the use of ARBs. This fact is assumed 
to be related to the higher plasma concentration of bradykinin in the use of ACEIs, a 
well-known cardiovascular-protective factor.

Keywords: hypertension, outcomes, ACEI, ARB, angiotensin-converting enzyme 
inhibitor, angiotensin II receptor blocker

1. Introduction

Hypertension is a manifestation in which there is an elevation of blood pressure 
levels to the point of causing imbalance in homeostasis and, consequently, leading 
the organism to a debilitated and pathological state with clinical repercussions [1]. 
Also, systemic arterial hypertension (SAH) is defined as “a multifactorial clinical 
condition characterized by elevated and sustained levels of blood pressure” [2, 3], 
considered when it is observed that a value >140 mmHg for systolic blood pressure 
and/or >90 mmHg for diastolic blood pressure [4].

SAH presents itself as one of the main risk factors for cardiovascular diseases 
[5], and in a recent study, it was shown as the risk factor with the highest number 
of citations in studies [6]; its incidence is increasing annually, reaching values of 
population of approximately 20% of Brazilians [7] or 24.3% [8]. Therefore, the 



Selected Chapters from the Renin-Angiotensin System

64

[118] Li JM, Mogi M, Tsukuda K, 
Tomochika H, Iwanami J, Min LJ, 
et al. Angiotensin II-induced neural 
differentiation via angiotensin II 
type 2 (AT2) receptor-MMS2 cascade 
involving interaction between AT2 
receptor-interacting protein and Src 
homology 2 domain-containing protein-
tyrosine phosphatase 1. Molecular 
Endocrinology. 2007;21:499-511. DOI: 
10.1210/me.2007-0111

[119] Fraga-Silva RA, Costa- 
Fraga FP, Murça TM, et al. Angiotensin-
converting enzyme 2 activation 
improves endothelial function. 
Hypertension. 2013;61(6):1233-1238

[120] Ferreira AJ, Shenoy V, Qi Y, 
Fraga-Silva RA, Santos RAS,  
Katovich MJ, et al. Angiotensin-
converting enzyme 2 activation 
protects against hypertension-induced 
cardiac fibrosis involving extracellular 
signal-regulated kinases. Experimental 
Physiology. 2011;96:287-294

[121] Santos SH, Fernandes LR, 
Mario EG, Ferreira AV, Pôrto LC, 
Alvarez-Leite JI, et al. Mas deficiency in 
FVB/N mice produces marked changes 
in lipid and glycemic metabolism. 
Diabetes. 2008;57(2):340-347

[122] Ebermann L, Spillmann F, 
Sidiropoulos M, Escher F, Heringer- 
Walther S, Schultheiss HP, et al. The 
angiotensin-(1-7) receptor agonist 
AVE0991 is cardioprotective in diabetic 
rats. European Journal of Pharmacology. 
2008;590(1-3):276-280. DOI: 10.1016/j.
ejphar.2008.05.024

[123] Ferreira AJ, Santos RA,  
Bradford CN, et al. Therapeutic 
implications of the vasoprotective axis 
of the renin-angiotensin system in 
cardiovascular diseases. Hypertension. 
2010;55(2):207-213

[124] Schindler C, Bramlage P, Kirch W, 
Ferrario CM. Role of the vasodilator 
peptide angiotensin-(1-7) in 

cardiovascular drug therapy. Vascular 
Health and Risk Management. 
2007;3(1):125-137

[125] Maurer P, Bachmann MF. 
Immunization against angiotensins for 
the treatment of hypertension. Clinical 
Immunology. 2010;134:89-95

[126] Wu H, Wang Y, Wang G, Qiu Z, 
Hu X, et al. A bivalent antihypertensive 
vaccine targeting L-type calcium 
channel and angiotensin II type 
1 receptor. British Journal of 
Pharmacology. 2020;177:402-419

[127] Villela DC, Passos-Silva DG, 
Santos RA. Alamandine: A new 
member of the angiotensin family. 
Current Opinion in Nephrology and 
Hypertension. 2014;23(2):130-134. DOI: 
10.1097/01.mnh.0000441052.44406.92

[128] Oliveira AC, Melo MB, Motta- 
Santos D, Peluso AA, Souza-Neto F, 
et al. Genetic deletion of the alamandine 
receptor MRGD leads to dilated 
cardiomyopathy in mice. American 
Journal of Physiology. Heart 
and Circulatory Physiology. 
2019;316(1):H123-H133. DOI: 10.1152/
ajpheart.00075.2018

[129] Uchiyama T, Okajima F, Mogi C, 
Tobo A, Tomono S, Sato K. Alamandine 
reduces leptin expression through 
the c-Src/p38 MAP kinase pathway 
in adipose tissue. PLoS One. 
2017;12(6):e0178769. DOI: 10.1371/
journal.pone.0178769

[130] Schmieder RE, Hilgers KF, 
Schlaich MP, Schmidt BM. Renin-
angiotensin system and cardiovascular 
risk. Lancet. 2007;369:1208-1219

65

Chapter 4

Treatment of Essential 
Hypertension with Emphasis 
in the Renin-Angiotensin System: 
How to Prevent Secondary 
Outcomes without Adding Fuel 
to the Fire
Gabriel Lucca de Oliveira Salvador

Abstract

The effectiveness of angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin II receptor blocker AT-1 (ARBs) in reducing the systemic hypertension 
(SH) is widely known. However their comparative outcomes resulting from pro-
longed use remain unknown. The objective of this chapter is to discuss the evidence 
of prospective randomized double-blind clinical trials; all the events result from 
prolonged use of ACEIs or ARBs in hypertensive patients. In lowering blood pres-
sure, the use of ACE inhibitors or ARBs reduces, in long-term use, the risk of acute 
myocardial infarction, stroke, and heart failure. However, the use of ACEIs is effec-
tive in an overall quantitative analysis; the total mortality regarding cardiovascular 
causes an outcome that was not observed with the use of ARBs. This fact is assumed 
to be related to the higher plasma concentration of bradykinin in the use of ACEIs, a 
well-known cardiovascular-protective factor.

Keywords: hypertension, outcomes, ACEI, ARB, angiotensin-converting enzyme 
inhibitor, angiotensin II receptor blocker

1. Introduction

Hypertension is a manifestation in which there is an elevation of blood pressure 
levels to the point of causing imbalance in homeostasis and, consequently, leading 
the organism to a debilitated and pathological state with clinical repercussions [1]. 
Also, systemic arterial hypertension (SAH) is defined as “a multifactorial clinical 
condition characterized by elevated and sustained levels of blood pressure” [2, 3], 
considered when it is observed that a value >140 mmHg for systolic blood pressure 
and/or >90 mmHg for diastolic blood pressure [4].

SAH presents itself as one of the main risk factors for cardiovascular diseases 
[5], and in a recent study, it was shown as the risk factor with the highest number 
of citations in studies [6]; its incidence is increasing annually, reaching values of 
population of approximately 20% of Brazilians [7] or 24.3% [8]. Therefore, the 



Selected Chapters from the Renin-Angiotensin System

66

control and prevention of SAH are fundamental to improve the quality of life and 
health indicators of the population.

The treatment of this clinical condition is based on three primordial objectives: 
the decrease in blood pressure levels; the maintenance of the desired levels, in 
view of the singular conditions of each patient; and adherence of the patient to the 
treatment as well as its continuity. From these perspectives, the measures in order to 
achieve this triad are based on two therapeutic pathways: changes in lifestyle and/
or the use of drugs. Regarding changes in lifestyle, which also show efficacy in the 
prevention of hypertensive status, the most important are [9, 10] regular practice 
of physical activities, abstinence from alcohol, changes in food style prioritizing the 
decrease in salt intake and the increase in the consumption of fruit and vegetables, 
cessation of smoking, weight loss, control of psychosocial stress, slow breathing, 
monitoring, and surveillance by a multidisciplinary team.

Regarding the use of drug therapies, and according to their current availability, 
there are the following classes of medications [9]: diuretics, adrenergic inhibitors 
(central alpha-2 agonists, beta-blockers, and alpha-blockers), calcium channel 
blockers, angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II recep-
tor blockers AT1 (ARBs), and direct vasodilators such as nitrates.

Because they act primarily in one of the most important systems for the devel-
opment of SAH, the renin-angiotensin-aldosterone system (SRAA) [11], four 
classes of medications stand out and are effective options in reducing morbidity 
and mortality due to cardiovascular diseases [12], direct renin inhibitors, ACEIs, 
ARBs, and aldosterone antagonists. Among these classes, the ACEIs and the ARBs 
are among the most prescribed options worldwide [11]. Therefore, the study and 
detailed knowledge of both classes is of fundamental importance.

The control of SAH is performed by the ACEI by blocking the transformation of 
angiotensin I in angiotensin II in the blood and tissues, while the ARB antagonizes 
the action of angiotensin II by means of the specific blockade of their AT1 receptors. 
In addition, studies show that the use of these antihypertensive patients is closely 
related to the decrease in the progression of renal diseases and in the prevention of 
heart and/or vascular diseases, such as acute myocardial infarction and stroke [13].

On the other hand, in addition to the aforementioned actions, drugs can act in 
other places and systems, also causing adverse and deleterious events in the organ-
ism. These include dry cough, taste alteration, dizziness, hypersensitivity reactions 
with rash (rash), angioneurotic edema, hyperkalemia, reduction of glomerular 
filtration with increased serum levels of urea and creatinine, and fetal complica-
tions [11]. Thus, countless events are reported from the use of these drugs, whether 
they are beneficial or malevolent.

2. ACEI and ARB in the management of hypertension

Assuming that the SRAA is a fundamental regulator of cardiovascular and renal 
functions, ACEI and ARB have different outcomes in the regulatory systems of the 
human organism, especially in the cardiovascular system. In recent decades, several 
clinical studies have confirmed that SRAA suppression reduces cardiovascular 
mortality and total mortality of patients [14].

Despite this, the protective role of SRAA inhibitors in relation to cardiovascular 
mortality was questioned by studies such as non-insulin-dependent diabetes, hyper-
tension, microalbuminuria or proteinuria, cardiovascular events, and ramipril study 
(DIABHYCAR) [15] which showed that the use of ACE inhibitors had no effect on 
cardiovascular mortality in patients with type 2 diabetes mellitus type 2 (DM2) 
and albuminuria. Also, studies such as Randomized Olmesartan and Diabetes 
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Microalbuminuria Prevention (ROADMAP) study [16] ended up demonstrating a 
high rate of cardiovascular mortality in patients using Olmesartan and DM2.

In this chapter, we seek to synthesize the main prospective, randomized and 
double-blind clinical trials that report the outcomes resulting from the use of renin-
angiotensin system inhibitors in hypertensive patients, and to extend the discussion 
previously made in an article published by the author [17].

The following outcomes will be analyzed: total mortality (including cardiovas-
cular and other causes of death in this specific population), cardiovascular mortal-
ity, acute myocardial infarction, stroke, heart failure, and hospitalization due to 
heart failure, and an addition of all these outcomes (total outcomes).

3. ACEI × ARB: the state of the art in terms of medical evidence

The use of ACEI or ARB has always been part of the first line of treatment of 
patients with systemic arterial hypertension, especially in the newly diagnosed or 
long-term patients. Not uncommon are the revaluation of each medication, due to 
the inefficacy in reducing pressure values or in the presence of side effects (cough-
ing is a very common effect of ACE inhibitors, leading to the main cause of treat-
ment change) [9].

Thus, even with the notion that the ACEI and the ARB are equally effective in 
reducing pressure in patients with systemic arterial hypertension, their efficiencies 
compared and their advantages, disadvantages, and outcomes, related to recent or 
chronic use, remain unknown or liable to be questioned [11].

Related to the last major clinical trials, such as SOLVD (enalapril in heart 
failure), HOPE (ramipril in patients with high CVD risk), and EUROPA (perindo-
pril in stable coronary disease) studies, we noticed that the inhibition of the SRAA 
in specific populations caused a significant reduction in outcomes such as general 
mortality, mortality from cardiovascular causes, acute myocardial infarction, and 
STROKE [14].

Even so, the large number of studies performed, comparing the use of ACEI or 
ARB in reducing outcomes in their patients, was not organized and correlated in a 
review format with well-established characteristics. Thus, it is perceived that the 
latest systematic reviews with meta-analyses and clinical trials, related to the topic, 
can be framed in the following situations:

• Systematic reviews, with meta-analysis, based on clinical trials that studied 
the outcomes related to the use of ACE inhibitors or ARB without their study 
population necessarily composed of essential hypertensive patients [15, 16].

• Research that studied the use of ACEI in hypertensive patients secondary to 
other pathologies, although the focus of the study was the evaluation of the 
symptomatic treatment of the disease and not the hypertension itself [17].

• Studies that used as a control group another drug, which is not considered as 
the first line of treatment [18].

• Studies that analyzed hypertensive patients with control groups or with 
standard first-line treatment, according to the hypertension guidelines used by 
the research team [19, 20].

This presents itself as one of the most current and systematic revisions of the 
area. By analyzing 20 clinical trials, involving a number of 158,998 patients, the 
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authors were able to correlate the outcomes related to the analyzed studies, such as 
cardiovascular and total mortality. However, the present study did not stratify the 
influence of a given variable (e.g., which drug has a higher mortality rate per stroke 
of heart failure?), as well as its selected studies involved various types of control 
groups when compared to the use of ACEI or ARB [14]. Thus, there was an increase, 
in the last instance, of the individual heterogeneity of each patient according to 
their medication and particular health condition.

Another meta-analysis of Ho et al. [19] encompassed 10 clinical studies that 
used ACEI or ARB with its outcomes stratified in cardiovascular mortality, myocar-
dial infarction, stroke, and overall mortality. However, it involved studies in which 
the population was not hypertensive in some cases, such as the Comparison of 
Amlodipine vs. Enalapril to Limit Occurrences of Thrombosis (CAMELOT) study, 
which did not present its series of outcomes due to the use of the drug but is in rela-
tion to deep vein thrombosis [21–23].

Thus, in view of these systematic reviews with meta-analyses, published in 
high-impact journals, it can be defined that all of them correlated the presence 
of outcomes, due to the use of ACEI or ARB, only in certain populations, for 
example, in patients with thrombosis or diabetics. Thus, only a general panorama 
is provided, despite the magnitude of the use of medications and their outcomes, 
in a population with essential hypertension. Thus, the relationship of a pathology, 
not necessarily related to hypertension, or the presence of a comorbid syndrome 
such as DM2 in hypertensive patients would present relationships with other 
complexes to safely affirm the direct effect of antihypertensive medication on 
outcomes.

However, as an attempt to increase the number of patients and studies involved 
in the final analysis, all used studies that presented some of the biases in the previ-
ously cited items, such as the extrapolation of hypertensive populations in groups 
Non-hypertensive majority, or the use of other therapies in the control group other 
than placebo.

4. ACEI × ARB correlation

Our analysis of the literature regarding the use of ACEI or ARB in the hyperten-
sive population selected 17 studies over the past 10 years, covering a total of 73,761 
patients [17].

Of these 17 articles, 12 studies were randomized for therapy with ARB 
(n = 24,697) compared to control (n = 24,722), while five compared the use of ACEI 
(n = 12,170) with the control group (n = 12,172) [24].

All patients in the studies were considered as prehypertensive or hypertensive 
according to the definition of each study, and the mean base pressure ranged from 
123 to 169 mmHg. The mean age of the patients ranged from 51 to 76.9 years, with 
the follow-up time of the studies ranging from 2.25 to 5.5 years.

4.1 Total mortality

A total of 15 studies (n = 70,983) reported events related to total mortality. Two 
studies [25, 26] were statistically significant in reducing mortality compared to the 
control group (OR = 0.831, 95% CI, [0.730–0.945], P = 0.005) and (OR = 0.563, 
95% CI, [0.341–0.931], P = 0.025), respectively. In addition, the results showed a 
significant total difference between ACEI and control group (OR = 0.851, 95% CI, 
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[0.776–0.935], P = 0.001). In relation to the ARB and control group, no significance 
was evidenced (OR = 1024, 95% CI, [0.960–1.091], P = 0.471) (Figure 1).

4.2 Cardiovascular mortality

The cardiovascular mortality was analyzed in 13 studies (n = 64,460). One 
study [27] showed a significant reduction in the cardiovascular mortality for ACEI 
compared to the control group (OR = 0.733, 95% CI, [0.625–0.860], P = 0.000).

As for the ARB, the opposite was observed in one study, with an increase in the 
risk in the event when comparing with the control group [28] (OR = 5.011, 95% CI, 
[1.449–17.334], P = 0.011).

Thus, the studies with ACEI showed a reduction in the cardiovascular mortality 
(OR = 0.775, 95% CI, [0.689–0.872], P = 0.000), while for the use of ARB there 
was no significant reduction compared to the control group (OR = 0.947, 95% CI, 
[0.849–1.056], P = 0.324) (Figure 2).

4.3 Acute myocardial infarction

Regarding the occurrence of AMI, two studies evaluating ACEI were beneficial 
for the reduction of the event (OR = 0.785, 95% CI, [0.689–0.895], P = 0.000), 
(OR = 0,769, 95% CI, [0.658–0.899], P = 0.001). Related to the therapy with ARB, 
only one study showed statistical significance to decrease AMI when compared to 
the control group (E-COST, 2005) (OR = 0.428, 95% CI, [0.202–0.905], P = 0,026). 
A total of 14 studies (n = 67,237) showed that both ACEI and ARB are positive in the 
reduction of such event when compared to the control group therapy, with greater 
significance for ACEI (OR = 0.784, 95% CI, [0.712–0.863], P = 0.000) on ARB 
(OR = 0.906, 95% CI, [0.834–0.985], P = 0.020) (Figure 3).

Figure 1. 
Forests plots summarizing the correlation of (A) ACEI and (B) ARB use for overall mortality.



Selected Chapters from the Renin-Angiotensin System

68

authors were able to correlate the outcomes related to the analyzed studies, such as 
cardiovascular and total mortality. However, the present study did not stratify the 
influence of a given variable (e.g., which drug has a higher mortality rate per stroke 
of heart failure?), as well as its selected studies involved various types of control 
groups when compared to the use of ACEI or ARB [14]. Thus, there was an increase, 
in the last instance, of the individual heterogeneity of each patient according to 
their medication and particular health condition.

Another meta-analysis of Ho et al. [19] encompassed 10 clinical studies that 
used ACEI or ARB with its outcomes stratified in cardiovascular mortality, myocar-
dial infarction, stroke, and overall mortality. However, it involved studies in which 
the population was not hypertensive in some cases, such as the Comparison of 
Amlodipine vs. Enalapril to Limit Occurrences of Thrombosis (CAMELOT) study, 
which did not present its series of outcomes due to the use of the drug but is in rela-
tion to deep vein thrombosis [21–23].

Thus, in view of these systematic reviews with meta-analyses, published in 
high-impact journals, it can be defined that all of them correlated the presence 
of outcomes, due to the use of ACEI or ARB, only in certain populations, for 
example, in patients with thrombosis or diabetics. Thus, only a general panorama 
is provided, despite the magnitude of the use of medications and their outcomes, 
in a population with essential hypertension. Thus, the relationship of a pathology, 
not necessarily related to hypertension, or the presence of a comorbid syndrome 
such as DM2 in hypertensive patients would present relationships with other 
complexes to safely affirm the direct effect of antihypertensive medication on 
outcomes.

However, as an attempt to increase the number of patients and studies involved 
in the final analysis, all used studies that presented some of the biases in the previ-
ously cited items, such as the extrapolation of hypertensive populations in groups 
Non-hypertensive majority, or the use of other therapies in the control group other 
than placebo.

4. ACEI × ARB correlation

Our analysis of the literature regarding the use of ACEI or ARB in the hyperten-
sive population selected 17 studies over the past 10 years, covering a total of 73,761 
patients [17].

Of these 17 articles, 12 studies were randomized for therapy with ARB 
(n = 24,697) compared to control (n = 24,722), while five compared the use of ACEI 
(n = 12,170) with the control group (n = 12,172) [24].

