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The Renin–Angiotensin System
The Good, the Bad, and the Ugly

Since the discovery of renin in 1898, the renin–angio-
tensin system (RAS) is considered a crucial signaling 
system for adjusting sodium homoeostasis, body fluid 
volume, and maintaining arterial blood pressure, with 
physiologic effects mediated via the interaction of 
angiotensin (Ang) II with Ang type 1 (AT1) receptors. 
With the discovery of new RAS functions such as vaso-
dilation, neuroprotection, and cognition, these new RAS 
concepts are now referred to as the “alternate” RAS.1,2 
This review focuses on new developments in under-
standing the functions of the RAS.

Biosynthesis of the RAS and Alternate RAS
The main component of the classic RAS is Ang II, 

which is generated by a 2-step proteolytic process from 
the precursor angiotensinogen. In the first step of this 

process, renin mediates the proteolytic conversion of 
angiotensinogen generated by the liver to the decapep-
tide Ang I. In the second step, Ang I is converted to the 
octapeptide Ang II by angiotensin-converting enzyme 
(ACE).1 Ang II can be synthesized intracellularly from 
angiotensinogen and renin. Of note, high  glucose con-
centrations can stimulate both smooth muscle cell chy-
mase and cathepsin D to form intracellular Ang II from 
Ang I and angiotensinogen.3 Ang II also may be gen-
erated from Ang I by chymase under some pathologic 
conditions, such as the presence of vascular damage 
associated with atherosclerosis. Chymase is a chymo-
trypsin-like serine protease that is stored in inactive 
complexes with heparin proteoglycan in secretory gran-
ules of mast cells. Ang II can be produced via the chy-
mase pathway from Ang (1-12) in the human heart. The 
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alternate chymase-dependent pathway predominates 
in the diabetic kidney. Thus, the use of ACE inhibitors 
alone without AT1 receptor blockers (ARBs) does not 
completely prevent albuminuria in diabetic patients 
because Ang II can still be produced via the renal alter-
nate chymase pathway.4,5

Ang (1-7), the major component of the alternate 
pathway, can be generated from Ang I by neprilysin, thi-
met oligopeptidase, or prolyl endopeptidase through 
the removal of the last 3 amino acids of the Ang I pre-
cursor molecule. The ACE homologue, ACE2, is central 
to Ang (1-7) production. This mono-carboxypeptidase 
removes the amino acid leucine from the C-terminus of 
Ang I to form the biologically active peptide Ang (1-9), 
which is subsequently cleaved to generate Ang (1-7) 
through ACE and neprilysin.

The second method by which Ang (1-7) is produced 
is via Ang II. This occurs by the removal of C-terminal 
phenylalanine from Ang II by ACE2 to form the hep-
tapeptide. Of note, ACE2 has 400 times greater affin-
ity for Ang II than Ang I. Unlike ACE, ACE2 does not 
metabolize bradykinin; however, it hydrolyzes the pro-
inflammatory kinin, Des-Arg9-BK. Therefore, ACE2 has 
vasodilation and anti-inflammatory effects.1

Ang III (angiotensin 2-8 heptapeptide) is produced 
from Ang II by aminopeptidase A, whereas Ang IV 
(angiotensin 3-8 hexapeptide) is produced from Ang II 
by aminopeptidase M.

RAS and Alternate RAS Receptors

AT1 Receptors

Ang II mediates its effects by binding to G pro-
tein–coupled receptors: the AT1 and Ang type 2 (AT2) 
receptors. Activation of the AT1 receptors stimulates 
phospholipase C, causing hydrolysis of phosphatidylino-
sitol 4,5-bisphosphate to form inositol 1,4,5-trisphos-
phate and diacylglycerol. Inositol 1,4,5-trisphosphate 
activation increases myoplasmic calcium concentra-
tions, and diacylglycerol signaling causes protein C acti-
vation and vascular smooth muscle (VSM) contraction.6 
In addition, activation of the AT1 receptor induces inhibi-
tion of 3’,5’-cyclic adenosine monophosphate signaling, 
thus enhancing VSM contraction. Ang II activates the 
NADH/NADPH system (ie, nicotinamide adenine dinu-
cleotide [NAD] hydrogen/NAD phosphate hydrogen), 
resulting in elevated levels of reactive oxygen species 
(ROS), including hydrogen peroxide (H2O2), hydroxyl 
radical, and superoxide anion (O2