All patients in the studies were considered as prehypertensive or hypertensive 
according to the definition of each study, and the mean base pressure ranged from 
123 to 169 mmHg. The mean age of the patients ranged from 51 to 76.9 years, with 
the follow-up time of the studies ranging from 2.25 to 5.5 years.

4.1 Total mortality

A total of 15 studies (n = 70,983) reported events related to total mortality. Two 
studies [25, 26] were statistically significant in reducing mortality compared to the 
control group (OR = 0.831, 95% CI, [0.730–0.945], P = 0.005) and (OR = 0.563, 
95% CI, [0.341–0.931], P = 0.025), respectively. In addition, the results showed a 
significant total difference between ACEI and control group (OR = 0.851, 95% CI, 

69

Treatment of Essential Hypertension with Emphasis in the Renin-Angiotensin System…
DOI: http://dx.doi.org/10.5772/intechopen.86853

[0.776–0.935], P = 0.001). In relation to the ARB and control group, no significance 
was evidenced (OR = 1024, 95% CI, [0.960–1.091], P = 0.471) (Figure 1).

4.2 Cardiovascular mortality

The cardiovascular mortality was analyzed in 13 studies (n = 64,460). One 
study [27] showed a significant reduction in the cardiovascular mortality for ACEI 
compared to the control group (OR = 0.733, 95% CI, [0.625–0.860], P = 0.000).
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(OR = 0,769, 95% CI, [0.658–0.899], P = 0.001). Related to the therapy with ARB, 
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Figure 1. 
Forests plots summarizing the correlation of (A) ACEI and (B) ARB use for overall mortality.
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4.4 Stroke

Of the 13 studies (n = 65,724) that evaluated stroke, 2 of them, 1 involving 
ACEI (OR = 0.681, 95% CI, [0.553–0.838], P = 0.000) and another involving ARB 
(OR = 0.587, 95% CI, [0.402–0.855], P = 0.005), showed statistical significance 

Figure 2. 
Forest plots summarizing the correlation of (A) ACEI and (B) ARB use for cardiovascular mortality.

Figure 3. 
Forest plots summarizing the correlation of (A) ACEI and (B) ARB use for acute myocardial infarction.
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for reduction of stroke when compared to the control group. Similar to the results 
for AMI, the reduction of stroke, compared to the control group, was significa-
tive in the two classes of medications, with a more expressive reduction for ACE 
(OR = 0.770, 95% CI, [0.654–0.908], P = 0.002) on BRA (OR = 0,890, 95% CI, 
[0.820–0.965], P = 0.005) (Figure 4).

Figure 4. 
Forests plots summarizing the correlation of (A) ACEI and (B) ARB use for stroke.

Figure 5. 
Forests plots summarizing the correlation of (A) ACEI and (B) ARB use for heart failure.
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4.5 Heart failure

A total of 12 studies (n = 62,403) analyzed heart failure. Two comparing the 
use of ACEI with a control group caused a significant reduction of the outcome, 
(OR = 0.759, 95% CI, [0.663–0.869], P = 0.000] and (OR = 0.607, 95% CI, [0.443–
0.833], P = 0.002). The same was observed for three studies with ARB (OR = 0.718, 
95% CI, [0.617–0.836], P = 0.000), (OR = 0.672, 95% CI, [0.502–0.900], 
P = 0.008) and (OR = 0.451, 95% CI [0.278–0.734], P = 0.001). Thus, the two 
therapies analyzed were significant in the reduction of the event, with proximity 
of both classes in relation to the reduction of heart failure compared to the control 
group: ACEI (OR = 0,762, 95% CI, [0.677–0.857], P = 0.000) and BRA (OR = 0,799, 
95% CI, [0.724–0.882], P = 0.000) (Figure 5).

4.6 Total outcomes

Analyzing all the outcomes described, the 17 studies (n = 73,761) showed that 
both the uses of ACEI (OR = 0.890, 95% CI, [0.837–0.945], P = 0.000) and of ARB 
(OR = 0.916, 95% CI, [0.877–0.956], P = 0.000) are favorable to a significant reduc-
tion in the occurrence of mortality events (Figure 6).

5. Discussion

The blockade of the renin-angiotensin-aldosterone system, regardless of the 
level in which it is performed, by itself, is a demonstrably relevant factor in lowering 
blood pressure. Both the inhibition of angiotensin-converting enzyme (ACEI) and 
the blockade of the AT-1 receptor of angiotensin II (ARB) provide a decrease in the 

Figure 6. 
Forests plots summarizing the correlation of (A) ACEI and (B) ARB use for all the outcomes.
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smooth muscle contraction in the arterial endothelium and thus lead to a reduction 
in the pressure values in both drug regimens [5].

With this basis, associated with the data presented in the results, it was already 
expected that, when comparing the use of ACEI or ARB with the control group, 
there was a decrease in the development of myocardial infarction, stroke, and heart 
failure (in favor of the first group [ACEI or ARB]). The decrease in blood pressure 
constitutes an agent that directly causes an improvement in the circulatory system 
and in the perfusion system, and, as a consequence, there is a decrease in vascular 
pathologies, especially in the present study, for these outcomes. Thus, the first plau-
sible analysis of conclusion is that both the uses of ACEI and the ARB are efficient 
in decreasing blood pressure values as well as in the decrease of the hard outcomes. 
Quantitatively, it is noteworthy that the values, in these three outcomes, are more 
relevant in favor of the use of ACEI, when compared with the use of ARB, as seen in 
the charts of Figures 4–6. Despite this numerical superiority, in medical practice, 
both medications are relevant and preventive in terms of the three outcomes and 
therefore have their use indicated.

However, despite the synergistic effects of these medications in the hypertensive 
condition, their association is contraindicated. This contraindication is based on 
the fact that its association, when compared with its isolated use, does not cause 
improvement of cardiovascular outcomes, although there is an additional reduc-
tion in blood pressure [25]. In addition, the concomitant use of both medications 
presents, based on concrete evidence, an increase of at least 10% in the relative risk 
of cancer [26].

However, when analyzing the total mortality and cardiovascular mortality, there 
were differences. For these outcomes, as shown in Figures 2 and 3, the use of ACEI 
proved to be significant in relation to the statistic, while the use of ARB showed no 
differences compared to the control group. This fact, regarding the total mortal-
ity, corroborates with the data presented by van Vark [16] where there was a 10% 
decrease in mortality due to all causes, over 4 years, with the use of ACEI, while the 
use of ARB does not rush any impact. However, related to the cardiovascular mor-
tality, this same review did not present differences between the two drugs, whereas, 
in our review, the differences were statistically significant [14].

Given this, a reduction in the values of overall and cardiovascular mortalities 
with the use of ACEI, and in view of the follow-up time of the studies allocated 
here (from 27 to 66 months), we relate this difference observed to an increase or 
decrease in the serum concentration of some endogenous molecular factor, i.e., 
produced by the angiotensin-renin system itself.

Based on the physiological analysis of the blockade of ACEI and ARB drugs 
in the angiotensin-aldosterone cascade, we found that the role of ACE inhibitors 
occurs by inhibiting the conversion of angiotensin I into angiotensin II, while the 
ARB acts later in this process, blocking the receptor of the molecule of angiotensin 
II. Thus, there is a decrease in the serum values of angiotensin II in the use of ACEI, 
which does not occur with the use of ARB [27].

Based on this mechanism of action, the use of ACEI ultimately provides higher 
levels of polypeptide hormones, being the most physiological importance in this 
context, the bradykinin [28].

Bradykinin is an inflammatory polypeptide, which is responsible for the mainte-
nance of the inflammation cascade as well as for providing vasodilation, a necessary 
step so that the molecular and cellular agents of the inflammatory cascade can act 
on the site of possible injury. Its inactivation is performed mainly by carboxypep-
tidase II (kininase type II) of the lung parenchyma. Coincidentally, the kininase II, 
which inactivates bradykinin, is the same inhibited by the ACEI. Therefore, these 
medications, in addition to decreasing the concentration of angiotensin II, a potent 
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in the pressure values in both drug regimens [5].

With this basis, associated with the data presented in the results, it was already 
expected that, when comparing the use of ACEI or ARB with the control group, 
there was a decrease in the development of myocardial infarction, stroke, and heart 
failure (in favor of the first group [ACEI or ARB]). The decrease in blood pressure 
constitutes an agent that directly causes an improvement in the circulatory system 
and in the perfusion system, and, as a consequence, there is a decrease in vascular 
pathologies, especially in the present study, for these outcomes. Thus, the first plau-
sible analysis of conclusion is that both the uses of ACEI and the ARB are efficient 
in decreasing blood pressure values as well as in the decrease of the hard outcomes. 
Quantitatively, it is noteworthy that the values, in these three outcomes, are more 
relevant in favor of the use of ACEI, when compared with the use of ARB, as seen in 
the charts of Figures 4–6. Despite this numerical superiority, in medical practice, 
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the fact that its association, when compared with its isolated use, does not cause 
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vasoconstrictor, collaborate to increase the pool of bradykinin, a physiological 
inflammatory vasodilator. Thus, there is an even greater increase in the hypotensive 
effects as well as a greater synergism regarding the reduction of other outcomes 
from vasoconstriction, caused by hypertensive conditions [29–31].

Thus, the benefits of using ACE inhibitors, resulting from the increase in 
the amount of bradykinin in the body, seem to have an additional benefit in the 
population with essential hypertension. This fact stems from the knowledge, about 
80 years ago, of the modulating roles of bradykinins in the renin-angiotensin sys-
tem, not only in the mechanism of vasodilation but also in the ventricular remodel-
ing in patients with hypertension [32, 33].

As for the other outcomes such as infarction, stroke, and heart failure, the 
increase in circulating bradykinin in these patients, due to its already explained 
vasodilating properties, also has a positive effect. Among these effects, we highlight 
the performance in the maintenance of the coronary reserve as well as in the conse-
quent prevention of infarction [34]. In addition, bradykinin was also identified as 
an endogenous factor that, associated with other molecules, favors the maintenance 
of myocardial perfusion and consequently promotes the prevention of ventricular 
remodeling in heart failure [34].

Related to the prevention of stroke, as was verified in the quantitative difference 
between these outcomes when compared to the population using ACEI, the increase 
in bradykinin implies the increase of the cerebral arterial flow [35, 36].

However, although we observe that the use of ACEI is intimately related to 
the decrease in infarction, stroke, and heart failure, these effects do not present a 
significant difference when compared to the use of ARB (Figures 3–5).

This characteristic is due to the fact that, even if the ACEIs have a significant 
increase in the concentration of bradykinins, its use is also implicated in the 
increase of other molecular factors which, in turn, present a myriad of receptors 
with often antagonistic functions. This may facilitate, hinder, or even have no effect 
on the action of the bradykinin in those outcomes but rather present more complex 
interactions in the function of these pathologies [37–39].

Some of these substances have already been discovered, such as prostaglandins 
and prostacyclins. However, the cellular molecule-receptor interaction and the best 
detailing of its cardiovascular-protective properties still lack studies to discover its 
relations with bradykinin and, above all, the relationship between the use of ACEI 
and the hypertensive condition in infarction, stroke, and heart failure. Thus, so far, 
it is only possible to infer the main role of bradykinin and a possible nonspecific 
interference of these factors in such pathologies [40–42].

Now, related to total and cardiovascular mortalities, we believe that the reduc-
tion of these outcomes observed in the use of ACEI may be closely related to the 
increase in the bloodstream of bradykinin. This fact is justified in view of the 
benefits that bradykinin promotes, in the long term, in the maintenance of vascu-
lar integrity. This molecule has a positive impact on the prevention of microvas-
cular alterations, which occur in certain diseases, in this case hypertension. This 
prevention tends to take place because bradykinin, via B2 receptors, protects the 
viability of the endothelium exposed to necrosis and apoptotic in hostile environ-
ments [43]. These situations are not observed when using the ARB. This is because 
its mechanism of action does not involve a pathway that changes the concentra-
tion of other mediators of blood pressure regulation, in addition to angiotensin 
II. Therefore, the use of ACEI is more effective than the use of ARB in these 
long-term outcomes.

As a consequence of this difference in the outcomes, total mortality and cardio-
vascular mortality, a decrease in the total outcomes with the use of ACEI was also 
predicted, as shown in Figure 6.
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Moreover, analyzing the consumption of ACEI and ARB, it is observed that in 
recent years the consumption of ACEI decreased, while the ARB showed significant 
growth. In the face of the literature and the present study, it can be corroborating 
that this situation does not present a relevant scientific basis [44].

6. Limitations of the ACEI × ARB analysis

The main limitation of this review involves the variation between the population 
samples, such as the different doses of the medications and the control group, and 
the studies with different follow-up times. In addition, some studies called therapy 
as a placebo without exactly specifying this information.

Also, for medical and ethical reasons, the vast majority of studies made it clear 
that both groups in use of ACEI and in use of placebo were already using other 
antihypertensive drugs. Thus, it cannot be inferred whether these medications in 
use could influence the information presented here.

It is also noteworthy that the study was based on analyzing the outcomes of 
different classes, ACEI and ARB. Thus, it should be considered that differences 
between the various drugs of each class are possible.

7. Conclusion

Through the use of ACEI and ARB, the pressure levels present significant 
reductions with both medications. Also, in the long term, the two therapies provide 
a decrease in the risk of hard outcomes such as acute myocardial infarction, stroke, 
and heart failure. However, the use of ACEI is effective in the reduction of the 
overall and cardiovascular-related mortality, facts not seen using the ARB. Thus, it 
is assumed that this reduction is due to the higher concentration of bradykinin, in 
the use of ACEI, due to its cardiovascular-protective properties, and not linked to 
the pressure drop only.

Conflict of interest

The authors declare no conflict of interest.

© 2019 The Author(s). Licensee IntechOpen. 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. 



Selected Chapters from the Renin-Angiotensin System

74

vasoconstrictor, collaborate to increase the pool of bradykinin, a physiological 
inflammatory vasodilator. Thus, there is an even greater increase in the hypotensive 
effects as well as a greater synergism regarding the reduction of other outcomes 
from vasoconstriction, caused by hypertensive conditions [29–31].

Thus, the benefits of using ACE inhibitors, resulting from the increase in 
the amount of bradykinin in the body, seem to have an additional benefit in the 
population with essential hypertension. This fact stems from the knowledge, about 
80 years ago, of the modulating roles of bradykinins in the renin-angiotensin sys-
tem, not only in the mechanism of vasodilation but also in the ventricular remodel-
ing in patients with hypertension [32, 33].

As for the other outcomes such as infarction, stroke, and heart failure, the 
increase in circulating bradykinin in these patients, due to its already explained 
vasodilating properties, also has a positive effect. Among these effects, we highlight 
the performance in the maintenance of the coronary reserve as well as in the conse-
quent prevention of infarction [34]. In addition, bradykinin was also identified as 
an endogenous factor that, associated with other molecules, favors the maintenance 
of myocardial perfusion and consequently promotes the prevention of ventricular 
remodeling in heart failure [34].

Related to the prevention of stroke, as was verified in the quantitative difference 
between these outcomes when compared to the population using ACEI, the increase 
in bradykinin implies the increase of the cerebral arterial flow [35, 36].

However, although we observe that the use of ACEI is intimately related to 
the decrease in infarction, stroke, and heart failure, these effects do not present a 
significant difference when compared to the use of ARB (Figures 3–5).

This characteristic is due to the fact that, even if the ACEIs have a significant 
increase in the concentration of bradykinins, its use is also implicated in the 
increase of other molecular factors which, in turn, present a myriad of receptors 
with often antagonistic functions. This may facilitate, hinder, or even have no effect 
on the action of the bradykinin in those outcomes but rather present more complex 
interactions in the function of these pathologies [37–39].

Some of these substances have already been discovered, such as prostaglandins 
and prostacyclins. However, the cellular molecule-receptor interaction and the best 
detailing of its cardiovascular-protective properties still lack studies to discover its 
relations with bradykinin and, above all, the relationship between the use of ACEI 
and the hypertensive condition in infarction, stroke, and heart failure. Thus, so far, 
it is only possible to infer the main role of bradykinin and a possible nonspecific 
interference of these factors in such pathologies [40–42].

Now, related to total and cardiovascular mortalities, we believe that the reduc-
tion of these outcomes observed in the use of ACEI may be closely related to the 
increase in the bloodstream of bradykinin. This fact is justified in view of the 
benefits that bradykinin promotes, in the long term, in the maintenance of vascu-
lar integrity. This molecule has a positive impact on the prevention of microvas-
cular alterations, which occur in certain diseases, in this case hypertension. This 
prevention tends to take place because bradykinin, via B2 receptors, protects the 
viability of the endothelium exposed to necrosis and apoptotic in hostile environ-
ments [43]. These situations are not observed when using the ARB. This is because 
its mechanism of action does not involve a pathway that changes the concentra-
tion of other mediators of blood pressure regulation, in addition to angiotensin 
II. Therefore, the use of ACEI is more effective than the use of ARB in these 
long-term outcomes.

As a consequence of this difference in the outcomes, total mortality and cardio-
vascular mortality, a decrease in the total outcomes with the use of ACEI was also 
predicted, as shown in Figure 6.
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and heart failure. However, the use of ACEI is effective in the reduction of the 
overall and cardiovascular-related mortality, facts not seen using the ARB. Thus, it 
is assumed that this reduction is due to the higher concentration of bradykinin, in 
the use of ACEI, due to its cardiovascular-protective properties, and not linked to 
the pressure drop only.
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Chapter 5

The Intratubular and Intracrine
Renin-Angiotensin System in the
Proximal Tubules of the Kidney
and Its Roles in Angiotensin
II-Induced Hypertension
Xiao C. Li, Ana Paula de Oliveira Leite, Xu Chen,
Chunling Zhao, Xiaowen Zheng, Jianfeng Zhang
and Jia L. Zhuo

Abstract

The kidney plays a fundamental role in the physiological regulation of basal
blood pressure and the development of hypertension. Although the mechanisms
underlying hypertension are very complex, the renin-angiotensin system (RAS)
in the kidney, especially intratubular and intracellular RAS, undoubtedly plays a
critical role in maintaining basal blood pressure homeostasis and the development
of angiotensin II (ANG II)-dependent hypertension. In the proximal tubules,
ANG II activates two G protein-coupled receptors, AT1 and AT2, to exert powerful
effects to regulate proximal tubular sodium and fluid reabsorption by activating
cell surface as well as intracellular AT1 receptors. Increased production and actions
of ANG II in the proximal tubules may cause salt and fluid retention, impair the
pressure-natriuresis response, and consequently increase blood pressure in
hypertension. The objectives of this chapter are to critically review and discuss
our current understanding of intratubular and intracellular RAS in the kidney,
and their contributions to basal blood pressure homeostasis and the development
of ANG II-dependent hypertension. The new knowledge will likely help
uncover novel renal mechanisms of hypertension, and develop kidney- or
proximal tubule-specific strategies or drugs to prevent and treat hypertension
in humans.

Keywords: angiotensin II, blood pressure, hypertension, kidney,
proximal tubule

1. Introduction

According to the most recent American College of Cardiology (ACC)/
American Heart Association (AHA) reports, 46% of U.S. adults now develop
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hypertension and take antihypertensive drugs in their lifetime [1, 2]. Prevention
and treatment of hypertension and its target organ complications cost several
hundreds of billion dollars a year to the U.S. economy [3–6]. Although the
causes of hypertension are multifactorial, the activation of circulating (endocrine),
tissue (paracrine) and intracellular (intracrine) RAS via angiotensin II (ANG II)
remains one of most important contributing mechanisms [1–7]. Indeed,
angiotensin-converting enzyme (ACE) inhibitors, ANG II receptor blockers
(ARBs), and renin inhibitors, which block the RAS at the enzymatic or
receptor levels, are widely used to treat hypertension, reduce cardiovascular and
renal disease risks, and prevent target organ damage [1–7]. However, clinical trials
have shown that not all RAS-targeting drugs have the same efficacy of blocking the
actions of ANG II and afford the same degree of cardiovascular, blood pressure and
renal protection [1–6]. Some patients continue to develop cardiovascular and renal
complications despite being treated with one or more than two of these blockers
[7, 8]. The underlying mechanisms responsible for these clinical observations are
not well understood. One of the possibilities may be that not all ARBs have the same
ability to enter the cells to block intracellular ANG II. Some, but not all, ARB(s)
such as telmisartan and losartan may exert therapeutic effects beyond the classic
ARBs’ properties.