–).
Elevated ROS reduce nitric oxide (NO) availability, 

thus enhancing the vasoconstrictor effect of AT1 recep-
tor activation.1 In addition, the interaction between NO 
and O2

– generates peroxynitrite, a cytotoxic anion that 
inhibits mitochondrial electron transport and destroys 
DNA and cellular proteins, thereby leading to oxidative 
stress damage.7 ROS impair mitochondrial function and 
adenosine triphosphate (ATP) production, with a sub-
sequent increased release of ROS by the mitochondria 
themselves, initiating a vicious cycle of increasing ROS.

The production of ROS by Ang II augments the inflam-
matory response by activating a nuclear factor-kappaB 
(NF-kappaB) transcription factor, enhancing cytokine 
transcript production.8,9 Ang II can also induce apopto-
sis through the ROS-mediated inhibition of the antiapop-
totic protein Bcl-2.10 Ang II induces VSM hypertrophy by 
increasing intracellular H2O2.9 AT1 receptor–associated 
protein (ATRAP) has 3 transmembrane domains that 
interact with the C-terminal domain of the AT1 receptor. 
Activation of ATRAP leads to internalization of the AT1 

receptor and its subsequent downregulation.
The activation of peroxisome proliferator–activated 

receptor gamma (PPAR-gamma) inhibits AT1 receptor 
action and stimulates the AT2 receptor.11 Of note, ARBs 
such as telmisartan and irbesartan have a partial PPAR-
gamma agonistic effect. Correspondingly, telmisar-
tan has neuroprotective effects against ischemic brain 
damage and cognitive dysfunction in a mouse model 
of Alzheimer’s disease via the synergistic effects of 
AT1 receptor blockade and PPAR-gamma stimulation 
(Figure 1).12,13

AT2 Receptor Functions and Associated Proteins
The AT2 receptor is mainly stimulated by Ang (1-7), 

and it produces effects counterbalancing those from 
AT1 receptor stimulation. That is, activation of the AT2 

receptor results in vasodilation, NO release, and inhibi-
tion of proliferation and growth. Upregulation of the AT2 

receptor may exert neuroprotection in the penumbra 
of ischemic brain tissue, which may explain the obser-
vation in the LIFE (Losartan Intervention For Endpoint 
Reduction In Hypertension) study that administration 
of the ARB losartan offered superior stroke protection 
compared with atenolol.14 The interaction of the C-ter-
minal tail of AT2 receptor with the mitochondrial tumor 
suppressor gene-1 results in reduction of O2

– produc-
tion, the expression of pro-inflammatory cytokines, neo-
intimal formation, and atherosclerosis.15 Moreover, the 
interaction of the AT2 receptor with its associated pro-
teins could result in attenuated tumor growth, vascu-
larization, and metastasis in different models of cancer.

Mas Receptor
Mas is a proto-oncogene that was identified by 

 Santos et al.16 The Mas receptor hetero-oligomerizes 
with the AT1 receptor and thereby inhibits the actions 
of Ang II. Therefore, the interaction of Ang (1-7) with 
the Mas receptor mediates antiproliferative and antiar-
rhythmic effects, leads to vasodilation via bradykinin 
and NO release, and stimulates renal sodium excretion. 
Recently, angioprotectin has been shown to bind with 
higher affinity than Ang (1-7) at the Mas receptor.17

Prorenin and Renin Receptors
Renin is an aspartyl protease that consists of 2 homol-

ogous lobes, with the cleft between the lobes containing 
an active site consisting of 2 catalytic aspartic residues. 
Prorenin has an amino-terminal prosegment that folds 
over the cleft between these 2 lobes, preventing the 
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Figure 1. 
ARBs with a partial peroxisome proliferator-activated receptor gamma (PPAR-γ) agonistic effect could further enhance 
PPAR-γ simulation and inhibit AT1 receptor action with AT2 receptor stimulation.

ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; AT1, angiotensin type 1 receptor; AT2, angiotensin type 2 receptor; 
ERK, extracellular signal-regulated kinases; NF-kB, nuclear factor-kappa B transcription factor; RAS, renin–angiotensin system
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activation of angiotensinogen. Prorenin is activated in 
the renal juxtaglomerular cells by enzymes such as pro-
convertase and cathepsin. In the presence of low pH 
or cold, prorenin can be activated by unfolding from 
the interlobe cleft by nonproteolytic activation.18 Both 
prorenin and renin stimulate the single receptor that is 
known as (P)RR. Binding of (P)RR to its ligands results 
in unfolding prorenin, rendering it capable of contribut-
ing to local Ang II production. Moreover, renin and pro-
renin binding causes a rapid phosphorylation of the (P)
RR on serine and tyrosine residues, triggering mitogen-
activated protein kinase pathways. Consequently, stimu-
lation of (P)RR can have the same harmful effects as AT1 
receptor stimulation by Ang II.19,20

Renin–Angiotensin Receptors 
As Determinants of Life Span

ROS produced by the interaction of the AT1 recep-
tor and Ang II enhance DNA damage through a telo-
mere-independent pathway via the induction of 
stress-induced premature senescence and a telomere-
dependent mechanism via accelerated attrition of telo-
meres.21 Of note, telomeres play a very important role 
in protecting the ends of chromosomes from deterio-
ration or from fusion with neighboring chromosomes.

ROS enhances cerebral endothelial dysfunction that 
occurs with age, thereby old mice lacking AT1 recep-
tors did not develop age-related cerebral circulation 
damages.22

RAS inhibition in the liver of old rats enhanced gene 
levels of nuclear respiratory factor 1 and PPAR-gamma, 
which are involved in mitochondrial respiration and 
biogenesis, respectively. Therefore, RAS inhibition has 
maintained the integrity of the hepatocyte system and 
prevented liver fibrosis and the infiltration of inflamma-
tory cells during aging.23

Sirtuins are NAD-dependent deacetylase proteins 
that are associated with longevity, mitochondrial and 
cell cycle regulation apoptosis, and DNA damage 
repair.7 In humans there are 7 different sirtuins (SIRT1-7), 
and 3 are located in the mitochondria (SIRT3-5). SIRT3 
plays a very crucial role in extending life span. SIRT3 
protects cardiomyocytes against Bax-mediated apop-
tosis by deacetylating Ku70. The deacetylated Ku70 
binds to Bax and hence blocks Bax activation.24

SIRT3 exerts its actions only in the presence of the 
cosubstrate NAD+, and the concentration of NAD+ 
determines cell survival. Nicotinamide phosphoribos-
yltransferase (NAMPT) enhances mitochondrial NAD+ 
concentrations.

AT1 receptor-lacking mice showed increased levels of 
NAMPT and SIRT3 levels in their kidneys with respect 
to wild ones. Furthermore, candesartan, an AT1 receptor 
blocker, prevented Ang II-induced NAMPT and SIRT3 
messenger RNA reduction in tubular epithelial cells, 
thereby enhancing cell survival.25 The longevity is the 
consequence of reduced mitochondrial damage due 
to attenuation of oxidative stress and upregulation of 
NAMPT and SIRT3 survival genes.