There is accumulating evidence that ANG II acts not only as an endocrine or
paracrine hormone activating cell surface ANG II receptors, but also as
an intracellular or intracrine peptide activating intracellular ANG II receptors,
though the precise roles of the latter remain largely unknown [9–11]. Indeed,
in addition to activating cell surface ANG II receptors, circulating and
paracrine ANG II can readily enter the cells via AT1 receptor-mediated
endocytosis. The ANG II/AT1 receptor complex internalized into endosomes
may continue to transmit signals from endosomes or be translocated to the
nucleus to induce long-lasting genomic effects [12, 13]. Recently, we and
others have used innovative in vitro cell expression system [14–16], in vivo
adenoviral gene transfer of an intracellular ANG II protein selectively in
proximal tubule cells of the rat and mouse kidneys [17, 18], or genetically
modified mouse models to investigate the physiological roles and mechanisms
of actions of intratubular and intracellular ANG II in the proximal tubules
of the kidney, with a focus on basal blood pressure homeostasis and ANG
II-induced hypertension [19, 20]. Specifically, we have determined whether
intracellular ANG II is derived from AT1 (AT1a) receptor-mediated uptake
by the proximal tubule cells, and whether proximal tubule-selective
expression of an intracellular ANG II fusion protein in the rat and mouse
kidney increases the expression and activity of NHE3, promotes proximal
tubular sodium and fluid reabsorption, and therefore elevates arterial
blood pressure [17–23]. These new studies have generated new knowledge to
improve, and provided new insights into our understanding of renal
mechanisms of hypertension involving both endocrine, paracrine and
intracellular ANG II, and perhaps aid the development of new classes of
multifunctional drugs to treat ANG II-induced hypertension and its target
organ damage by blocking not only extracellular but also intracellular and
nuclear actions of ANG II. Accordingly, the objectives of this chapter are to
critically review, analyze, and discuss the recent developments and progresses
in the studies of novel renal mechanisms of hypertension with a focus on the
roles of intratubular and intracellular ANG II in the proximal tubules of
the kidney.
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Selected Chapters from the Renin-Angiotensin System

2. Localization of intratubular and intracellular RAS and its receptors in
the proximal tubules of the kidney

2.1 Angiotensinogen

Angiotensinogen, a �60 kDa α2 globulin in the serpin family, is the primary, if
not the only, substrate for the RAS super family. It is well-recognized that
angiotensinogen is primarily expressed or produced in the liver under physiological
conditions. Human angiotensinogen consists of 452 amino acids, whereas rodent’s
angiotensinogen may vary in its molecular size slightly from human form [24–27].
Angiotensinogen, not active in itself, is released from the liver and cleaved in the
circulation by the rate-limiting enzyme renin to form the still inactive decapeptide
ANG I. This is followed by the conversion of inactive ANG I to the active and potent
peptide ANG II, initiating important biological and physiological actions. A second
enzyme called angiotensin I-converting enzyme (ACE) acts to convert ANG I to
form the biologically active ANG II, initiating an important biochemical and phys-
iological angiotensinogen/renin/ANG I/ACE/ANG II cascade (see below section on
ACE). Accordingly, the recognized and primary role of angiotensinogen is to serve
as a key substrate to the production of ANG II in the circulation and tissues.

In the kidney, angiotensinogen mRNAs and proteins have been localized in the
kidney, primarily in the proximal tubules [28–30]. Immunohistochemistry,
immunoelectron microscopy and non-isotopic hybridization histochemistry have
demonstrated the localization of angiotensinogen mRNAs and proteins in the prox-
imal convoluted and straight tubules of the cortex, with glomerular mesangial cells
and medullary vascular bundles also being immunopositive in neonatal rat kidney
[29, 30]. In the adult rat kidney, however, angiotensinogen mRNA expression was
localized primarily in the proximal convoluted tubules, whereas electron-
microscopic immunohistochemistry localized angiotensinogen immunostaining in
the apical membrane of proximal convoluted tubules [29, 30]. By contrast, few if
any angiotensinogen mRNAs and proteins are localized in the glomeruli, mesangial
cells, or distal nephrons under physiological conditions [29, 30].

Although most of angiotensinogen in the circulation is derived from the liver,
there is evidence showing that angiotensinogen is also expressed and produced in
the kidney [28, 31–33]. Kobori et al. have consistently shown that angiotensinogen
mRNA expression and proteins are increased in the proximal tubules of the kidney
in ANG II-infused rats [28, 31–33]. However, Matsusaka et al. have demonstrated
that there were no significant differences in the levels of angiotensinogen and ANG
II proteins in the kidney between wildtype mice and mice with kidney-specific
angiotensinogen knockout [34]. It was further found that angiotensinogen protein
and ANG II levels in the kidney were nearly abolished in mice with liver-specific
knockout of angiotensinogen [34]. The studies of Kobori et al. and Matsusaka et al.
suggests that liver-derived angiotensinogen is the primary source of renal
angiotensinogen protein and ANG II under physiological conditions, but during the
ANG II-induced hypertension, angiotensinogen mRNAs and proteins are also
expressed in the kidney proximal tubules.

2.2 Renin

Renin, the rate-limiting enzyme first discovered to increase blood pressure in
rabbits by Tigerstedt and Bergman in 1898 [35], is an aspartyl proteinase or
angiotensinogenase. Renin plays the most critical role in the initiation of the
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angiotensinogen/renin/ACE/ANG II/AT1 receptor activation in the cardiovascular,
kidney, and other major target tissues. Human renin precursor consists of 406
amino acids with a pre- and a pro-segment of 20 and 46 amino acids, respectively
[36]. Mature human renin contains 340 amino acids and a molecular wt. of 37 kDa
[36]. Renin, renin activity, and its mRNA have been localized in the kidney, sub-
maxillary glands, blood vessels, heart, adrenal glands, and brain tissues by enzy-
matic assays, immunohistochemistry, in situ hybridization histochemistry etc.
[37–39]. In the kidney, active renin is primarily localized in the juxtaglomerular
apparatus (JGAs) in the afferent arterioles of the kidney under both physiological
and diseased conditions [40–42]. For example, light and electron microscopic
immunocytochemistry with an antibody to purified human renal renin localized
renin in the secretion granules of the epithelioid cells of the afferent arteriole of the
JGAs, in renal artery stenosis, or in Bartter’s syndrome [36, 37]. In the dog kidney,
we have used an in vitro autoradiographic approach to localize active renin using
radiolabeled renin inhibitors [40–42]. High resolution light microscopic autoradi-
ography specifically localized active renin to the vascular pole of the glomeruli,
or the JGAs (Figure 1) [40–42].

In the proximal tubule of the kidney, renin mRNAs have been reported [43, 44].
Renin activity and mRNAs were detectable in cultured rabbit proximal tubule cells
[45], in isolated proximal convoluted and straight tubules, but not in outer medul-
lary collecting ducts [44]. Tang et al. reported that all major components of the
RAS, including angiotensinogen, angiotensin converting enzyme, and renin, were
expressed in an immortalized rat proximal tubule cell line [45]. However, there is
also evidence that renin localized in the proximal tubules may be due to the uptake
of circulating renin after filtration [46, 47]. Taugner et al. demonstrated that the
reabsorptive pinocytosis of the filtered renin was the primary source of tubular
renin in the kidney [46], whereas Iwao et al. used light and electron microscopic
autoradiography to localize 125I-labeled renin accumulated in the apical membranes
of the proximal convoluted tubules [47]. Taken together, these studies strongly
support the concept that in addition to local biosynthesis and expression, circulating
or interstitial renin may be taken up by the proximal convoluted tubules in
the kidney.

2.3 Angiotensin I-converting enzyme (ACE)

The 2nd key enzyme for the activation of the RAS is ACE, a dipeptidyl
carboxypeptidase I, kininase II and EC 3.4.15.1 [48]. Corvol’s group first molecu-
larly cloned ACE from human vascular endothelial cells [48], whereas Bernstein’s

Figure 1.
Intrarenal localization of renin in the juxtaglomerular apparatus (A: JGA), angiotensin-converting enzyme
(B: ACE), and angiotensin II AT1 receptors in the kidney (C: AT1 or AT1a) using quantitative in vitro
autoradiography. C, renal cortex; G, glomerulus; IM, inner medulla; ISOM, inner stripe of the outer
medulla; PCT, proximal convoluted tubule.
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group cloned ACE from the mouse kidney in 1988, respectively [49]. ACE in
humans consists of 1306 residues with a signal peptide of 29 amino acids [48],
whereas ACE in mice contains 1278 amino acids [49]. Approximately 80% of the
amino acid sequences are similar between human and mouse ACE. There are two
ACE isozymes, one somatic isozyme in the lung, vascular endothelial cells, renal
epithelial cells, and testicular Leydig cells, and the other germinal isoenzyme solely
in sperm [50–52]. The key actions of ACE are to convert the biologically inactive
ANG I to the active peptide ANG II, and to degrade the vasoactive peptide brady-
kinin. Thus, ACE is most critical for the generation of ANG II in the circulation
and tissues.

Abundant ACE is expressed and localized in the kidney, especially in the
proximal tubules and glomerular and vascular endothelial cells of intrarenal
blood vessels [53–57]. We and others have localized ACE proteins and its mRNA
expression in the kidney using quantitative in vitro autoradiography, immuno-
histochemistry, and in situ hybridization histochemistry (Figure 1). For example,
the Mendelsohn’s group first localized ACE in the rat kidney using quantitative
in vitro autoradiography with the radiolabeled ACE inhibitor lisinopril, 125I-351A
[53]. ACE was localized primarily to the inner cortex, corresponding to the
proximal tubules and blood vessels [53]. We found that infusion of ANG II for
2 weeks significantly increased, rather than downregulated, ACE in the proximal
tubules of the rat kidney [54]. At higher resolutions, Brunevaly et al. and others
showed ACE primarily in the microvilli and brush borders of the proximal
tubules in the human kidney [55–57]. In the vasculature, ACE was localized to the
vascular endothelial cells especially in the peritubular capillaries, but not glo-
merular capillaries of the kidney [53–57]. ACE was also localized inside the renal
vascular endothelial and proximal tubular cell in endoplasmic reticulum,
endosomes, and nuclear envelope, suggesting the presence of intracellular and/or
nuclear ACE [53–57]. However, only very low levels of ACE were detected in the
inner medulla.

2.4 Angiotensin II (ANG II)

Angiotensin II (ANG II) is undoubtedly the most powerful peptide in the RAS
super family, playing a key role in regulating renal blood flow, glomerular filtration,
and proximal tubular reabsorption of sodium and fluid, contributing to normal
blood pressure and body salt and fluid homeostasis [58–64]. It is well-recognized
that the levels of ANG II in the kidney, especially in the proximal tubules, are higher
than in the plasma or other tissues. Indeed, local expression and biosynthesis of
angiotensinogen, renin, and ACE in the proximal tubules of the kidney significantly
contribute to high levels of ANG II levels in the kidneys under physiological condi-
tions [64–68]. Furthermore, ANG II levels are further increased in the kidney of
animal models of ANG II-dependent hypertension, even though the circulating and
JGA renin and ACE are suppressed [67–73]. This is likely due to the fact that the
proximal tubules express all major components of the RAS necessary for the for-
mation of ANG II [38, 47, 54, 59, 67, 74, 75], the proximal tubules have a greater
capacity to take up circulating ANG II via AT1 (AT1a) receptor-mediated mecha-
nisms [14, 19, 20, 67], and to augmentation of the expression or generation of
angiotensinogen, ACE and ANG II in ANG II-induced hypertension [54, 67, 70, 73].
Finally, ANG II is not only generated in the intratubular fluid compartment, but
also localized in intracellular organelles, such as endosomes, mitochondria, and
nuclei [15, 67, 71, 74, 75], where it serves as an important intracellular or intracrine
peptide.
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85

The Intratubular and Intracrine Renin-Angiotensin System in the Proximal…
DOI: http://dx.doi.org/10.5772/intechopen.88054



2.5 AT1 and AT2 receptors

It is now well-accepted that ANG II binds to and activates two different classes
of G protein-coupled receptors (GPCRs) to induce well-recognized cardiovascular,
renal and blood pressure responses, following the successful development of
nonpeptide ANG II type 1 and type 2 receptor antagonists [76–78]. Molecular
cloning of AT1 and AT2 receptors and studies of animal models with genetically
knockout of these receptors further confirms their pharmacological characteriza-
tion. Murphy et al. [79] and Sasaki et al. [80] successfully cloned the AT1 receptor in
1991, showing that the AT1 receptor shares the seven-transmembrane-region motif
of the GPCR superfamily. AT1 receptors mediate the well-known actions of ANG
II on vasoconstriction, cardiac hypertrophy, hypertensive, renal salt retention, as
well as aldosterone biosynthesis [76–78, 81]. The AT2 receptor was cloned by
Mukoyama et al. [82], Nakajima et al. [83], and Kambayashi et al. [84], respec-
tively. The AT2 receptor was found to have 34% of the identical sequence to the AT1

receptor, sharing a seven-transmembrane domain topology of GPCRs [82–84].
However, the roles and signal transduction pathways for the AT2 receptor remain
incompletely understood.

In the kidney, the AT1 receptor is widely expressed and localized in different
structures or cell types, most prominent in three anatomical regions, that is, the
glomerulus, proximal tubules, and the inner stripe of the outer medulla,
corresponding the vasa recta blood vessels and renomedullary interstitial cells
(Figure 1) [85–87]. We and others have consistently localized the AT1 receptor in
the rodent and human kidneys using quantitative in vitro and in vivo autoradiogra-
phy, with high levels of these receptors in the glomerulus, proximal tubules, and
renomedullary interstitial cells (Figure 1) [85–87]. Other anatomical regions or
renal structures may express low levels of AT1 receptor expression, detectable with
RT-PCR or immunohistochemistry. AT1 receptors have also been localized in intra-
cellular organelles, for example, endosomes, mitochondria, and nuclei in the prox-
imal tubule cells, suggesting an important intracellular roles [67, 74, 88–90]. By
contrast, the levels of AT2 receptor expression in the kidney are species-related or
closely associated with the kidney development. Indeed, high levels of AT2 recep-
tors are expressed extensively in the developing fetal and neonatal tissues, but most
of them disappear before reaching the adulthood [87]. Nevertheless, the expression
of AT2 receptors appears to persist in the adrenal medulla, proximal tubules, and
the adventitia of human kidney blood vessels, suggesting potential roles for these
receptors in these target tissues [85–87, 91–93].

3. Intratubular and intracellular ANG II: the long-term genomic effects
induced by endocrine, paracrine and intracellular ANG II

In contrast to the classic dogma that ANG II only binds to and activates cell
surface GPCRs to initiate downstream signaling responses, ANG II can also bind
and activate intracellular GPCRs to induce long-term genomic effects. The RAS
includes an extracellular system and an intracellular system. ANG II acts as the
principle effector of both extracellular and intracellular RAS. Extracellular ANG II
includes circulating (endocrine) and paracrine ANG II, which plays the classical
roles of the RAS through activation of cell surface GPCRs [76–78, 81, 94, 95].
Intracellular ANG II includes intracellularly formed ANG II (intracrine) and ANG II
internalized through AT1 (AT1a) receptor-mediated endocytosis [96–101]. The roles
of circulating and paracrine ANG II and its GPCR-mediated signaling mechanisms
via cell surface receptors have been extensively investigated. By contrast, the roles
of intracellular ANG II and its mechanisms of actions remain poorly understood.
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This disparity in our understanding extracellular versus intracellular ANG II has led
many to assume that ANG II only activates cell surface receptors to induce all of its
biological and physiological responses, and that all ARBs would only block cell
surface receptors to produce the same beneficial effects. Thus, an intracellular ANG
II system is thought to be unnecessary in the regulation of cardiovascular, blood
pressure, and renal physiology and diseases.

However, recent studies strongly suggest that these views may be revised for a
number of reasons [96–101]. First, it is well-recognized that extracellular ANG II is
continuously internalized with its receptors after it activates cell surface receptors.
This has long been interpreted only as required for the desensitization of cell surface
receptors to repetitive stimulation by extracellular ANG II by moving the ANG II/
AT1 complex into the lysosomal pathway for degradation. There is evidence, how-
ever, that the activated agonist/receptor complex internalized into the endosomes
may continue to transmit ras/mitogen-activated protein kinase (MAPK) signaling
[12, 13]. Ras and MAPK signaling for AT1a, vasopressin V2, and β2 adrenergic
receptors (β2AR) have been reported in endosomal membranes [12, 13, 15, 16], the
endoplasmic reticulum, the Golgi or the nucleus independent of cell surface
receptor-initiated signaling [81, 88, 89, 102]. Second, ANG II exerts long-lasting
genomic or transcriptional effects, which may be independent from the well-
recognized effects induced by activation of cell surface receptors [97–99, 102, 103].
ANG II induces the expression or transcription of many growth factors and prolif-
erative cytokines including nuclear factor-κB (NF-κB) [104–107], monocyte
chemoattractant protein-1 (MCP-1) [106, 108], TNF-α [107], and TGF-β1
[102, 109, 110]. While hemodynamic responses to ANG II often occur in seconds or
minutes, cellular growth, mitogenic, proliferative and fibrotic responses to ANG II
may last from hours to weeks and months. Since the cell surface AT1 (AT1a) recep-
tors may be desensitized in response to sustained exposure to endocrine and para-
crine ANG II, the long-term genomic effects of ANG II, as observed in
cardiovascular, hypertensive, and renal diseases, are at least in part mediated by
intracellular ANG II system. Third, not all ARBs, ACE or renin inhibitors are created
equal to block both extracellular and intracellular ANG II systems. ARBs may differ
in their lipophilic ability to enter the cells to block intracellular AT1 receptors [111–
113]. Indeed, ARBs show different effects on uric acid metabolism, cell prolifera-
tion, oxidative stress, nitric oxide production and PPAR-γ activity [111–113]. We
and others have shown that losartan internalized with AT1a and AT1b receptors,
albeit at a slower rate than ANG II [19, 20, 67, 103, 114], and to attenuate ANG II-
induced intracellular and nuclear effects [15, 88, 89, 102, 103]. Moreover,
telmisartan not only blocks AT1 receptors, but also acts as a partial activator of liver-
specific peroxisome proliferator-activated receptor γ (PPAR-γ) [111, 115–157].
Finally, some clinical studies have shown that even treated with renin inhibitors,
ACE inhibitors or ARBs, there are some patients who still progress to hypertension
and suffer from cardiovascular and renal complications [111, 115–117]. These data
suggest that additional mechanisms should be involved and studied accordingly.
Thus, the new challenges to the field are to study whether and how intracellular
ANG II may contribute to these mechanisms and design multifunctional drugs to
block both extracellular and intracellular ANG II-induced effects.