Resveratrol, a small molecule found in red wine, 
inhibits AT1 receptors, which contribute to resveratrol-
induced longevity.26 Thus, the inhibition of AT1 recep-
tors could represent a possible therapeutic strategy for 
diseases of aging and possibly even for extending life 
span.7

Functions of RAS and Alternate RAS 
In the Brain

Central Sympathetic System and 
Blood Pressure Control

The hypothalamic paraventricular nucleus (PVN) is 
the single most crucial center of the central autonomic 
network. The PVN also functions as the central neuro-
circuitry of the renal sympathetic nerve activity (RSNA) 
and cardiac sympathetic afferent (CSAR), controlling 
sympathetic activity through projections to the rostral 
ventrolateral medulla and the intermediolateral column 
of the spinal cord.

The main function of the PVN is to moderate tonic 
sympathetic activity, especially the CSAR and RSNA. 
Both endogenous Ang (1-7) and Ang II in the PVN 
enhance CSAR and RSNA. The Mas receptor is essential 
for Ang (1-7) stimulatory action in the PVN. Overexpres-
sion of ACE2 and consequently Ang (1-7) production 
in the PVN attenuated the Ang II-induced increase in 
blood pressure and production of pro-inflammatory 
cytokines, such as tumor necrosis factor (TNF)-alpha, 
interleukin (IL)-1beta, and IL-6, in the PVN. Therefore, 
the ACE2/Ang (1-7)/Mas axis results in anti-inflamma-
tory and antihypertensive effects in the PVN.1,27 Ang 
(1-7) acts tonically in the nucleus tractus solitarius 
(NTS) to enhance the sensitivity of baroreflex-mediated 
changes in the heart rate of normotensive rats, and bra-
dycardia in old rats was associated with the loss of an 
Ang (1-7) effect in NTS.28

Antenatal steroid exposure is linked with hyperten-
sion during adolescence, possibly because tonic Ang II 
overcomes Ang (1-7) effects in NTS.2 Ang (1-7) restrains 
central sympathetic nerve activity via Mas receptor 
activation, which in turn enhances neuronal nitric oxide 
synthase (nNOS) and NO production. Increased NO 
production reduces the activity in catecholaminergic 
neurons. Collectively, there is an intricate equilibrium 
balancing Ang II and Ang (1-7) in the central nervous 
system (CNS) that normally maintains baroreceptor 
reflex and blood pressure. Aging is associated with pre-
dominance of Ang II effects, with the reduction of Ang 
(1-7) and ACE2 activities resulting in hypertension and 
other cardiovascular diseases.

Non-Cardiovascular Functions of 
ACE2/Ang (1-7)/Mas Axis in the Brain

Ang (1-7) via its action on Mas receptors enhances 
NO production through nNOS activation in the brain, 
which is a crucial factor for object recognition mem-
ory and long-term enhancement in the hippocampus 
and amygdala. Knockout Mas receptor rats had a deficit 
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in object recognition memory, confirming the impor-
tance of the Ang (1-7)/Mas axis.29 Ang (1-7) may have 
an important neuroprotective role against cerebral isch-
emic stroke. Ang (1-7) acting via Mas receptors showed 
reduced cerebral infarct size and improved perfor-
mance on neurologic examination in treated rats.30

Ang (1-7) enhances endothelial NOS (eNOS) activ-
ity and consequently cerebral blood flow to ischemic 
brain tissues. Ang (1-7) inhibits the inducible NOS 
(iNOS) activity. The increased production of NO by the 
enhanced activity of iNOS in the ischemic brain will 
enhance the concentration of peroxynitrite, a powerful 
oxidant, and may increase the tissue damage after cere-
bral ischemia. Ang (1-7) suppresses NF-kappa B via Mas 
receptors. Therefore, Ang (1-7) could be a useful neuro-
protective factor via its anti-inflammatory effects after 
cerebral ischemia.31

The ACE2/Ang (1-7) axis has been detected in the 
glial cells of the human retina. Intravitreal injection with 
Ang (1-7) decreased intraocular pressure in rabbits. In 
addition, intraocular administration of ACE2 or Ang 
(1-7) genes in diabetic rats conferred protection against 
diabetic retinopathy.32

3-RAS and Microglia
During embryonic development, primitive yolk sac 

myeloid progenitors enter the brain and differentiate 
into microglial cells. It is usually estimated that around 
10% of adult brain cells are microglia cells. Micro glia 
can develop into pro-inflammatory/classically acti-
vated macrophages (M1) or anti-inflammatory acti-
vated macrophage (M2) phenotypes, depending on the 
signals present at different stages after brain lesions. 
M1/pro-inflammatory microglia produces pro-inflam-
matory mediators and ROS that exacerbate neuronal 
death. Alternatively, M2/immunoregulatory microg-
lia induce brain repair and regeneration, and produce 
growth factors and anti-inflammatory cytokines to pro-
tect neurons and resolve inflammation.