4. Intratubular and intracellular ANG II: AT1a receptor-mediated
uptake of circulating and paracrine ANG II in the proximal tubules

We and others have investigated whether circulating and local paracrine ANG II
is taken up by the proximal tubules of the kidney via AT1 (AT1a) receptor-mediated
endocytosis [19, 20, 118–121], and whether internalized ANG II and AT1a receptors
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are co-localized in the endosomal compartment and nucleus (Figure 2) [67, 74,
88, 89]. Our studies demonstrated that global deletion of AT1a receptors blocked the
uptake of unlabeled Val5-ANG II [19] or [125I]Val5-ANG II in the kidney of AT1a-KO
mice [20]. However, these studies focused only on the entire kidney, and what
nephron segments involved in taking up unlabeled Val5-ANG II or [125I]Val5-ANG
II could not be determined using these approaches [19, 20]. We further used
cultured proximal tubules cells to test whether proximal tubule cells take up extra-
cellular ANG II and the mechanisms involved (Figure 2) [14, 100, 122–126]. The
advantages of using these cells for the proposed studies are that ANG II receptors
are abundantly expressed and localized in both apical (AP) and basolateral (BL)
membranes [127–131]. However, it has not been determined whether ANG II
receptors in AP or BL membranes mediate ANG II uptake in the proximal tubules.
In a previous study using a porcine proximal tubule cell line expressing a rabbit AT1

receptor, AT1-mediated uptake of [125I]-ANG II was found to be significantly dif-
ferent between AP and BL membranes [130]. AT1-mediated uptake of [125I]-ANG II
was more robust and efficient in AP membranes than in BL membranes [130].
Conversely, ANG II-induced AT1 receptor internalization was reportedly much
faster in BL membranes than in AP membranes of OK cells [131]. Thus these
differences inAT1-mediated uptake of [125I]-ANG II or ANG II-induced AT1 recep-
tor endocytosis or internalization may underscore the differences in the cell types
used or experimental conditions.

In addition to AT1 (AT1a) receptors, other factors may also regulate the uptake
of extracellular ANG II by proximal tubule cells. AP membranes of proximal tubule
cells express abundant endocytic receptor megalin, which plays a crucial role in
mediating the uptake of low molecular weight (LMW) proteins in proximal tubule
cells [132–136]. Deletion of megalin in mice led to the development of LMW pro-
teinuria [135]. Interestingly, megalin also binds and internalizes ANG II in immor-
talized yolk sac cells (BN-16 cells) [136]. We have demonstrated that siRNA
knockdown of megalin expression or caveolin 1 in proximal tubule cells signifi-
cantly attenuated ANG II uptake by proximal tubule cells [122, 123]. However, the

Figure 2.
All major components of the circulating RAS, including angiotensinogen (AGT), renin, angiotensin I (ANG I),
and ANG II, may be filtered by the kidney glomerulus and taken up by the proximal tubules. Alternatively, all
major components of the RAS may be expressed and localized in the proximal tubules of the kidney. ACE,
angiotensin-converting enzyme and APA, aminopeptidase A.
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extent to which megalin- and caveolin 1-mediate ANG II uptake in proximal tubule
cells is significantly smaller than that mediated by AT1 (AT1a) receptor-dependent
mechanism [19, 20, 122, 123].

5. Intratubular and intracellular ANG II: canonical versus noncanonical
endocytic pathways in mediating ANG II uptake in the proximal
tubules

We have mechanistically investigated that AT1 (AT1a) receptor-mediate the
uptake of extracellular ANG II by proximal tubule cells in vitro and circulating ANG
II in vivo [19, 20, 122–126]. It has been previously shown that in vascular smooth
muscle cells (VSMCs), cardiomyocytes, and COS-7 cells, β2 adrenergic receptors,
AT1a, epidermal growth factor receptors, and insulin receptors are internalized via
the canonical clathrin-dependent pathway [137–144]. Clathrin-coated pits play an
important role in invaginating and pinching off the plasma membranes to form
coated vesicles and targeted to endosomes [138, 140, 142]. GPCR kinases (GRKs),
small GTP-binding proteins, such as Rab5, and β-arrestins are reportedly
involved in clathrin-dependent AT1a endocytosis [145, 146]. However, dominant-
negatives, siRNAs or knockout targeting dynamin, GRKs or β-arrestins have little
effects on AT1a receptor endocytosis in some studies, suggesting that alternative
(non-canonical) pathways may also be involved in AT1a receptor endocytosis
[137–146].

There is evidence to suggest that tyrosine phosphatases may be involved in ANG
II-induced AT1 receptor endocytosis in AP and BL membranes, since the endocytic
response was inhibited by the tyrosine phosphatases inhibitor, phenylarsine oxide
(PAO), rather than by pertussis toxin [147–151]. Colchicine, an inhibitor of cyto-
skeleton microtubules [148], also appeared to inhibit AT1 receptor-mediated ANG
II uptake and its effects in rat proximal tubule cells [150, 151]. The role of clathrin-
coated pits in mediating AT1 receptor-mediated ANG II uptake was also investi-
gated, but we found that deletion of clathrin-coated pits with sucrose or specific
siRNAs to knock down clathrin light (LC) or high chain subunits (HC) failed to
alter AT1-mediated uptake of Val5-ANG II [151]. However, AT1-mediated uptake of
Val5-ANG II was significantly inhibited by colchicine or siRNA knocking down of
microtubule-associated proteins, MAP-1A or MAP-1B, in proximal tubule cells
[151]. Our studies therefore support the scientific premise that the noncanonical
microtubule-dependent endocytic pathway may be involved in mediating the AT1-
mediated uptake of ANG II in proximal tubule cells.

How ANG II and AT1 receptors are internalized into the endosomal
compartments and transported to other organelles or the nucleus in proximal
tubule cells remains incompletely understood. Intravenous infusion of 125I-labeled
ANG II was previously detected in the nuclei of rat vascular smooth muscle cells
(VSMCs) and cardiac myocytes [152] or the Golgi of adrenal cells [153]. Cook et al.
showed that ANG II and its AT1a receptor were translocated to the nuclei of hepa-
tocytes and VSMCs [154]. In AT1a receptor-expressing HEK 293 cells, internalized
AT1a receptors were detected in perinuclear areas as well as in the nuclei [155, 156].
In supporting the above-mentioned studies, we also reported high levels of
internalized FITC-labeled ANG II in perinuclear areas and the nucleus, which
was inhibited by colchicine and siRNA knockdown of MAP-1A [14, 122, 123, 151].
Taken together, our results strongly suggest that the microtubule-dependent
pathway may play an important role in mediating the nuclear translocation of
internalized ANG II/AT1 receptor complex in proximal tubule cells. Indeed, a
nuclear localization sequence (NLS, KKFKKY, aa307-312) has been identified
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extent to which megalin- and caveolin 1-mediate ANG II uptake in proximal tubule
cells is significantly smaller than that mediated by AT1 (AT1a) receptor-dependent
mechanism [19, 20, 122, 123].

5. Intratubular and intracellular ANG II: canonical versus noncanonical
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tubules
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within the AT1a receptor, which may mediate nuclear trafficking and
activation of AT1a receptors by ANG II [155, 156].

6. Intratubular and intracellular ANG II: intracellular versus
extracellular effects and signaling mechanisms in the proximal
tubules

In the proximal tubules of the kidney, extracellular ANG II has been reported to
stimulate the expression of Na+/H+ exchanger 3 (NHE3) [14, 16, 102, 125], AP
insertion of NHE3 [157], Na+/H+ exchanger activity [158–161], or NHE3-induced
22Na+ uptake in cultured or isolated proximal tubule cells [162, 163]. The signaling
mechanisms by which extracellular ANG II increases the expression and activity of
NHE3 in proximal tubule cells have been well studied and documented [164–169].
The most well-described signal mechanism is that ANG II activates cell surface
receptor-coupled G proteins, with subsequent increases in IP3 and [Ca2+]i, genera-
tion of DG, and activation of PKC [164–169]. The other well-recognized down-
stream signaling pathways for extracellular ANG II to induce biological or
physiological responses also include activation or inhibition of calcium-dependent
calcineurin [170], cAMP-dependent protein kinase A (PKA) [169, 171], Ca2+-inde-
pendent PLA2 [172], PI 3-kinase [157], c-Src/MAP kinases ERK 1/2 [165], or nuclear
factor-κB [173].

According to the principles of the G protein-coupled receptor pharmacology,
ANG II must bind to its cell surface receptors to activate intracellular signaling
mechanisms in order to induce responses [76–78, 138]. Upon internalization, how-
ever, ANG II may act as an intracellular peptide to induce biological or physiological
responses. Indeed, blockade of the endocytosis of AT1 receptors is associated with
inhibition of PKC, IP3 formation, and Na+ flux in proximal tubule cells [14, 16, 122–
126, 149, 150]. Furthermore, ANG II-induced AT1 receptor endocytosis is also
associated with activation of PLA2 [147, 172], inhibition of adenylyl cyclase
[151, 169, 171], and increases in Na+ uptake from AP membranes [149–151]. We
have recently shown that AT1-mediated uptake of extracellular Val5-ANG II was
indeed associated with inhibition of basal and forskolin-stimulated cAMP accumu-
lation [125, 151], ANG II-stimulated NHE3 expression [14, 16, 122, 123], and ANG
II-induced activation of MAP Kinases ERK1/2 and nuclear factor-κB in proximal
tubule cells [14, 16, 124, 126, 151].

Nevertheless, these approaches are unlikely able to distinguish the effects of
ANG II mediated by cell surface or intracellular receptors. Previous studies have
shown that single cell microinjection or microdialysis of ANG II directly into the
cells may distinguish between the effects induced by extracellular ANG II from
those induced by intracellular ANG II [15, 102, 174–177]. Indeed, we have demon-
strated that intracellular microinjection of ANG II directly into single rabbit
proximal tubule cells induced intracellular [Ca2+]i responses (Figure 3)
[10, 15, 16, 81, 177]. We further reported that microinjection of the AT1 blocker
losartan abolished the [Ca2+]i response induced by microinjected ANG II, but it only
partially blocked the effects of extracellular ANG II [15]. In further proof-of-the
concept studies, we showed that ANG II stimulated nuclear AT1a receptors to
increase in vitro transcription of mRNAs for TGF1, MCP-1 and NHE3 in isolated rat
renal cortical nuclei [102]. These studies provide evidence that intracellular ANG II
may activate cytoplasmic and nuclear AT1 receptor to induce important genomic
effects in proximal tubule cells [15, 102, 174–177].

Whether intracellular ANG II may alter biological responses in a cell culture
model has been determined by directly expressing an intracellular ANG II fusion
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protein [9, 11, 15, 88–90, 102]. Cook et al. overexpressed a cyan fluorescent,
intracellular ANG II construct (ECFP/ANG II) with or without a rat yellow fluores-
cent AT1a receptor (AT1R/EYFP) in rat VSMCs or hepatocytes [9, 97, 98]. They
demonstrated that intracellular ANG II induced the proliferation of VSMC via
activation of cAMP response element-binding protein (CREB), p38 MAP kinase,
and MAP kinases ERK 1/2 [9, 97, 98]. In another study, an intracellular ANG II
(pcDNA/TO-iAng II) was expressed in CHO cells to induce cell proliferation, but
none of ARBs was found to attenuate the effect of intracellular ANG II on cell
proliferation [178, 179]. Nevertheless, these early proof of concept studies suggest
that in vitro or in vivo expression of a cyan fluorescent intracellular ANG II fusion
protein (ECFP/ANG II) in the proximal tubule cells of wild-type and AT1a-KO
mice may be an innovative approach to distinguish the effects of intracellular
versus extracellular ANG II.

7. Intratubular and intracellular ANG II: physiological effects of
intracellular versus extracellular ANG II on proximal tubule Na+

reabsorption and blood pressure

The physiological roles of intracellular ANG II in the regulation of proximal
tubule Na+ reabsorption and normal blood pressure homeostasis remain to be
determined. Whether intracellular and/or internalized ANG II may physiologically
regulate proximal tubule Na+ transport and blood pressure has not been studied
until recently. Indeed, this line of research has been long stymied due to the lack of
suitable animal models that express an intracellular ANG II protein, which is not

Figure 3.
Intracellular microinjection of angiotensin II induces intracellular calcium mobilization in cultured rabbit
proximal tubule cells. Adapted from Zhuo et al. with permission [15].
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secreted outside the cells and only acts intracellularly. Dr. Reudelhuber’s group was
the first to generate genetically modified mouse model that expresses an ANG II-
producing fusion protein in the cardiomyocytes of the rat heart [180, 181]. They
used the α myosin heavy chain promoter to control the expression of ANG II-
releasing fusion protein in the cardiomyocytes. Cardiac specific expression of this
ANG II fusion protein led to 10-fold increases in ANG II levels in the heart of
these transgenic mice, but it did not elevate ANG II levels in the plasma [180, 181].
This approach is very unique to construct this cardiac-specific ANG II fusion
protein with a signal peptide sequence derived from human prorenin and a furin
cleavage site. Thus, the expressed ANG II fusion protein will be cleaved by furin,
and released into the secretory pathway and the cardiac interstitium [180, 181]. It is
expected that this cardiac-specific ANG II fusion protein activates cell surface,
but not intracellular receptors. In a different study, Baker et al. expressed an intra-
cellular ANG II peptide in the mouse cardiomyocytes using an adenoviral vector
[178]. Cardiac-specific expression of this intracellular ANG II peptide in mice
induced cardiac hypertrophy, but not altered blood pressure and plasma ANG II
[99, 178]. Furthermore, the AT1 receptor blocker failed to block the cardiac
hypertrophic effect of this peptide, suggesting that AT1 receptor may not be
involved [99, 178].

In the kidney, a proximal tubule cell-specific promoter may be an ideal approach
to express an intracellular ANG II protein selectively in the proximal tubules. For
example, the kidney androgen-regulated protein gene (KAP) has been used to drive
“proximal tubule-specific” expression of human angiotensinogen and renin in the
kidney [182, 183]. It has been shown that the KAP gene is widely expressed in the
kidney, with its expression reportedly confined to the proximal tubules and regu-
lated by androgen and estrogen [184, 185]. The advantages of this approach are its
usefulness for studying the sexual dimorphic regulation of angiotensinogen expres-
sion in the proximal tubules of the kidney [182, 183].

We have collaborated with Dr. Julie Cook of Ochsner Clinic and Dr. Isabelle
Rubera of University of Nice-Sophia, France to develop an adenoviral construct

Figure 4.
Overexpression of an intracellular ECFP/ANG II fusion protein selectively in the proximal tubule of the kidney
in C57BL/6J or AT1a-KO mice. ECFP/ANG II increased systolic blood pressure and had a significant
antinatriuretic response in C57BL/6J but not in AT1a-KO mice. Green blue represents ECFP/ANG II
expression in the proximal tubules, whereas Red represents DAPI-stained nuclei in the cortex after conversion
from blue color. G, glomerulus. PT, proximal tubule. **p < 0.01 versus control, whereas ++p < 0.01 versus
C57BL/6J mice. Reproduced from Zhuo et al. with permission [15].
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(Ad-sglt2-ECFP/ANG II), which encodes a cyan fluorescent intracellular ANG II
fusion protein (ECFP/ANG II) [17, 18]. The sodium and glucose cotransporter 2
promoter, sglt2, was used to drive the expression of ECFP/ANG II selectively in the
proximal tubule cells of the rat and mouse kidneys. Sglt2 is expressed almost
exclusively in S1 and S2 segments of the kidney proximal tubules [186]. Using this
approach, we have determined whether intrarenal adenovirus-mediated expression
of intracellular ECFP/ANG II selectively in the proximal tubules of the rat and
mouse kidneys increases the expression and activity of NHE3, stimulate proximal
tubule sodium reabsorption, and increase blood pressure in rats and mice. We
demonstrated that expression of intracellular ECFP/ANG II selectively in the prox-
imal tubules of rats and mice significantly increased NHE3 expression, proximal
tubule sodium reabsorption, and blood pressure (Figure 4) [17, 18]. We further
showed that AT1 receptor blocker losartan and deletion of AT1a receptors in mice
significantly attenuated intracellular ANG II-induced NHE3 expression, proximal
tubule sodium reabsorption, and blood pressure responses, suggesting an AT1

(AT1a) receptor-mediated mechanisms.

8. Intratubular and intracellular ANG II: role of NHE3 in maintaining
normal blood pressure homeostasis and ANG II-induced
hypertension

The Na+/H+ exchanger 3 (NHE3) is the most important Na+ transporter in AP
membranes of the proximal tubules of the kidney [187–190]. NHE3 is directly and
indirectly responsible for reabsorbing approximately 50–60% of filtered load of
NaCl and 70–80% of filtered load of bicarbonate (HCO3

�) [187–190]. Indeed,
nearly all of the measured Na+/H+ exchanger activity in AP membrane vesicles of
proximal tubules are mediated by NHE3 [187–190]. The importance of proximal
tubule NHE3 in maintaining body salt and fluid balance and blood pressure
homeostasis has not been well studied until recently. Overall, global deletion of the
NHE3 gene in all tissues of mice (Nhe3�/�) leads to �50% decreases in fluid, Na+

and HCO3
� absorption in proximal convoluted tubules, causes salt wasting from the

digestive system, and significantly decreases basal blood pressure [191–194]. One of
striking phenotypes is absorptive defects in the small intestines due to intestinal
NHE3 deletion [191–194]. Moreover, the transgenic rescue of the NHE3 transgene
in small intestines in Nhe3�/� mice, tgNhe3�/�, failed to rescue the structural and
absorptive defects of global NHE3 deletion, with basal blood pressure being similar
to those of Nhe3�/� mice [195, 196]. These abnormal phenotypes have been con-
firmed by us recently [21–23].

However, these studies using either Nhe3�/� or tgNhe3�/� mice are unable to
determine the roles of NHE3 in the proximal tubules of the kidney, since NHE3 is
abundantly expressed not only in the proximal tubules of the kidney, but also in
small intestines of the gut. To overcome this limitation, we have generated mutant
mice with deletion of NHE3 selectively in the proximal tubules of the kidney, PT-
Nhe3�/�, using the state of the art Sglt2-Cre/LoxP approach [23]. We directly tested
the hypothesis that deletion of NHE3 selectively in the proximal tubules of the
kidney would lower basal blood pressure by inhibiting proximal tubule Na+

reabsorption and increasing the pressure natriuresis response in mice [23]. We
demonstrated that under basal conditions, PT-Nhe3�/� mice had significantly lower
systolic, diastolic, and mean arterial blood pressure than WT mice, accompanied by
significantly greater diuretic and natriuretic responses than WT mice, without
altering 24 h fecal Na+ excretion, plasma pH, Na+, and bicarbonate levels. Further-
more, we demonstrated that the pressure-natriuresis response, as well natriuretic
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responses to acute volume expansion and a high salt diet, were significantly aug-
mented in PT-Nhe3�/� mice [23]. Thus, our data support the scientific premise and
physiological relevance that NHE3 in the proximal tubules plays an important role
in maintaining basal blood pressure homeostasis, and genetic deletion of NHE3
selectively in the proximal tubules of the kidney lowers blood pressure by increas-
ing the pressure-natriuretic response.

Recently, we further investigated whether NHE3 in small intestines and proxi-
mal tubules of the kidney plays a key role in ANG II-induced hypertension using
Nhe3�/�, tgNhe3�/�, and PT-Nhe3�/� mice [21, 22]. As expected, infusion of a
pressor dose of ANG II, 1.5 mg/kg/day, i.p., via an osmotic minipump for 2 weeks
markedly increased blood pressure and caused hypertension in C57BL/6J mice
(Figure 5) [21, 22]. These hypertensive responses were significantly attenuated in
conscious and anesthetized Nhe3�/�, tgNhe3�/�, and PT-Nhe3�/� mice [21, 22, 197].
These results strongly support an important role of NHE3 not only in small intes-
tines, but also in the proximal tubules of the kidney in maintaining basal blood
pressure homeostasis and in the development of ANG II-induced hypertension.

9. Future perspectives and conclusions

Taken together, there is accumulating evidence to support the existence of the
circulating (endocrine), local intratubular (paracrine), and intracellular RAS sys-
tem in the kidney, especially in the proximal tubules. All major components of the
RAS, including the substrate angiotensinogen, renin, ACE, ANG II, AT1 and AT2

receptors, have been localized in the circulation, the kidney, and in the proximal
tubule. The roles of the circulating and intratubular RAS in the cardiovascular and
kidney, and blood pressure regulation have been extensively studied using molec-
ular, cellular, genetic and pharmacological approaches. It is now well-understood
that AGT, prorenin, renin, ACE, ANG II and AT1 and AT2 receptors are not only
expressed and localized in the proximal tubules under physiological conditions,
but the levels of intratubular angiotensinogen, renin, ACE, and ANG II proteins
are also significantly increased in the kidney in response to ANG II infusion in
spite of suppression of the circulating RAS. Furthermore, there is also increasing
evidence supporting the genomic roles of intracellular and nuclear ANG II in the
regulation of proximal tubule reabsorption, blood pressure and the development
of hypertension. Future studies should focus more on the long-term genomic and
hypertensive roles of intracellular, mitochondrial and nuclear ANG II and the
underlying signaling mechanisms in ANG II-dependent hypertension and target
organ injury.

Figure 5.
Global (Nhe3�/�) or “kidney-selective” deletion of the Na+/H+ exchanger 3 (NHE3) (tgNhe3�/�) in mice
significantly attenuates systolic blood pressure response to angiotensin II infusion for 2 weeks (ANG II), 1.5 mg/kg/day,
i.p. **p < 0.01 versus their control or basal; ++p < 0.01 versus wildtype; ##p < 0.01 versus ANG II.
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Global (Nhe3�/�) or “kidney-selective” deletion of the Na+/H+ exchanger 3 (NHE3) (tgNhe3�/�) in mice
significantly attenuates systolic blood pressure response to angiotensin II infusion for 2 weeks (ANG II), 1.5 mg/kg/day,
i.p. **p < 0.01 versus their control or basal; ++p < 0.01 versus wildtype; ##p < 0.01 versus ANG II.
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Chapter 6

Scientific Evidences Supporting 
the Activation of the  
Renin-Angiotensin-Aldosterone 
System during Estral Cycle and 
Pregnancy in Mares
Katy Satué and Ana Muñoz

Abstract

In women and laboratory animals, local and circulating components of the 
renin-angiotensin-aldosterone system (RAAS) are related to specific reproductive 
functions that occur during the estrous cycle, such as folliculogenesis, ovulation, 
corpus luteum development, and steroidogenesis. Also, in pregnant females of these 
species, maternal cardiovascular and renal systems undergo intense modifications, 
with the aim of matching the increased energy requirements of the fetus and fetopla-
cental unit. Some of these changes can be the origin, and others the consequence of 
a new endocrine environment. The fetus and the placenta induce endocrine changes, 
with modifications in the protein, lipid, carbohydrate, and mineral metabolism, 
together with simultaneous cardiovascular changes derived from the uterine growth 
and its content. The participation of RAAS during this period is of vital importance 
to regulate these cardiovascular, hemodynamic, hematological, and metabolic 
adjustments imposed by pregnancy because they will have a direct influence on 
the correct development and viability of the fetus. In mares, our research team has 
been investigating the changes of RAAS in mares during the estral cycle and during 
pregnancy, and these results are presented in the current chapter, comparing with 
the data previously reported for women and laboratory animals.

Keywords: estrous cycle, mare, pregnancy, renin, angiotensin, aldosterone

1. Introduction

In nonpregnant females of various species, the components of the renin-angio-
tensin-aldosterone system (RAAS), i.e., prorenin, renin, angiotensin II (ANG-II), 
and aldosterone, are expressed in the tissues of reproductive organs, mainly the 
uterus and ovaries. These hormones have direct physiological relationships with 
specific reproductive functions, including folliculogenesis, oocyte maturation, 
ovulation, follicular atresia, corpus luteum development and luteolysis, steroido-
genesis, angiogenesis, and expression of certain vasoactive substances [1–8].

A great body of literature has confirmed an increase in plasma activity of renin 
(PRA) and plasma concentrations of ANG-II and aldosterone in women during the 
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luteal compared to the follicular period of the estrous cycle [9–19]. The primary 
source of renin and aldosterone is progesterone (P4) secreted by the corpus luteum. 
The elevated P4 concentrations during the luteal period lead to increased renal 
plasma flow, glomerular filtration rate, and natriuresis. This natriuretic effect 
stimulates in a compensatory way the synthesis and release of renin, ANG-II, and 
aldosterone [10–12, 15, 16, 20–23]. However, these results do not agree with those 
described by Szmuilowicz et al. [19], who suggested that the synthesis of aldo-
sterone might be independent of renin and ANG-II at the ovarian level. Another 
physiological event that happens during the estrous cycle of the women is the pre-
ovulatory increase of renin [14, 24], ANG-II [25], and aldosterone [10, 12, 25, 26].

Similar results to those described in women have been reported in laboratory 
animals [27–30]. A potential physiological mechanism related to these changes 
is the stimulatory effect exerted by estrogens (E2) on the synthesis of angioten-
sinogen [31]. Additional mechanisms could be the hemodynamic and renal blood 
flow variations, changes in Na concentrations at the macula densa in the kidney, 
alterations in local sympathetic activity, and release of corticotropin or adrenocor-
ticotrophic hormone (ACTH). All of these mechanisms act as regulatory factors for 
aldosterone synthesis [17, 19, 32, 33].

During pregnancy, circulating and tissular RAASs interact closely in order to 
achieve a successful outcome of the pregnancy. The local RAASs involved in preg-
nancy are mainly located at the ovaries, uterus (both at the placenta and decidua), 
and intrarenal level. The nonrenal local RAAS systems have pivotal functions in the 
implantation and in the placentation as well as in the development of the uteropla-
cental and umbilical placental circulations. In addition, they contribute directly 
to the circulating RAAS of the pregnant female, determining in part the normal 
functionality of the cardiovascular and renal systems [34].

In this review, we summarize the state of the art of the current knowledge of the 
RAAS in reproductive mares. We provide comparative profiling of the hormones 
of this system with other species, mainly with women and laboratory animals. 
The results of our own investigations performed during the last 10 years have 
demonstrated that an activation of the RAAS happens around ovulation and during 
pregnancy in the reproductive mare, even though significant differences with the 
reports made for women and laboratory animals have been found.

2.  Changes in the renin-angiotensin-aldosterone system during the  
estral cycle

2.1 A brief review of the estral cycle in the mare

An exhaustive review of the estral cycle of the mare and the neuroendocrine 
mechanisms associated has been published recently [35]. Briefly, the mean length of 
a mare’s estral cycle is 21 ± 3 days. The cycle is divided into two physiological periods: 
the estrous or follicular period and the diestrus or luteal period. The duration of the 
follicular period is approximately 6 days, but it can take 4–10 days depending on the 
mare. The luteal period has a duration of 15 days, ranging between 12 and 18 days. 
Ovulation can occur at any time during the follicular period, although it usually 
occurs 24–48 h before the end of this period. During the estral cycle, physiological 
changes in mares include follicular development, selection of the dominant follicle, 
release of the oocyte from follicle, formation of the corpus luteum, and production 
of P4. These physiological events are controlled by gonadotropin-releasing hormone 
(GnRH) that stimulates the hypophysis to secrete follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH). These hormones control the development of 
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the follicle and stimulate the secretion of E2 from the follicle to induce ovulation and 
corpus luteum establishment and development [35, 36].

2.2 Changes in the renin-angiotensin-aldosterone system during the luteal period

Most researchers have documented that aldosterone concentrations rise between 
2 and 4 times during the luteal period [11, 37]. Presumably, this increase mirrors 
the increase experienced by ANG-II concentrations. However, this supposition has 
not always been supporting, and as a consequence, later it was suggested that the 
changes in ANG-II might be attributed to other ways independent of the RAAS 
[19]. Although this hypothesis is currently the most defended in the literature, some 
authors would not be able to confirm it [32, 38].

A variety of studies have shown that the relationship between PRA and aldo-
sterone from the middle to the end of the luteal period can be adjusted to a linear 
model [9, 10, 16, 22, 37, 39, 40]. The researches performed in women with luteal 
insufficiency have helped to clarify complex issues, such as the involvement of the 
sex hormones in the modifications of the different RAAS components during the 
different period of the estral cycle. In this sense, several early investigations com-
pared the concentrations of angiotensinogen, aldosterone, gonadotropins, ovarian 
steroids, and PRA in women with ovulatory cycles and in women with luteal insuf-
ficiency. While in physiological estral cycles the peak of PRA was closely related 
to the increase in aldosterone, in women with anovulatory cycles, these temporal 
relationships between renin and aldosterone or PRA and aldosterone were not 
found [9, 10, 41]. Subsequently, it was hypothesized that once the corpus luteum 
reaches functional maturity, it acts as the primary source of renin and aldosterone. 
Thereby, there was an explanation for the direct relationship between P4 and other 
compounds derived from the corpus luteum and the RAAS in physiological estral 
cycles, but not in women with ovulatory failure, because these women show a 
significant decrease in P4 concentrations [18, 21, 42].

P4 seems to be directly related to the luteal synthesis of aldosterone [15, 18, 21, 42]. 
Certain mechanisms dependent on P4, such as increased plasma flow, renal glomerular 
filtration rate, and Na and Cl excretion, result in natriuresis [16]. The initial natriuresis 
induced by P4 stimulates in a compensatory way the secretion of renin, ANG-II, and 
aldosterone [9–11, 20, 37]. The experimental administration of P4 results in natriure-
sis, which is followed by peaks of aldosterone secretion, aldosterone urinary excretion 
(AUE), and Na retention [11, 43]. Although PRA, ANG-II, and aldosterone increase 
after the administration of P4, the rises do not occur simultaneously [43]. These results 
have been explained in base of the competence between P4 and aldosterone for the 
mineralocorticoid receptor [12, 44, 45]. In physiological cycles, endogenously secreted 
P4 exerts a mild anti-aldosterone effect, avoiding an excessive retention of Na and 
water during the luteal period [46].

The E2 and P4 peaks during the luteal period lead to increases of PRA and 
ANG-II 2–3 times and also increases of AUE [17, 19]. However, the increase of E2 
that happens during the first half of the estral cycle does not result in substantially 
raised PRA and AUE. Perhaps these events are mediated by the expression of aldo-
sterone receptor protein and angiotensinogen in the absence of changes in ANG-II 
[46–48]. The lack of correlation between aldosterone and E2, as well as the lack 
of stimulation of aldosterone production in in vitro cultures of glomerulosa cells, 
could be other findings that might exclude E2 from the synthesis of aldosterone 
during the luteal period [19].

However, there are additional mechanisms involved in the synthesis of aldoste-
rone independently of the P4 concentrations, such as the uptake of proteins and Na 
in the diet [49, 50] or a peripheral vasodilation [16]. It is difficult to interpret these 
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luteal compared to the follicular period of the estrous cycle [9–19]. The primary 
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the follicle and stimulate the secretion of E2 from the follicle to induce ovulation and 
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findings without considering the intake of Na, since this electrolyte determines 
primarily the production of aldosterone via RAAS [49]. However, many previous 
studies did not control or did not report Na concentrations, which is a limiting 
factor in the proper interpretation of the results. More recently, Szmuilowicz et al. 
[19] showed that circulating and urinary levels of aldosterone increase significantly 
during the luteal period in response to the infusion of ANG-II in women with 
high Na concentrations. In these situations, positive correlations between P4 and 
aldosterone have been found, without parallel changes in PRA and ANG-II. On 
the contrary, in women with low Na concentrations, these interrelationships do 
not occur, even though the restriction of Na in the diet is a powerful stimulus for 
the activation of RAAS [49]. In Na-restricted diets, PRA and aldosterone respond 
independently between each other, and therefore, the absence of modifications in 
PRA and ANG-II could rule out that the increase in aldosterone is modulated via 
RAAS activation during the luteal period.

Another mechanism that has been related to the synthesis of renin and aldosterone 
during the luteal period is the release of angiotensinogen and prorenin. However, the 
studies conducted in this field have provided contradictory results. The expression 
of angiotensinogen is regulated transcriptionally by E2 [31], and consequently, the 
administration of different ovarian stimulation treatments in women increases the 
concentrations of E2 and renin [15]. Therefore, the activation of the RAAS during  
the luteal period could be partially related to the increased synthesis of angiotensinogen 
[21] or be a direct consequence of the vasodilatory effects of E2 [51]. However, early 
studies have not revealed variations in angiotensinogen during the luteal period of 
physiological estral cycles [10, 52, 53]. The combined use of E2 and P4 during the luteal 
period in ovariectomized rats resulted in increases in PRA without significant simulta-
neous changes in angiotensinogen [54]. The lack of a significant relationship between 
PRA and angiotensinogen might rule out E2 as a cause of the modifications in renin 
concentrations, despite its involvement in the secretion of aldosterone [10, 53, 55].

Although the main source of circulating active renin is the kidney, the ovaries 
appear to be the source of the cyclic increase of prorenin during the estral cycle 
[14, 56]. In fact, the release of LH triggers an increase of three times the concentra-
tions of prorenin, remaining elevated during the first half of the luteal period, 
even though the decrease in P4 at the end of the luteal period reduces simultane-
ously the prorenin levels [18, 21, 42, 56].

2.3  Changes in the renin-angiotensin-aldosterone system during the  
follicular period

Preovulatory increases of angiotensinogen, prorenin, PRA, renin, ANG-II, and 
aldosterone have been reported in women [11, 14, 25, 26] and laboratory animals 
[29]. According to other authors, the increase in aldosterone concentrations appears 
to be transient [11], or it is not constant in all cycles [37].

The origin of the preovulatory aldosterone peak is unknown, but it has been 
speculated that the increase in E2 could exert a stimulatory effect on angioten-
sinogen in the liver, and this, in turn, increases PRA and aldosterone [52, 53, 55]. 
Other researches, on the contrary, failed to find any relationship between angio-
tensinogen, PRA, and aldosterone in physiological cycles [11, 17, 19, 57], ruling out 
some type of significant influence of endogenous E2 on PRA and AUE during the 
periovulatory period [9, 10, 41]. Despite these contradictory results, the hypothesis 
that the increase in angiotensinogen is the cause of PRA and aldosterone peaks is 
still commonly accepted.

A transient peak of prorenin has been described simultaneously with the eleva-
tion of gonadotropins, mainly LH, toward the moment of the ovulation. It has been 
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speculated that this prorenin peak will be responsible later for the increase of active 
renin [58]. However, prorenin and LH are not always related to active renin [14, 15], 
because the most striking effects of this precursor appear toward the middle of the 
luteal period [18, 21, 42].

Because ACTH is one the main regulators of aldosterone secretion, the pre-
ovulatory peak of PRA might be related to the stimulatory effect of E2 on the 
adrenal gland and to the increase of the 17α-P4-enzyme, which also shows a 
preovulatory peak. This enzyme catalyzes the conversion of pregnenolone into 
17-α-hydroxypregnenolone, which is a precursor of the sexual steroids [59]. 
However, although an experimental infusion of ACTH triggers an elevation in PRA 
[60], the absence of changes in cortisol (CORT) concentrations in physiological 
cycles could refute these hypotheses [17, 19, 32]. Other factors, including hemody-
namic changes in renal blood flow, local sympathetic activity, and variation in Na 
concentrations at the macula densa level, have also been associated with the preovu-
latory peak of renin and aldosterone [33, 61].

In broodmares, Satué et al. [62] evaluated the changes in circulating RAAS 
components around ovulation, considering the 5 days before ovulation (from day 5 
to day 1), the day of the ovulation (day 0), and the 5 days immediately after ovula-
tion (from day 1 to day 5). A summary of the main endocrine changes, including 
those of the RAAS, is presented in Figure 1.

A progressive increase in plasma renin concentrations was found before ovula-
tion, peaking at the day of the ovulation [62] (Figure 2). The increase in plasma 
renin before ovulation in other species, as has been previously attributed to the 
release of LH or to the stimulating effect of human chorionic gonadotropin (hCG) 
[24]. Another plausible explanation for this rise in plasma renin before ovulation 
was the increase in E2 concentrations, since a positive correlation between both 
variables has been found in mares (r = 0.744) [62] (Figure 3). These results in 
mares agree with the data provided by Sealy et al. [15] in women with ovarian 
stimulation, in whom significant simultaneous increases in renin and E2 were 
detected. Another explanation for the rise in renin concentrations in the mares 
could be a mild hypovolemia associated with the presence of interstitial fluid in 

Figure 1. 
Representative scheme of the hormonal changes that occur in the mare during the 5 days before ovulation 
(preovulatory period), the day of the ovulation, and the last first 5 days after ovulation (postovulatory period) 
(ACTH, adrenocorticotrophic hormone; E2, estrogens; CORT, cortisol; P4, progesterone).
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abdominal cavity during ovulation. Even though changes in Na and Cl concentra-
tions at the renal juxtaglomerular apparatus significantly influence the release of 
renin [63], the correlations between renin and these electrolytes appear to be low 
in mares before ovulation [62]. In the same way, Roussel et al. [64] described cyclic 
patterns of plasma Na and aldosterone concentrations in cow, but without signifi-
cant correlations with the components of the RAAS.

After ovulation, a sharp decrease in plasma renin concentrations was detected in 
mares (Figure 2). Similar changes have been reported in women [17]. Ounis-Skali et al. 

Figure 2. 
Plasma renin concentrations during the 5 days before ovulation, the day of the ovulation, and the first 5 days 
after ovulation in mares (numbers indicate the days between which significant differences were found at 
p < 0.05).

Figure 3. 
Significant positive correlations between plasma estrogens (E2) and renin concentrations in mares before 
ovulation (r = 0.744).
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[18] attributed these results to the release of renin from the corpus luteum, reflecting a 
direct relationship between P4 and renin after ovulation, and similar hypotheses might 
be extrapolable to the mare. Two studies performed by our research team demonstrated 
low correlations between P4 and renin, suggesting other factors different from P4 might 
be considered in order to explain the non-significant trend toward an increase in renin 
concentrations during the first days after ovulation [65, 66].

Plasma ANG-II concentrations did not show significant variations before 
ovulation, but it experienced a sharp and progressive decrease after ovulation [62] 
(Figure 4). On the contrary, significant increases in ANG-II have been previously 
observed in sows [11] and in rats [29] before ovulation. ANG-II concentrations in 
women after ovulation were almost the double of the values found before ovulation 
[17–19]. This increase in women was attributed to the modulation of the flow in 
the ovarian blood vessels during oocyte maturation [15]. The reason why ANG-II 
concentrations decrease in the mares after ovulation, which is an opposite change to 
this described for women and laboratory animals, is not currently known.

Plasma aldosterone concentrations increased progressively from the fifth day 
before ovulation until the day of the ovulation. After this moment, aldosterone 
concentrations did not change and persisted to be significantly higher than before 
ovulation [62] (Figure 5). Because an increase in renin was also found the day of 
the ovulation in mares and ANG-II was higher during the 5 days before ovulation, 
it was speculated that the increased renin was the starting point to activate RAAS, 
resulting in increased aldosterone concentrations. This hypothesis was proven 
when the correlations between hormones before and after ovulation were assessed 
(Figure 6). A positive significant correlation (r = 0.756) was found between 
renin and aldosterone concentrations before ovulation. Surprisingly, ANG-II and 
aldosterone concentrations did not present a significant correlation before ovula-
tion (Figure 6). These data might indicate a dissociation between ANG-II and 
aldosterone before ovulation in the mare. In this case, the synthesis of aldosterone 
might have occurred in addition via other pathways independent from the activa-
tion of the RAAS [62].

Figure 4. 
Plasma angiotensin-II concentrations during the 5 days before ovulation, the day of the ovulation, and the first 
5 days after ovulation in mares (numbers indicate the days between which significant differences were found at 
p < 0.05).
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Figure 6. 
Correlations between the three main components of the renin-angiotensin-aldosterone system in mares before 
(A) and after ovulation (B).

Figure 5. 
Plasma aldosterone concentrations during the 5 days before ovulation, the day of the ovulation, and the first 5 
days after ovulation in mares (numbers indicate the days between which significant differences were found at 
p < 0.05).