Several subclasses of M2/immunoregulatory activa-
tion have been identified. The M2a activation state has 
a main function of suppression inflammation. A sec-
ond state of alternative activation is classified as M2c, 
which has been suggested to restore the tissue after 
the inflammatory process has been attenuated. M2b 
has been involved in both pro- or anti-inflammatory 
responses and is related to memory immune responses. 
Collectively, M2 phenotype cells are involved in anti-
inflammation, debris clearance, extracellular matrix 
deposition, and angiogenesis functions in the brain.

Progression from the pro-inflammatory/M1 to the 
immunoregulatory/M2 phenotype is necessary to effi-
ciently counteract brain lesions. However, when this 
process is dysregulated, the persistent release of inflam-
matory cytokines and ROS induces neuron death and 
enhances brain damage. Persistently pro-inflammatory 
M1 microglia in the brain is the key factor for the devel-
opment of neurodegenerative disorders including mul-
tiple sclerosis, Alzheimer’s disease, and parkinsonian 

syndromes. Of note, the FDA-approved drug glatiramer 
acetate, for multiple sclerosis treatment, works by 
inducing Th1 to Th2 shift, resulting in the production of 
anti-inflammatory cytokines such as IL-4 that polarize 
the microglia into the M2 anti-inflammatory phenotype.

Cytokines including TNF-alpha, IL-6, IL-1beta, and 
interferon-gamma as well as several chemokines, in 
addition to the level of microglia NADPH-oxidase acti-
vation, are essential to shift the microglia to pro-inflam-
matory type M1. Ang-II via its AT1 receptor is a major 
activator of the NADPH-oxidase complex, leading to 
pro-oxidative and pro-inflammatory effects resulting 
in the shift to the M1 type. However, anti-inflammatory 
cytokines such as IL-4, IL-10, and PPAR-gamma ago-
nists polarize the microglia toward the anti-inflamma-
tory M2 type.

The ARB group is heterogeneous, with some mem-
bers—notably telmisartan and to a lesser extent candes-
artan—exhibiting a pleiotropic profile, not only blocking 
the AT1 receptor but also activating PPAR-gamma, an 
anti-inflammatory and pro-metabolic nuclear receptor, 
thereby helping to shift the microglia cells toward the 
anti-inflammatory M2 type.

Alzheimer’s disease is the most common form of 
dementia, characterized by the presence of neurofibril-
lary tangles of hyperphosphorylated tau and extracellu-
lar deposits of the peptide amyloid beta (Abeta), forming 
neuritic plaques. Another key feature of Alzheimer’s dis-
ease is the presence of prominent neuroinflammation. 
There are several ways for Abeta to be cleared from the 
brain. Abeta can be directly shuttled out of the brain via 
protein complexes, such as LRP1 and apolipoprotein E, 
which can bind extracellular Abeta and transport it to 
the blood–brain barrier, where it is then shuttled to the 
other side. Extracellular Abeta in central nervous sys-
tem (CNS) interstitial fluid is moved into the cerebrospi-
nal fluid via the newly discovered glymphatic pathway. 
Finally, Abeta can be cleared via phagocytosis and deg-
radation by resident CNS immune cells, such as microg-
lia, astrocytes, and possibly neurons. The M2 type is the 
key player in the process of phagocytosis and clearance 
of Abeta from the brain.33-36

The treatment with ARBs has the ability to shift the 
microglia toward the M2 type and thereby has improved 
cognition in many rodent models of Alzheimer’s disease, 
in doses that did not significantly lower blood pres-
sure. Therefore, administration of ARBs to hyperten-
sive patients reduced the risk not only for Alzheimer’s 
disease but also for vascular dementia.34 In controlled 
clinical trials, several ARBs not only limit stroke-induced 
damage, protecting executive function and cognition, 
but also reduce hypertension and diabetes, which are 
major risk factors for stroke.35-39

Parkinson’s disease is characterized by enhanced 
NADPH-oxidase activity, enhanced uncontrolled inflam-
matory processes, increased TNF-alpha production, 
regulation of alpha-synuclein, reduction of brain neu-
rotrophic factors, and decreased activation of PPAR-
gamma. The use of the most potent ARBs, candesartan 
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and telmisartan, is considered to be among the new 
treatments for Parkinson’s disease.37

In vivo and in vitro studies revealed that the ARB 
olmesartan increased neurite outgrowth and acetyl-
transferase activity in primary cultures of the ventral 
spinal cord and enhanced survival of motor neurons 
after unilateral section of the sciatic nerve. Therefore, 
olmesartan is considered a possible therapeutic agent 
in disorders leading to degeneration of motor neurons, 
such as amyotrophic lateral sclerosis (Figure 2).36

Ang IV and the AT4 Receptor
Ang IV effects occur via the AT4 receptor, which is 

widely distributed in the brain, including the neocor-
tex, cerebellum, anterior pituitary, and many other brain 
areas. The AT4 receptor has been recognized as insulin-
regulated aminopeptidase (IRAP). IRAP is a member of 
the M1 family of metallopeptidases that also contains 
aminopeptidases. IRAP splits the N-terminal amino 
acid from peptidases, such as vasopressin, oxytocin, 
somatostatin, eNOS, and many others. IRAP also inhib-
its intracellular insulin–regulated glucose transporter-4 
in the pyramidal cells of the hippocampus and cere-
bral cortex. Ang IV is a natural inhibitor to IRAP. There-
fore, Ang IV helps to improve glucose uptake and the 
availability of peptides essential to memory and cog-
nition, such as oxytocin and vasopressin. In addition, it 
enhances the availability of eNOS, which is essential for 
cerebral blood flow.2,37-39 Of note, exenatide, the glu-
cagon-like peptide-1 receptor (GLP-1R) agonist that 
increases glucose level–dependent insulin secretion, 
has been shown to improve motor and cognition func-
tions in patients with Parkinson’s disease. Exenatide 
enhances insulin in the brain, and therefore it inhibits 
IRAP.38 In addition, the use of liraglutide, another GLP-
1R agonist for nondiabetic patients with mood disor-
ders, improves patients’ cognitive functions.39 A second 
subtype of the AT4 receptor has been reported to be 
the c-Met receptor for hepatocyte growth factor. Ang 
IV competes with hepatocyte growth factor for binding 
to c-Met, thereby inhibiting its actions.40,41

Cardiovascular Actions of the RAS
The harmful effects of the classic RAS on the car-

diovascular system, resulting in hypertension and 
increased inflammation, are mediated by Ang II via the 
AT1 receptor, while the counter-regulatory axis of RAS, 
which acts mainly by the Ang (1-7)/AT2/Mas axis, pro-
duces vasodilation and anti-inflammatory, antithrom-
botic, and antiproliferative effects. Ang (1-7) enhances 
the release of NO by activating eNOS. Ang (1-7) modu-
lates myocardium Ca++ handling by increasing NO and 
eNOS activity, leading to activation of the sarcoplas-
mic reticulum calcium ATPase 2a pump that transports 
calcium ions from the cytoplasm into the sarcoplasmic 
reticulum, thereby preventing the pathologic effects of 
Ca++ overload. In addition, it prevents left ventricular 
remodeling and interstitial fibrosis, and preserves car-
diac functions.1