119

Scientific Evidences Supporting the Activation of the Renin-Angiotensin-Aldosterone System…
DOI: http://dx.doi.org/10.5772/intechopen.88052

The relationships between the diameter of the predominant follicle and the 
hormones of the RAAS have also been investigated in mares [62] (Figure 7). A sig-
nificant positive correlation was found between renin and aldosterone concentrations 
and the diameter of the follicle before ovulation in the mares (r = 0.742 and 0.804, 
respectively) [62] (Figure 7). In other species, RAAS regulates the development and 
growth of the antral follicles. Receptors AT1 and AT2 for ANG-II have been found in 
the granulosa cells of the antral follicles and in the primordial primary and second-
ary follicles of sows [67]. Administration of an ANG-II inhibitor in cows avoided the 
growth of the predominant follicle and also induced a reduction in the concentrations 
of E2 [68, 69]. In the same way, in women subjected to ovarian stimulation with 

Figure 7. 
Correlations between the diameter of the predominant follicle (DPF) and the concentrations of renin, 
angiotensin II, and aldosterone before ovulation in mares.
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Figure 6. 
Correlations between the three main components of the renin-angiotensin-aldosterone system in mares before 
(A) and after ovulation (B).

Figure 5. 
Plasma aldosterone concentrations during the 5 days before ovulation, the day of the ovulation, and the first 5 
days after ovulation in mares (numbers indicate the days between which significant differences were found at 
p < 0.05).
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human menopausal gonadotropin (HMG), concentrations of ANG-II were positively 
correlated with E2 and the diameter of the predominant follicle [70]. In our research 
in mares, however, correlations between the diameter of the predominant follicle and 
ANG-II were very low (r = 0.366), despite the significant correlations between this 
diameter and the concentrations of renin and aldosterone [62] (Figure 7). Our results 
might suggest that circulating ANG-II concentrations do not exert a transcendental 
effect on the development of the ovarian follicle or, alternatively, some antagonist 
peptides of the ANG-II might be produced before ovulation in mares [65, 66].

3.  Changes in the renin-angiotensin-aldosterone system during  
the pregnancy

Plasma concentrations of prorenin increase by 5–10 times during the first 
10 weeks of pregnancy in women. This increase is simultaneous with the increase in 
hCG and after, both decreased until the moment of the delivery. Although prorenin 
is mainly synthesized in the renal juxtaglomerular cells, there are other extrarenal 
sources, such as the ovary, follicular fluid, and placenta [71]. The prorenin con-
centrations also increase when the LH concentrations peak at the moment of the 
ovulation [71, 72]. The combined administration of LH and FSH causes a 390% 
increase in plasma prorenin, while hCG increases above 1000% [13, 73]. An early 
study speculated that prorenin could act as a hormone with functions independent 
of the active renin [13]. Until now, to the authors’ best knowledge, the prorenin 
concentration in plasma/serum has not been quantified in mares.

A substantial increase in the circulating concentrations of angiotensinogen 
has also been documented during the first weeks of pregnancy in women [74]. 
Angiotensinogen concentrations remain elevated throughout pregnancy, peaking at 
term. In sheep, a bimodal pattern of secretion of this hormone has been described, 
with a first peak at the beginning of the pregnancy, concomitant with the period 
of the maximum placental growth. The second peak occurs at term, suggesting an 
association between plasma angiotensinogen and fetal growth [75].

The increased synthesis of angiotensinogen has been attributed to the stimulat-
ing effect of E2 at hepatic level [16, 17, 76]. However, the relationships between 
angiotensinogen and E2 are not always positive [77]. In nonpregnant women 
undergoing estrogen treatments, angiotensinogen and ANG-II increased in blood, 
whereas renin concentrations tended to decrease because of the negative feedback 
exercised by angiotensinogen [76]. However, the angiotensinogen concentrations 
have not been measured in mares yet.

The total concentration of circulating renin, both its active and inactive 
forms, increases during pregnancy in women. However, the contribution of the 
physiologically inactive renin to the total renin is greater than that of the active 
renin [78]. During the first third period of the pregnancy, renin concentra-
tions increased between 2 and 4 times above baseline [79, 80]. After it reaches a 
plateau, around the fifth month of pregnancy and after that, the concentrations 
remained unchanged until the end of the pregnancy [81], being the main reason 
involved in the rise of PRA during the first and second thirds of the pregnancy, 
respectively [11, 80, 82–84]. Toward the end of the pregnancy, the renin concen-
tration decreases intensely [78]. Even though the increased renin release con-
tributes greatly to the ANG-II synthesis, the renin concentrations could decrease 
because of a negative feedback mechanism [15, 85].

The synthesis of renin, in addition to renal juxtaglomerular cells, can also be 
carried out in other extrarenal tissues, as the uterus. This organ is the priority organ 
of renin synthesis during pregnancy, leading to the so-called hyperreninemia of the 
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pregnancy [80, 86]. The renin at the level of the fetal membranes and the uterus 
is found predominantly in the form of prorenin, and although it is supposed that 
it can be released into the maternal circulation, the degree of contribution to the 
maternal circulating levels is unknown. Both active renin and inactive renin have 
been identified in the uterus, placenta, and myometrium in women and in some 
laboratory animals [87]. Despite this, amniotic fluid seems to be the main source of 
renin produced by the chorionic cells during pregnancy [74].

The placenta appears to be the major source for the conversion of angiotensin I 
into ANG-II, since the prorenin, active renin, angiotensin converting enzyme (ACE), 
and ANG-II have been identified in the chorion and in the placenta [88]. The physi-
ological roles of these components have not been completely clarified, but it has been 
speculated that they might participate in the regulation of the blood flow [89–92].

The increase in renin concentrations during pregnancy has also been attrib-
uted to the loss of electrolytes as a consequence of the increase in the glomerular 
filtration rate as well as of the secretion of P4, due to the antagonic effects of the 
hormone on aldosterone, because P4 induces natriuresis [74, 76, 93]. On the other 
hand, the positive influence of E2 on the synthesis of angiotensinogen has also 
been considered a plausible reason for the renin peak during pregnancy [76]. 
Surprisingly, it is possible to find increased renin concentrations without a simulta-
neous increase of ANG-II concentrations. In addition, the sequestration of Na and 
water at the uterus might be another triggering factor for the release of renin during 
pregnancy, as documented in pregnant bitches [94].

In pregnant mares, Satué et al. [95] described a significant increase in the renin 
from the seventh month of pregnancy (Figure 8). In pregnant women, as stated 
before, the increase in renin concentrations occurs earlier than in the pregnant 
mares [79, 80, 84]. At present, it is unknown if the origin of these differences is the 
different animal species or it could be due to the influence of other physiological 
factors. In the mare, ANG-II concentrations did not vary significantly during preg-
nancy (Figure 9), despite the changes in renin concentrations (Figure 8). These 
data might suggest that there is a dissociation between renin and ANG-II during 
pregnancy in the mares. In pregnant women, it has been shown that the increase in 

Figure 8. 
Mean (maximum and minimum indicated in bars) concentrations of renin in mares during pregnancy 
(significant differences between months indicated with numbers at p < 0.05).
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Figure 8. 
Mean (maximum and minimum indicated in bars) concentrations of renin in mares during pregnancy 
(significant differences between months indicated with numbers at p < 0.05).
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Figure 9. 
Mean (maximum and minimum indicated in bars) concentrations of angiotensin II in mares during 
pregnancy.

ANG-II exerts a negative feedback effect on renin secretion [74, 85, 96]. In addition, 
it has been proposed that the peak of renin during pregnancy is in part associated 
with the release of estrogens, which act on the production of angiotensinogen in the 
liver [15, 76, 97]. Moreover, Satué et al. [98] found a dissociation between renin and 
E2, in agreement with previous results described for pregnant women [77, 99].

On the contrary to the data found for ANG-II in mares [95], most of the 
investigations performed in women and laboratory animals showed that during 
pregnancy, circulating concentrations of ANG-II increased up to two and even three 
times from nonpregnant values [74, 78, 100, 101]. This increase in women appears 
from the beginning of the pregnancy, peaking at the seventh month and persisting 
to be elevated until the moment of the delivery [102].

Pregnant mares showed a marked increase in circulating aldosterone concentra-
tions during pregnancy, with mean values that exceed almost 12 times the physiologi-
cal reference range for healthy adult horses [103] (Figure 10). Similar results have been 
reported in pregnant women [74, 84, 104], bitches [105–107], and some species of 
laboratory animals [108]. In pregnant bitches, Robb et al. [94] and in rats, Brochu et al. 
[106] attributed the increase in aldosterone concentrations to a higher activity of the 
enzyme aldosterone-synthase and to an increased synthesis of mRNA in the cells of 
the zona glomerulosa, these cells being the only production site, without fetal and/or 
placental participation, on the contrary of what appears to happen in women [78].

In mares, our team has found lower aldosterone concentrations during the 
second month of pregnancy, compared to the fifth, sixth, and seventh months 
of pregnancy (Figure 10). The highest values were observed in the fifth month 
of pregnancy. In the eighth, ninth, and tenth months of pregnancy, aldosterone 
concentrations were significantly lower than the mean values found in the fifth 
month. In pregnant women, it has been speculated that the increased release of 
aldosterone would occur in an attempt to conserve Na and water to favor the expan-
sion of the fetoplacental unit. In this way, the adequate supply of nutrients to the 
fetus, the maintenance of the ideal oxygen tension for fetal development, as well as 
the homeostasis and appropriate blood pressure between the mother and the fetus 
would be guaranteed [108, 109].
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Although the evolution of aldosterone concentrations during pregnancy is similar in 
women, laboratory animals, and mares, there are temporary differences in the moment 
in which the peaks of concentrations are reached. In women and laboratory animals, the 
maximum increase in aldosterone appears in the second third of pregnancy, followed 
by a decrease in the third period of pregnancy. In the mare, on the contrary, as shown in 
Figure 10, the maximum concentrations were found in the fifth month.

The increase in aldosterone during pregnancy in women has been attributed, 
firstly, to the increase in the sensitivity of the cells of the adrenal gland to the 
increased synthesis and release of renin [74, 110] and, secondly, to the increase 
in ANG-II concentrations, a finding that has been associated with an increase 
in placental lactogen [74]. In women, it is known that placental lactogen plays a 
regulatory role in metabolic homeostasis, triggering an increase in ANG-II receptors 
during the second period of the pregnancy [111, 112]. It has also been speculated 
in women that the increase in the concentrations of aldosterone during pregnancy 
could be a decisive physiological event in order to prevent the massive natriuresis 
that could arise from an enhanced glomerular filtration rate. In these cases, aldo-
sterone shows a physiological action opposite to the natriuretic effect of P4 at the 
level of the distal convoluted tubule, avoiding excessive loss of Na and allowing its 
gradual accumulation in the fetoplacental and in the extracellular maternal fluids 
[113]. However, the antagonism between both mineralocorticoids, i.e., aldosterone 
and P4, during pregnancy does not seem to be constant [114, 115].

4. Conclusions

Our results obtained in healthy reproductive mares demonstrated that there is an 
activation of the RAAS around the time of ovulation, as indicated by the increased 
plasma renin and aldosterone concentrations. After ovulation, the rapid decrease in 
plasma renin and ANG-II concentrations might indicate a modulation of the previ-
ously activated RAAS, even though plasma aldosterone concentrations increased 
during this period, suggesting a dissociation of the components of this system.

Figure 10. 
Mean (maximum and minimum indicated in bars) concentrations of aldosterone in mares during pregnancy 
(significant differences between months indicated with numbers at p < 0.05).
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In the pregnant mare, there is also an increased activity of various components 
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with fluctuating changes in aldosterone, peaking at fifth month of pregnancy and 
without significant changes in ANG-II. The reason for the apparent dissociation 
between the three main hormones of the RAAS at determined moments of the preg-
nancy remains unclear. The data obtained in pregnant mares regarding the RAAS 
seems to indicate that renin is a more intense stimulus for the increased synthesis of 
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without significant changes in ANG-II. The reason for the apparent dissociation 
between the three main hormones of the RAAS at determined moments of the preg-
nancy remains unclear. The data obtained in pregnant mares regarding the RAAS 
seems to indicate that renin is a more intense stimulus for the increased synthesis of 
aldosterone than ANG-II.
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Chapter 7

Connexin-Based Channels 
and RhoA/ROCK Pathway 
in Angiotensin II-Induced 
Kidney Damage
Gonzalo I. Gómez, Victoria Velarde and Juan C. Sáez

Abstract

The incidence of chronic kidney diseases is increasing worldwide, and there 
is no efficient therapy to reduce this phenomenon. The main therapies currently 
available focus on the control of blood pressure and the optimization of the block-
ade of the renin-angiotensin system (RAS). In addition, it is known that in several 
models of kidney damage, the amounts of connexins are altered. On the other hand, 
fasudil, a selective ROCK blocker, has shown renoprotective effects. The beneficial 
effects of blocking the RhoA/ROCK pathway in renal function may be related to 
its action of reducing macrophage infiltration, inflammation, and oxidative stress 
(OS), its expression of extracellular matrix genes and proteinuria, or to its effects 
on connexin abundance. Even though a correlation has been found between renal 
damage, caused by an increase in the RAS activity, connexins, and the RhoA/ROCK 
signaling pathway, it has not yet been possible to clearly determine its functional 
significance. Moreover, it has not been possible to identify the preponderance of 
this signaling pathway in the development of chronic kidney diseases. Here, we 
describe the advances in this subject.

Keywords: hypertensive nephropathy, oxidative stress, fibrosis, inflammation,  
Cx43, fasudil

1. Introduction

Chronic kidney disease (CKD) is a worldwide public health problem whose 
prevalence is persistently increasing. It is estimated that about 10% of adults in 
developed countries suffer some degree of kidney damage [1]. Patients with CKD 
usually develop a progressive kidney damage characterized by glomerular sclerosis 
and/or tubulointerstitial fibrosis, which eventually leads to end-stage renal disease, 
the last stage of this condition [2]. The detrimental effect of this process includes 
the progressive reduction of glomerular filtration rate (GFR) given by an increase 
in damaged nephrons, which eventually leads to organ failure [3]. CKD has differ-
ent etiologies, including diabetic nephropathy, hypertensive nephrosclerosis, and 
glomerulonephritis. However, regardless of the initial cause, the morphological 
characteristics, such as tubular necrosis and glomerular sclerosis, are similar [4, 
5]. This condition induces the partial destruction of nephrons and the progressive 
failure of renal function [4, 5].
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2. Hypertensive nephropathy

Hypertension is the second cause of end-stage renal disease (ESRD) [6, 7]. 
Hypertensive nephropathy starts in the glomeruli due to an increase in intraglomer-
ular pressure. These initial events activate and damage mesangial cells, epithelial 
cells, and podocytes within the glomerulus. In turn, these cells produce vasoactive 
and pro-inflammatory mediators, which increase cell damage and favor fibrosis, 
reducing renal blood flow and glomerular filtration rate [8]. The renal corpuscle, 
formed by Bowman’s capsule and glomerulus, is the fundamental structure in the 
filtration process. The glomerulus is formed mainly by blood capillaries, podocytes, 
and the mesangium. The mesangium plays a key role in the structural and func-
tional stability of the glomerulus, allowing it to successfully fulfill its filtering func-
tion [9]. The mesangial cells (MCs) constitute 30–40% of the cellular population 
of the glomerulus, and their function is to support the glomerulus and participate 
in the maintenance of the opening of its capillaries, regulation of the glomerular 
filtration rate, and synthesis and degradation of extracellular matrix proteins [9].

The renin-angiotensin system (RAS) is the prototype of a classic systemic endo-
crine network whose actions in the kidney and adrenal gland include regulation of 
blood pressure, intravascular volume, and electrolyte balance [10]. The RAS plays 
an integral role in the homeostatic control of arterial pressure, tissue perfusion, and 
extracellular volume. This pathway is initiated by the regulated secretion of renin 
from the kidney, the rate-limiting processing enzyme [11]. RAS begins with the 
biosynthesis of renin by the juxtaglomerular (JG) cells. Active renin secretion is regu-
lated mainly by (1) the renal baroreceptor mechanism in the afferent arteriole that 
senses changes in renal perfusion pressure; (2) changes in delivery of NaCl (sensed 
as changes in Cl concentration) to the macula densa cells of the distal tubule, which 
lie close to the JG cells and form the JG apparatus; (3) sympathetic nerve stimula-
tion via beta-1 adrenergic receptors; and (4) negative feedback by a direct action of 
angiotensin II (AngII) on the JG cells [11]. Renin secretion is stimulated by a fall in 
perfusion pressure or in NaCl delivery and by an increase in sympathetic activity [11, 
12]. Angiotensinogen is secreted constitutively by the liver and reacts with renin, 
ending transformed into the inactive decapeptide angiotensin I (AngI) [11]. AngI is 
hydrolyzed by angiotensin-converting enzyme (ACE), which removes the C-terminal 
dipeptide to form AngII, a potent vasoconstrictor [11, 12]. AngII is the primary 
effector of a variety of RAS-induced physiological and pathophysiological actions 
[11]. AngII, via the AT1 receptor, stimulates the production of aldosterone by the zona 
glomerulosa in the adrenal gland [11]. Aldosterone is a major regulator of sodium and 
potassium ion (Na+ and K+, respectively) balance and thus plays a major role in regu-
lating extracellular volume [11, 12]. It enhances the reabsorption of Na+ and water in 
the distal tubules and collecting ducts (as well as in the colon and salivary and sweat 
glands) and thereby promotes K+ (and hydrogen ion) excretion [11, 12].

The vasoconstriction and the increase in blood pressure mediated by AngII 
represent only part of the pleiotropic actions of this peptide. AngII stimulates aldo-
sterone secretion, cell infiltration, proliferation and migration, thrombosis, super-
oxide ion production, and other factors involved in nephropathy [8]. When MCs 
are stimulated with AngII, the synthesis of extracellular matrix is increased and 
accumulates in the extracellular space [13]. Activated MCs produce more reactive 
oxygen species (ROS) [14, 15] and synthesize and release more pro-inflammatory 
cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) and 
chemokines, such as the macrophage chemoattractant protein (MCP-1) and trans-
forming growth factor β (TGF-β) [13, 15–17]. In addition, high concentrations of 
AngII maintained for long periods of time in mice induce an inflammatory response 
characterized by the expression of pro-inflammatory cytokines such as IL-1β and 
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TNF-α [18], infiltration of macrophages (positive ED-1) [19], tubular overexpres-
sion of osteopontin (OPN) [19], and the expression of other pro-inflammatory 
cytokines, chemokines, and adhesion molecules [8, 20]. AngII also increases the 
expression of nicotinamide adenine dinucleotide phosphate oxidase (NOX), one of 
the main enzymes in the generation of ROS, contributing to the onset of oxidative 
stress (OS), independent of the action of pro-inflammatory cytokines [21, 22]. The 
sum of these alterations leads to an activation of the transcription factor nuclear 
factor-NF-κB, which increases the synthesis and release of extracellular matrix 
protein, such as type IV collagen, laminin, and fibronectin [13, 16], inducing the 
formation of mesangial nodules with lesions that extend to the interstitial areas, 
hindering the adequate function of the glomerulus [9, 13, 15, 16]. In summary, 
intrarenal RAS is an important factor in the pathophysiology of hypertension and 
hypertensive nephropathy [23].

2.1 Angiotensin II and RhoA/ROCK pathway in renal damage

Two receptors, AngII II receptor type 1 (AT1R) and type 2 (AT2R), both coupled 
to different G proteins, mediate the actions of AngII. The AT1 receptor activates small 
G proteins, including Ras, Rac1, RhoA, and the Rho kinase system (ROCK) [24], 
while the AT2 receptor inhibits RhoA [25]. The Rho family of small GTPases (Rho 
GTPase) is constituted by monomeric G proteins of 20–40 kDa considered as molecu-
lar switches, which cycle between two conformational states, an active state bound to 
GTP and an inactive state bound to GDP. In mammals, this family is composed of 20 
members, of which the most studied are Rac1, Cdc42, and RhoA. The latter being the 
most studied member of this family [26]. ROCK, an effector downstream of RhoA, 
is a serine–threonine kinase of around 160 kDa, which in mammals is present in two 
isoforms, ROCK1 and ROCK2 [27, 28]. ROCK is composed of an amino terminal 
kinase domain, followed by a super-coiled helix region, which contains the Rho-GTP 
binding site and a carboxy-terminus, which contains an internal domain rich in cys-
teine residues [27]. ROCK1 and ROCK2 are highly homologous, sharing an identity of 
approximately 65% in their amino acid sequences and approximately 92% homology 
in their amino terminal kinase domain [27, 28].

The RhoA/ROCK pathway has received considerable attention because of its 
implication in a wide variety of pathophysiological states present in cardiovascular 
diseases, pulmonary hypertension, Alzheimer’s disease, and glaucoma [27]. The 
RhoA/ROCK pathway plays an important role in renal pathophysiology, where 
RhoA/ROCK participates in the regulation of pro-inflammatory cytokines (e.g., 
TNF-α and IL-1β) [24, 29] and increases the amount of TGF-β and NFκB [27]. On 
the other hand, great interest has been generated in the use of fasudil, a selective 
ROCK inhibitor, as regulator in a wide variety of animal models of kidney damage, 
including unilateral ureteral obstruction, hypertensive glomerulosclerosis, acute 
renal failure induced by ischemia–reperfusion or by contrast-induced acute kidney 
injury, and renal failure induced by AngII [27, 30]. Fasudil, a ROCK inhibitor, pre-
vents kidney damage by reducing the expression of extracellular matrix genes, OS, 
pro-inflammatory cytokines, and macrophage infiltration and inhibiting the cascade 
of events that leads to these effects. Thus, both RhoA and ROCK could be considered 
as therapeutic targets to prevent hypertension and kidney damage [24, 27, 29, 31].

2.2 Connexins in hypertensive nephropathy

Gap junctions (GJs) are conglomerates of intercellular channels that result from 
docking of two HCs or connexins, each one contributed by one of the cells in contact 
and formed by six connexins (Cxs). GJs allow direct ion exchange (explaining the 
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Gap junctions (GJs) are conglomerates of intercellular channels that result from 
docking of two HCs or connexins, each one contributed by one of the cells in contact 
and formed by six connexins (Cxs). GJs allow direct ion exchange (explaining the 
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electrical coupling), small metabolites (e.g., nicotinamide adenine dinucleotide: 
NAD+, glucose, lactate, and glutamate), and second messengers (e.g., cyclic adenos-
ine monophosphate [cAMP] and inositol trisphosphate [IP3]) between adjacent cells 
(explaining metabolic coupling) [32, 33]. There are 21 isoforms of Cxs in humans 
and 20 in rodents. Each Cx is named according to its approximate molecular weight, 
and its transmembrane structure identifies four transmembrane domains connected 
by two extracellular loops and one intracellular loop, which implies that the C and N 
terminals are in the intracellular space [34]. HCs are fundamental pathways for the 
exchange of ions and small molecules between the intra- and extracellular compart-
ments. These structures can be opened under physiological and pathophysiological 
conditions, allowing the release of paracrine and autocrine signaling molecules to 
the extracellular medium (e.g., adenosine triphosphate [ATP], glutamate, NAD+, 
and prostaglandin E2 [PGE2]) [35]. Each type of channel formed by the Cxs has 
unique gate properties, in addition to a characteristic conductance and permeability 
features [36–38].

The kidney regulates blood pressure mainly through excretion of Na+ and water, 
depending on the hormonal action of the RAS and other hormone systems with 
renal action [39]. However, in order to fulfill this function, the kidney requires the 
coordinated action of different cell types, including vascular and tubular cells [39]. 
This intrarenal coordination has not yet been well established, but, since connexins 
(Cxs) are present in the kidney, the existence of direct communication between the 
different cell types of the nephron has been proposed to occur through gap junc-
tions (GJs) and/or hemichannels (HCs) [39]. In mammalian kidneys, nine types of 
Cxs have been detected (Cx26, Cx30.3, Cx31, Cx32, Cx37, Cx40, Cx43, Cx45, and 
Cx46), which are located in the vasculature or in different segments of the renal 
tubule, where most likely fulfill different functions [39].

In cortical astrocytes, it has been demonstrated that two pro-inflammatory 
cytokines, TNF-α and IL-1β, reduce intercellular communication mediated by GJs 
and increase the permeability of the membrane through HCs formed by Cx43 (Cx43 
HCs) [40]. This opposed regulation of Cx43 GJs and HCs also occurs in cultures 
of proximal tubule cells treated with metabolic inhibitors or pro-inflammatory 
cytokines, where an increase in the activity of Cx HCs has been demonstrated in 
response to these stimuli [41, 42]. In pathological conditions such as hyperten-
sion, the amount of renal Cxs is altered. For example, in the two-kidney one-clip 
model (2K1C), an increase in the amount of Cx43 mRNA and protein in the 
glomerulus was observed [43]. Recently Oliveira et al. showed for the first time 
that bone marrow mononuclear cell (BMMC) transplantation in clipped kidney 
of the 2K1C rats significantly increased N-cadherin, E-cadherin, connexin40, 
and nephrin expression accompanied by improved renal morphology and func-
tion and decreased fibrosis [44]. This cell-based therapy, especially using the 
mononuclear cell fraction, has shown to improve regeneration of multiple tissues 
under pathological conditions [44]. A recent study provided evidence that both 
Cx40 and Cx37 participate in endothelial nitric oxide synthase (eNOS) regulation 
in vivo, where in mice subjected to the 2K1C procedure, the interaction of Cx40 
and Cx37 with eNOS was enhanced, resulting in increased nitric oxide (NO) release 
[45]. Mice lacking Cx40 featured decreased levels of eNOS [45], and in different 
models of hypertension, Cx37 selectively participates from an altered expres-
sion of AT2R [46]. In addition, the amount of Cx43 is increased in inflammatory 
processes in damaged renal tubules and in interstitial cells in human kidneys [47]. 
Toubas et al. observed in three different models of CKD (i.e., the transgenic renin 
[Ren+/+] model, the administration of antibodies against the glomerular basement 
membrane [α-GMB], and the unilateral obstructive uropathy) an increase in the 
amount of renal Cx43. Consequently, they postulated that this change in Cx43 was 
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altered by the development of inflammation in the damaged kidney [36]. Therefore, 
Cx43 is considered a new mediator of renal disease involved in central processes 
of inflammation and fibrosis, while its inhibition even after the initiation of the 
disease attenuates renal damage and preserves renal function in animal models of 
vascular, tubular, and glomerular CKD [48]. Although renal tissue expresses several 
Cxs, only a few studies have described the involvement of GJs and HCs in kidney 
damage, and no signaling pathway has been clearly associated with these changes 
[36, 41, 42]. Therefore, the role of Cx-based channels in normal renal tissue or in 
the development and progression of kidney damage remains largely unknown.

2.3  Connexin43 and the RhoA/ROCK pathway participate in angiotensin 
II-induced kidney damage

The main therapies for CKD currently available focus on the control of blood 
pressure and the optimization of the blockade of the renin-angiotensin system (RAS) 
[49]. The renal afferent arterioles are primarily responsible for regulating preglo-
merular resistance, renal blood flow, and GFR. Elevated renal vascular resistance and 
preglomerular reactivity are observed in AngII-induced hypertension [50]. Although 
many systemic, neural, paracrine, and autoregulatory mechanisms contribute to 
afferent arteriolar dynamics, in AngII-dependent hypertension, a direct effect has 
been observed between the RhoA/ROCK pathway and the endogenous production 
of AngII [50]. In our studies we have observed that, although treatment with fasudil 
does not reduce systolic blood pressure (SBP), the establishment of irreversible renal 
damage is prevented (Figure 1, Table 1), reducing inflammation, OS, and fibrosis, 
and also kept the amount of Cx43 and phosphorylated myosin phosphatase target 
subunit-1 (MYPT-1) at normal levels [51] (Figure 2). We have also identified the 
timepoint when renal damage turns irreversible and, as such, independent of the 
cause [51]. We considered that kidney damage became irreversible after 4 weeks of 
treatment with AngII since SBP, inflammation, OS, fibrosis, the amount of Cx43, 
and phosphorylation status of MYPT-1 remained high even after 2 weeks of AngII 
withdrawal [51]. On the contrary, these parameters were reversed in animals infused 
with AngII for 3 or less weeks, which indicates that AngII can generate alterations that 
can be compensated by kidney tissue that was not affected by AngII and/or recovery 
thanks to the small regeneration capacity of kidney tissue [51].

Figure 1. 
Fasudil does not modify the SBP in rats treated with AngII for 4 weeks but prevents the decrease in renal 
function. (A) Protein (UProt) and creatinine (UCrea) were measured in urine samples to assess renal function 
from ratio UProt/UCrea. (B) The bars represent the means ± SE of a n ≥ 4 rats per experimental group. The 
differences between the subgroups of each of the three groups were evaluated by an ANOVA followed by a 
Tuckey test. ***p < 0.001, **p < 0.01, and * p < 0.05 vs. AngII group.
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Cx43 is considered a new mediator of renal disease involved in central processes 
of inflammation and fibrosis, while its inhibition even after the initiation of the 
disease attenuates renal damage and preserves renal function in animal models of 
vascular, tubular, and glomerular CKD [48]. Although renal tissue expresses several 
Cxs, only a few studies have described the involvement of GJs and HCs in kidney 
damage, and no signaling pathway has been clearly associated with these changes 
[36, 41, 42]. Therefore, the role of Cx-based channels in normal renal tissue or in 
the development and progression of kidney damage remains largely unknown.

2.3  Connexin43 and the RhoA/ROCK pathway participate in angiotensin 
II-induced kidney damage

The main therapies for CKD currently available focus on the control of blood 
pressure and the optimization of the blockade of the renin-angiotensin system (RAS) 
[49]. The renal afferent arterioles are primarily responsible for regulating preglo-
merular resistance, renal blood flow, and GFR. Elevated renal vascular resistance and 
preglomerular reactivity are observed in AngII-induced hypertension [50]. Although 
many systemic, neural, paracrine, and autoregulatory mechanisms contribute to 
afferent arteriolar dynamics, in AngII-dependent hypertension, a direct effect has 
been observed between the RhoA/ROCK pathway and the endogenous production 
of AngII [50]. In our studies we have observed that, although treatment with fasudil 
does not reduce systolic blood pressure (SBP), the establishment of irreversible renal 
damage is prevented (Figure 1, Table 1), reducing inflammation, OS, and fibrosis, 
and also kept the amount of Cx43 and phosphorylated myosin phosphatase target 
subunit-1 (MYPT-1) at normal levels [51] (Figure 2). We have also identified the 
timepoint when renal damage turns irreversible and, as such, independent of the 
cause [51]. We considered that kidney damage became irreversible after 4 weeks of 
treatment with AngII since SBP, inflammation, OS, fibrosis, the amount of Cx43, 
and phosphorylation status of MYPT-1 remained high even after 2 weeks of AngII 
withdrawal [51]. On the contrary, these parameters were reversed in animals infused 
with AngII for 3 or less weeks, which indicates that AngII can generate alterations that 
can be compensated by kidney tissue that was not affected by AngII and/or recovery 
thanks to the small regeneration capacity of kidney tissue [51].

Figure 1. 
Fasudil does not modify the SBP in rats treated with AngII for 4 weeks but prevents the decrease in renal 
function. (A) Protein (UProt) and creatinine (UCrea) were measured in urine samples to assess renal function 
from ratio UProt/UCrea. (B) The bars represent the means ± SE of a n ≥ 4 rats per experimental group. The 
differences between the subgroups of each of the three groups were evaluated by an ANOVA followed by a 
Tuckey test. ***p < 0.001, **p < 0.01, and * p < 0.05 vs. AngII group.
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The activity of the RhoA/ROCK pathway has been widely investigated in the 
pathogenesis of hypertension, where this pathway would fulfill an important role 
in the regulation of smooth muscle contraction. Other cellular processes such 
as proliferation, hypertrophy, adhesion, and migration of vascular cells are also 
mediated by the RhoA/ROCK pathway. These changes could lead to an increase in 
peripheral vascular resistance, which is one of the critical characteristics of several 
models of hypertension [52]. Therefore, inhibition of the RhoA/ROCK pathway 
represents a new approach in the prevention and treatment of hypertension [52]. 
The protective effect of fasudil in vivo is partly explained by its pleiotropic action 
in different systems. Therefore, considering that ROCK inhibitors were developed 
as antihypertensive drugs, it is striking that in our model of rats treated with 
AngII for 6 weeks, fasudil did not affect SBP, but did reduced the progression of 
kidney damage [51]. Similar to our observations, several studies have established 
that fasudil is renoprotective without affecting blood pressure, establishing a 

Figure 2. 
The increase in the amounts of phosphorylated MYPT and Cx43 is prevented with fasudil in rats treated with 
AngII for 6 weeks. Four groups of animals, two control groups (Ctrl and Ctrl+fasudil) and two experimental 
groups (AngII administered for 6 weeks and AngII+fasudil administered for the last 4 weeks), were studied. 
Fasudil (100 mg/kg/day) was given in the drinking water. Graphs show phosphorylation of MYPT-1 (A) and 
the relative amount of Cx43 (B). Under the graph representative pictures of phosphorylated MYPT (p-MYPT), 
unphosphorylated MYPT and Cx43 positive bands and its loading control (α-tubulin) are shown. The bars 
represent the means ± SE of n ≥ 4 rats per experimental group. The differences between the subgroups of each of 
the three groups were evaluated by an ANOVA followed by a Tuckey test. ***p < 0.001 vs. AngII group.

Groups Weight 
(gr)

Proteinuria 
(mg/day)

Creatinine 
clearance  
(ml/min)

FE Na + (%) FE K+ (%)

Ctrl 482 ± 31 2.7 ± 1.1*** 1.4 ± 0.3*** 0.2 ± 0.0*** 12.0 ± 2.7***

Ctrl+fasudil 480 ± 36 3.6 ± 1.1*** 2.1 ± 0.1*** 0.1 ± 0.0*** 12.5 ± 0.3***

AngII 364 ± 42 214.0 ± 19.0 0.7 ± 0.0 2.2 ± 0.4 162.0 ± 23.0

AngII+fasudil 368 ± 17 19 ± 7.2*** 1.9 ± 0.2*** 0.5 ± 0.1*** 30 ± 7.2***

***p< 0.001 vs. AngII groups (n≥4/all groups).

Table 1. 
Values for weight, proteinuria, creatininuria, creatininemia, creatinine clearance, and fractional excretion 
(FE) for Na+ and K+ in the experimental groups.
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controversy regarding the use of fasudil and its antihypertensive action [53–56]. In 
view of these results, it would be interesting to develop a line of research that could 
explain why fasudil does not prevent the increase in SBP, even when it prevents 
kidney damage.

Hypertensive nephropathy begins in the glomerulus by increasing intraglomeru-
lar pressure. These early events activate and damage mesangial cells, epithelial cells, 
and podocytes in the glomerulus [42]. In turn, these cells produce vasoactive and 
pro-inflammatory agents, which increase cell damage and promote fibrosis, reduc-
ing renal blood flow and glomerular filtration [8]. In afferent arteriolar cells from 
rats treated with AngII, the activation of NF-κB is mediated by the RhoA/ROCK 
pathway, and the ROCK/NF-κB axis contributes to the upregulation of angiotensin-
ogen, leading to an increase in the amount of intrarenal AngII [50]. We found that 
AngII increases the membrane permeability of MES cells, a mesangial glomerular 
cell line via AT1 receptors, as well as the activation of a RhoA/ROCK-dependent 
intracellular signaling pathway, followed by the upregulation of three nonselective 
channels, and the generation of OS and pro-inflammatory cytokines [42]. In MES-
13 cells, AngII promotes a feedforward mechanism in which three nonselective 
channels (Cx43 HCs, Pannexin 1 channels, and P2X7 receptors) maintain or even 
amplify inflammatory and oxidative responses, causing damage to kidney cells [42].

Xie et al. explored the mechanism of the reduction in the amount of Cx43 
induced by RhoA/ROCK signaling in high glucose-treated glomerular mesangial 
cells (GMCs) [57]. Their results indicate that activated RhoA/ROCK signal-
ing induced Cx43 degradation in GMCs cultured in high glucose via a pathway 
dependent on F-actin regulation that promoted the association between ZO-1 
and Cx43 [57]. Interestingly, we found changes in RhoA/ROCK activity and also 
found that ROCK inhibitors prevented increases in the amount of Cx43 induced 
by AngII [51]. Since the expression and activation of RhoA/ROCK and Cx43 HCs, 
respectively, occur in the same direction, it is likely that they are regulated by 
the same transduction mechanism and intracellular signaling pathway activated 
by AngII. Therefore, it was postulated that changes in RhoA/ROCK pathway 
and Cx43 precede renal damage in this model of hypertensive nephropathy [51]. 
A comparable response has been found in fibroblasts, and a direct relationship 
has been demonstrated between the activation of the RhoA/ROCK pathway and 
the increase in the amount of Cx43. In these cells, the expansion mechanisms 
in response to stretching involve the release of ATP to the extracellular medium 
through the RhoA/ROCK pathway and the activation of Cx HCs [58]. In addition, 
treatment with Y-27632, another inhibitor of the RhoA/ROCK pathway, or with 
blockers of Cx HCs, such as octanol or carbenoxolone, inhibits the increase of ATP 
in the extracellular medium and the growth of fibroblast [58]. Nevertheless, this 
direct relationship is not observed in all cell types. For instance, in corneal epithe-
lial cells, where a RhoA/ROCK-dependent pathway is involved in the formation of 
Cx43 GJs, inhibition of RhoA/ROCK-dependent pathway results in greater cell–cell 
communication mediated by Cx43 GJs [59].

Therefore, we propose that blocking AngII-induced damage progression in 
mesangial cell could be accomplished by inhibiting the RhoA/ROCK as previously 
demonstrated. Moreover, the effective reduction of initial AngII-induced altera-
tions in cell membrane permeability leading to activation of several metabolic 
pathways that promote OS and generation of pro-inflammatory cytokines can be 
accomplished with selective and potent inhibitors of nonselective channels [42, 51].

The differences between the subgroups in each of the three groups were evaluated 
by an ANOVA followed by a Tuckey test. **p < 0.01, ***p < 0.001 vs. AngII groups 
(n ≥ 4/all groups).
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view of these results, it would be interesting to develop a line of research that could 
explain why fasudil does not prevent the increase in SBP, even when it prevents 
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pathway, and the ROCK/NF-κB axis contributes to the upregulation of angiotensin-
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Xie et al. explored the mechanism of the reduction in the amount of Cx43 
induced by RhoA/ROCK signaling in high glucose-treated glomerular mesangial 
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treatment with Y-27632, another inhibitor of the RhoA/ROCK pathway, or with 
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3. Conclusions

In conclusion in the hypertensive nephropathy, inflammation, oxidative stress, 
fibrosis, changes in amount and cell membrane permeability of Cx43 HCs, and 
activity of the RhoA/ROCK pathway are important in the progression of damage 
induced by AngII. These alterations are prevented by fasudil, revealing a close rela-
tionship between activation of a RhoA/ROCK-dependent pathway and Cx43 in CKD.
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3. Conclusions

In conclusion in the hypertensive nephropathy, inflammation, oxidative stress, 
fibrosis, changes in amount and cell membrane permeability of Cx43 HCs, and 
activity of the RhoA/ROCK pathway are important in the progression of damage 
induced by AngII. These alterations are prevented by fasudil, revealing a close rela-
tionship between activation of a RhoA/ROCK-dependent pathway and Cx43 in CKD.
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Chapter 8

The Potential Role of Renin 
Angiotensin System (RAS)  
and Dipeptidyl Peptidase-4  
(DPP-4) in COVID-19: Navigating 
the Uncharted
Hayder M. Al-Kuraishy, Marwa S. Al-Niemi, 
Nawar R. Hussain, Ali I. Al-Gareeb, Nasser A. Al-Harchan  
and Azhar H. Al-Kurashi

Abstract

Novel coronavirus (COVID-19) led to infected pneumonia and acute respiratory 
distress syndrome (ARDS) and acute kidney injury (AKI). The entry-point receptor 
for COVID-19 is angiotensin-converting enzyme 2 (ACE2) at lung, and dipeptidyl 
peptidase-4 (DPP-4) is a receptor for Middle East respiratory syndrome coronavi-
rus (MERS-CoV). There is 80% similarity between MERS-CoV and COVID-19. This 
study was planned to review the potential link between the incidence and severity 
of COVID-19 regarding the modulation of DPP-4 and ACE2 by DPP-4 and renin 
angiotensin system (RAS). In COVID-19, SARS-CoV2 binds ACE2 which is highly 
expressed by the epithelial cells of the blood vessel, intestine, and lung. However, 
pulmonary ACE2 seems to be a protective defense pathway during ARDS. DPP-4 is 
not concerned with the entry of COVID-19 but mediates the inflammatory reac-
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Orthocoronavirinae subfamily with a genome size of 27–34 kilobases. The name 
coronavirus is derived from the Latin word corona, meaning crown or halo, which 
is the feature appearance under electron microscope. Regarding COVID-19, it is 
similar to the other RNA viruses with additional endoribonuclease and exoribo-
nuclease terminal caps (Figure 1) [1].

Formerly different researches were done to identify the cause of obscure respi-
ratory tract infections. The identified novel agents were severe acute respiratory 
syndrome coronavirus (SARS-CoV) and human coronavirus NL63 (HCoV-NL63) 
[2] CoV causes human acute respiratory infection in about 5–30% of the total 
respiratory infection. In the past, between 2002 and 2003, an epidemic had been 
shown caused by SARS-CoV, which causes severe acute respiratory syndrome in 
8000 subjects with 750 deaths. SARS-CoV is a second coronavirus group, while 
HCoV-NL63 is called group 1 coronavirus [3, 4].

On December 2019, a number of cases with a novel coronavirus (COVID-19) led 
to infected pneumonia in Wuhan in central China. Four cases with pneumonia of 
unknown etiology were reported on 29 December 2019, which heralds the similar 
outbreak of 2003 SARS-CoV [5].

At this time, no vaccines or effective antiviral agents are approved for the treat-
ment or prevention of human COVID-19. Therefore, the emergence of COVID-19 
is regarded as a priority by the World Health Organization (WHO), Center for 
Disease Control and Prevention (CDC), and health agencies for the developing a 
therapeutic effective drug against COVID-19. In general COVID-19 as other posi-
tive-sense RNA virus is characterized by high genetic plasticity and mutations due 
to short replication time, with a higher rate of recombination. These criteria limit 
and challenge for discovering novel antiviral agents [6, 7]. However, nucleotide 
and nucleoside analogue inhibitors (NIs) may be an effective agent by the reduc-
tion of genetic mapping of COVID-19 [8]. NIs such as ribavirin, remdesivir, and 
beta-D-N4-hydroxycytidine could be effective agents despite emergence of rapid 
resistance [9].

Previously, it has been reported by Li et al. [11] and Kuba et al. [10] that the 
entry-point receptor for SARS-CoV is angiotensin-converting enzyme 2 (ACE2) 
at the lung [10, 11]. Besides, Eckerle et al. reported that dipeptidyl peptidase-4 
(DPP-4) which cluster of differentiation 26 (CD26) is widely expressed on the 
surface of human cells which acts as a receptor for Middle East respiratory syn-
drome coronavirus (MERS-CoV) [12]. Since there is a 80% similarity between 
MERS-CoV and SARS-CoV with SARS-CoV-2, this study was planned to review 

Figure 1. 
Structure of SARS-CoV2.
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the potential link between the incidence and severity of COVID-19 regarding the 
modulation of DPP-4 and ACE2 by DPP-4 and renin angiotensin system (RAS) 
inhibitors, respectively.

2. Literature search strategy

In general, an endeavor of this study article was to present a mini review con-
cerning DPP-4 and RAS and their inhibitors in relation to the incidence and severity 
of COVID-19. Evidences and substantiations from experimental, preclinical, and 
clinical studies are assessed, given the nature and character of the subject area; it 
remains clear that this literature search cannot be considered as a systemic review. A 
multiplicity and array of search policy took on and are assumed, which is integrated 
by electronic database searches of Scopus, Web of Science, Medline, Cochrane 
Central Register of Controlled Trials (CCTR), and PubMed using MeSH terms, key-
words, and title words during the search. The terms used for these searches were as 
follows: COVID-19 or coronavirus or SARS-CoV-2 and DPP-4 OR renin angiotensin 
system; COVID-19 or SARS-CoV-2 and DPP-4 inhibitors or sitagliptin, vildagliptin, 
and insulin resistance; incidence of COVID-19 or coronavirus or SARS-CoV-2; and 
hypertension or orphan drugs or glucagone-like peptide 1 (GLP-1) or dipeptidyl 
peptidase-IV inhibitors (DPPIV) or thiazolidinediones (TZDs).

Reference lists of previous and recent notorious articles were reviewed. In addi-
tion, only English articles were measured, and case reports were also of concerned 
in this review. The key features of predictable and suitable search studies were 
considered, and the conclusions were summarized and summed up in a mini review.

3. Renin angiotensin system (RAS) and COVID-19

RAS is a signaling pathway for the regulation of blood pressure, blood volume, 
natriuresis, and other vascular functions [13]. RAS consists of different effector 
peptides that control the dynamic vascular functions. Angiotensinogen from the 
liver is converted to angiotensin I (AngI), which is converted to angiotensin II 
(AngII) by angiotensin-converting enzyme 1(ACE1). AngII activates two types of 
receptors which are AT1 (vasoconstrictor) 90% and AT2 (vasodilator) 10%. The 
overall effect of AngII is vasoconstriction with sympathetic activation and aldo-
sterone release. Excess of AngII is metabolized by ACE2 into vasodilator Ang (1–7) 
which act on specific receptor called MAS receptor (Figure 2). AngII can also be 
converted to angiotensin A by mononuclear leukocyte-derived aspartate decarbox-
ylase (MLDAD), leading to the formation of alamandine, which has been shown to 
bind to the mas-related G protein-coupled receptor D [14].

In COVID-19, SARS-CoV-2 binds ACE2 which is highly expressed by the 
epithelial cells of the blood vessel, intestine, and lung. The expression of ACE2 is 
augmented by angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin 
receptor blockers (ARBs) (Figure 3) [15] as well as ibuprofen and thiazolidinedio-
nes, and cigarette smoking also increases the expression of ACE2 at epithelial cells 
of the lung. Therefore, hypertensive patients on ACEIs or ARBs are at higher risk for 
COVID-19 [16, 17].

Recently, Zhou et al. [18] found that the COVID-19 genome is 96% identical to 
the bat CoV, so spike glycoprotein (S protein) and receptor binding domain (RBD) 
of both SARS-CoV-2 and bat CoV bind ACE2, which might explain the cross-species 
transmission, which means from bat to human and from human to human [19]. In 
addition, the affinity of COVID-19-RBD to ACE2 is approximately 10–20 times more 
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than that of SARS-CoV [20]. It has been shown that smoking upregulates ACE2 
via activation of pulmonary platelet factor and induction of oxidative stress and 
inflammatory reactions. Increased ACE activity also contributes to impaired vascu-
lar relaxation observed in smokers. Irbesartan, an AT1R antagonist (also known as 
angiotensin receptor blocker), was found to reduce arterial stiffness in hypertensive 
patients. When stratified by smoking status, smokers were found to have stiffer 
arteries before treatment, and irbesartan was able to reduce arterial stiffness to 
a greater extent in smokers than in nonsmokers, indicating that overactivity of 

Figure 2. 
Renin angiotensin system (RAS).

Figure 3. 
Role of angiotensin-converting enzyme 2 (ACE2).
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the RAS contributes to increased arterial stiffness in smokers. On the other hand, 
overexpression and upregulation of ACE2 is regarded as a protective measure via 
the reduction of pro-inflammatory cytokines mainly tumor necrosis factor (TNF-α) 
which is augmented in smoker subjects [21]. Therefore, active cigarette smoking 
subjects are at high risk for COVID-19 regardless of gender difference (Figure 4).

The activity of RAS is high in the lung, which is the main source of circulat-
ing AngII due to higher expression of ACE. Lung ACE2 controls the balance of 
RAS activation through regulating AngII/Ang 1–7 ratio. Local pulmonary AngII 
provokes vascular permeability, causing pulmonary edema [22]. However, in 
acute respiratory distress syndrome (ARDS), the activation of RAS is necessary to 
maintain oxygenation since ACE2 knockout mice illustrated more sever pulmonary 
damage than the controls. Thereby, pulmonary ACE2 seems to be a protective 
defense pathway during ARDS [23]. In addition, ACE2 has an important anti-
inflammatory action, and so ACE2 therapy is effective in the treatment of hyperten-
sion and diabetic nephropathy through attenuation of AngII-induced inflammation 
and oxidative stress [24]. Even so recombinant ACE2 is effective in the management 
of animal model ARDS, the inhibition of ACE2 may lead to fatal outcomes due to 
the reduction of vasodilator Ang1–7. However, chronic intravenous administration 
of Ang1–7 or MAS agonists leads to vasodilatation independent of circulating AngII 
levels [25].

Depending on these observations, different studies illustrate that RAS inhibi-
tors might be of value in the reduction of ARDS, respiratory failure, and acute 
pneumonia that are induced by SARS-CoV-2 [26]. Though Wang [27] confirms that 
RAS inhibitors increase the risk of COVID-19 due to the upregulation of pulmonary 
ACE2, this study recommends stopping RAS inhibitors during COVID-19 outbreak. 
Nonetheless, all recruited patients with COVID-19 developed ARDS without any 
evidence of AKI [27]. Thus, RAS system mainly ACE2/Ang1–7 grows to be the focus 
and meeting point of different researches to implicate this pathway in the pathogen-
esis of COVID-19.

Guo et al. found that the expression of ACE2 is higher renal tubules than in lung 
tissues; nevertheless COVID-19 leads to ARDS in much at higher than that of acute 

Figure 4. 
Nicotine smoking and ACE2.
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kidney injury (AKI), suggesting other mechanism other than ACE2 binding in the 
pathogenesis of COVID-19 [28]. AT2 receptor is activated by ACE2 and Ang1–7 
that oppose the activity of AT1 receptor [29]. Similarly, AT2 receptors are highly 
expressed in lung epithelial cells compared with kidney tissues. Pulmonary AT2 
receptors mediate lung injury through the augmentation of pulmonary inflamma-
tion and vascular permeability as well as the development of pulmonary fibrosis 
[30]. Consequently, pulmonary AT2 receptor antagonists are regarded as a novel 
pathway in COVID-19-induced pneumonia and ARDS. This finding does not rule 
out the responsibility of ACE2, since the activation of ACE2 by SARS-CoV-2 causes 
considerable activation of pulmonary AT2 receptors (Figure 5).

Amid myriad literature survey, polymorphism of ACE2 has been associated 
with different cardio-metabolic disorders; thus, the implication of ACE2 and AT2 
receptors in COVID-19-induced pneumonia should be considerably regarded with 
ACE2 polymorphisms [31]. Furthermore, the expression of ACE2 might not be 
necessary for COVID-19 infection and viral entry, as the absence of SARS-CoV-2 
in some ACE2 expressing cell types as well; this infection was observed in some cell 
line lacking ACE2, suggesting a vague pathway, and cofactors might be necessary 
for human infection [32]. Amusingly, Gurwitz [33] animal model study shows 
that pulmonary COVID-19 infection leads to significant lung injury through the 
downregulation of ACE2, which is attenuated by the administration of ARB. This 
study suggests the protective role of RAS inhibitors in COVID-19-induced ARDS 
[33]. Indeed, most of reported data from various social media during this dangerous 
outbreak was not legitimate due to overwhelming lay press and sparked concerns. 
Therefore, the high incidence of COVID-19 in patients receiving ACEIs or ARBs 
might be not because of these drugs but because those patients were often older, 
hypertensive, or diabetic which in fact increase the risk of COVID-19 infection. In 
addition, a recent clinical trial on the effectiveness of recombinant ACE2 (rACE) in 
the management of COVID-19 infection has been started [34], and we are waiting 
for these results. Thus, according to the guideline for the management of hyperten-
sion, RAS inhibitors should be used irrespective of COVID-19 infection, as sudden 

Figure 5. 
Role of AT2 receptors in COVID-19.
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withdrawal of these therapeutic regimens may increase the risk of deleterious 
outcomes in critically ill patients.

Regarding gender differences in the expression of ACE2, ACE2 gene is located 
on the X chromosome, which gives the possibility of gender differences in the 
susceptibility for COVID-19 infection. Females have lower levels of ACE2 com-
pared with males, which gives a clue of male vulnerability to COVID-19 infection as 
compared with females [35]. In addition, Shenoy et al. report that estrogen attenu-
ates AngII-induced pulmonary fibroblast proliferation due to the upregulation of 

Figure 6. 
Potential effects of endothelin-1 and aldosterone on the expression of ACE2.

Figure 7. 
Shedding of ACE2 during SARS-CoV-2 entry.
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ACE2 [36]. The expression of ACE2 is regulated by different endogenous hormones 
and peptides; both endothelin-1 and aldosterone downregulate ACE2 expression in 
a rat model. So, RAS inhibitors may improve ACE2 expression via suppression of 
endogenous endothelin-1 and aldosterone (Figure 6) [37].

Moreover, ACE2 contains ectodomain and endodomain at cytoplasmic 
membrane; the shedding part (ectodomain) is essential for the replication of 
SARS-CoV-2 (Figure 7) [38].

At the heart of the dilemma, extensive researches are recommended to explore 
the specific role of ACE2 and RAS inhibitors during precarious COVID-19 world-
wide outbreak.

4. Dipeptidyl peptidase-4 (DPP-4) and COVID-19

DPP4, also called adenosine deaminase complexing protein 2 (ADCP2) or 
adenosine deaminase binding protein (ADBP), is widely distributed on the 
surface of human cells. DPP4 is involved in the regulation of blood glucose, 
oxidative stress, inflammation, immune system, cell adhesion, and apoptosis 
[39]. The substrates of DPP4 are glucagone-like peptide 1 (GLP-1), stromal 
cell-derived factor 1 (SDF-1), brain natriuretic peptide (BNP), substance P, and 
neuropeptide Y (NPY). Furthermore, DPP4 interacts with different ligands such 
as caveolin-1, chemokine receptor type 4 (CXCR4), adenosine deaminase (ADA), 
and fibronectin [40].

DPP4 inhibitors (DPP4i) such as sitagliptin, saxagliptin, and vildagliptin are 
approved in the management of type 2 diabetes mellitus (T2DM). Additionally, 
DPP4i have a potential therapeutic effect regarding hypertension, endothelial 
dysfunction, cardioprotection, and connective tissue diseases (Figure 8) [41].

Regarding the role of DPP4 in viral entry and replication, Widagdo et al. [42] 
found that DPP4 is an important receptor for MERS-CoV transmission. DPP4 
receptors are found in the human upper respiratory tract epithelium. Lacking of 
these receptors may restrict the transmission of MERS-CoV.

S protein of MERS-CoV binds specifically to DPP4 receptors. These interactions 
provoke proteolytic activation for viral entry and fusion of viral membrane with the 
cell membrane [43].
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It has been observed that polymorphism in DPP4 gene is concerned with 
different cardio-metabolic disorders and transmission of MERS-CoV [44]. The 
polymorphism in DPP4 reduces the interactions between S proteins of MERS-
CoV with cellular membranes. The difference in the incidence between Arabian 
and African MERS-CoV is mainly related to the genotype polymorphism of 
DPP4 [45].

Since there is a higher genomic similarity between SARS-CoV-2 and SARS-CoV, 
the implication of DPP4 as a receptor or a pathogenetic pathway in COVID-19-
induced ARDS is reasonable. In COVID-19 infection, ARDS is developed due to 
massive cytokine release (cytokine storm), due to uncontrolled systemic inflam-
matory response, and due to the release of pro-inflammatory cytokine, including 
INF-α-, IL-6, IL-12, IL-33, etc., which cause multiple organ failure [46].

It has been reported that DPP4 is highly expressed on alveolar cells (type I and 
type II), alveolar macrophage, pleural mesothelium, and vascular endothelium. 
Besides, pulmonary vascular endothelial cells (PVECs) are the main source of 
pro-inflammatory cytokines in ARDS. DPP4 is upregulated in pneumonia, asthma, 
and ARDS; therefore, DPP4 inhibitors may reduce the inflammatory reaction and 
cytokine release in acute lung injury and ARDS through immune-modulation 
effect [47].

Different studies illustrated that DPP4 inhibitors inhibit the release of IL-6 and 
TNF-α in ARDS without effect on the blood glucose when used in a small dose [48]. 
Therefore, DPP4 inhibitors might be a therapeutic option in the management of 
COVID-19-induced ARDS.

5. The interactions between RAS and DPP4 in COVID-19

DPP4 is involved in the activation of T-cell, so the activated T-cell can synthesize 
and secret AngII by local RAS. So, AngII-dependent T-cell activation is inhibited by 
DPP4i, leading to a significant reduction of endothelial inflammation and vaso-
constriction [49]. Similarly, Bengsch et al. [50] disclosed that DPP4 receptors are 
highly expressed on Th17 which induced AngII release during ARDS. High circulat-
ing AngII level leads to the activation of inflammatory reactions via activation of 
the release of IL-18, 1 L-17, IL-6, and TNF-α. These mediators are essential for the 
induction of epithelial and endothelial cell injury during ARDS. DPP4i plays an 
integral role in the attenuation of IL-6 and TNF-α and associated inflammation and 
endothelial damage [51].

Therefore, DPP4i interferes with RAS at different levels; as teneligliptin attenu-
ates AngII action, liraglutide downregulates AT1 and upregulates AT2 receptors 
during intravenous AngII infusion. Besides, exenatide inhibits the secretion of 
renin, AngII, and angiotensinogen [52].

What is more, DPP4i has a nephroprotective effect through the regulation of 
sodium and water reabsorption. Both DPP4i and GLP-1 increase sodium excretion 
through direct effect on proximal renal tubules or indirect effect via the activation 
of brain natriuretic peptide (BNP) (Figure 9) [53].

Consequently, DPP4i exerts protective effects on the lung and kidney which 
are the main tropism of COVID-19 through direct modulation of inflammatory 
reactions or indirectly through the attenuation of AngII. The interaction between 
DPP4i and RAS inhibitors seems to augment the expression of AT2 receptor 
which is under extensive researches to find the pathophysiological pathway of 
COVID-19 infection. Indeed, this interaction sheds light for possible attenuation 
of COVID-19-induced ARDS and AKI mainly in critically ill patients with systemic 
hypertension.
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6. Conclusion

ACE2 is regarded as a portal entry-point for SARS-CoV-2; however, human cell 
lines with higher expression of ACE2 are not infected by this virus. The overex-
pression of AT2 receptors by ACE2 and Ang1–7 is regarded as a novel pathway in 
COVID-19-induced pneumonia and ARDS. Females have lower levels of ACE2 than 
males, which give a clue of male vulnerability to COVID-19 infection as compared 
with females. Even so, ACE2 is regarded as a protective pathway which reduces 
COVID-19-induced acute inflammatory reactions. RAS inhibitors and DPP4i 
increase the expression of pulmonary ACE2, so the implication of RAS inhibitors 
and DPP4i as augmenters of COVID-19 is not practical. Therefore, addition of, 
DPP4i to RAS inhibitors in hypertensive patients with COVID-19 may reduce the 
risk of ARDS and AKI.
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