The mineralocorticoid receptor blocker eplerenone 
reduces oxidative stress by decreasing NADPH-oxi-
dase and ACE activity, while it increases ACE2 activity, 
thereby increasing Ang (1-7) and decreasing the forma-
tion of Ang II. These results could explain the benefit 
of using mineralocorticoid receptor blockers in patients 
with congestive heart failure, which was demonstrated 
in studies called RALES (Randomized Aldactone Eval-
uation Study) and EPHESUS (Eplerenone Post-Acute 
Myocardial Infarction Heart Failure Efficacy and Sur-
vival Study).42-44 Furthermore, use of the ARBs olmes-
artan and valsartan for 6 months was associated with 
reduced coronary plaque volume in patients with sta-
ble angina pectoris. The regression in coronary plaque 
volume is associated with reduced incidence of myocar-
dial infraction and revascularization.43,44

RAS and the Kidney
ACE2 is considered the main source for Ang (1-7) 

in renal tissues. The alternate RAS play a very impor-
tant role in protecting and preserving renal function. 
Ang (1-7) exerts both antidiuretic and diuretic effects 
in the proximal tubule, according to its concentration. 
Ang (1-7) at low concentrations (10–9 M) stimulates Na+-
ATPase activity via AT1 receptors; however, at higher 
concentrations (10–6 M), it inhibits the Na-ATPase activ-
ity via AT2 receptors. Furthermore, at higher concen-
trations Ang (1-7) counteracts the stimulatory effect of 
Ang II on proximal tubule Na+-ATPase activity, an effect 
mediated by the Mas receptor. The Na+-ATPase enzyme 
is involved in fine-tuning and fast regulation of sodium 
reabsorption in the renal cortex.45-48

Excessive classic RAS activation results in high intra-
renal Ang II levels and subsequent systemic and glo-
merular capillary hypertension, which can lead to 
endothelial injury and eventual kidney damage. Ang 
(1-7) vasodilates the preconstricted renal afferent 
arterioles and enhances renal blood flow. Ang (1-7) 
increases renal atrial natriuretic peptide production, 
which reduces oxidative stress, as well as inflammatory, 
fibrotic, and proliferative effects of Ang II in the kidney. 
Therefore, Ang (1-7) is considered to be an important 
physiologic regulator of intraglomerular pressure that 
opposes the harmful effects of excessive Ang II produc-
tion. Ang (1-7) stimulates NO production via a prosta-
glandin-dependent vasodilatory pathway, which could 
be prevented by administration of indomethacin.46,47

Treatment with ACE inhibitors and ARBs is accom-
panied by elevated plasma levels of Ang (1-7), which 
may explain the mechanism of their therapeutic effects 
against the development of diabetic nephropathy and 
hypertension-induced kidney damage. Furthermore, 
blocking of AT1 receptors on the juxtaglomerular cells 
of the kidney by ARBs will increase in renin release, with 
subsequent increases in the formation of Ang I and Ang 
II. The increased levels of circulating Ang II would then 
lead to a selective increase in AT2 receptor stimulation.48

The perioperative use of RAS antagonists may 
exert a protective effect against acute kidney injury. 
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Figure 2. 
Dysregulation of the brain’s RAS with aging and other pathogenic factors. In young and healthy brains, the balance 
between the RAS pro-oxidative/pro-inflammatory and protective arms are tightly regulated for physiologic functions. 
Aging is associated with overactivation of the RAS  pro-oxidative/pro-inflammatory protective arm and lack of 
compensatory upregulation of the protective arm, which leads to a pro-oxidative pro-inflammatory state and increased 
vulnerability to neurodegeneration. Other pathogenic factors involved in triggering neurodegeneration may also increase 
the activity of the RAS pro-inflammatory axis.

ACE, angiotensin-converting enzyme; Ang, angiotensin; APA, aminopeptidase A; AT1, angiotensin type 1 receptor; AT2, angiotensin type 2 
receptor; M1, M2, microglia phenotypes; ND, neurodegenerative; Nox, NADPH-oxidase; OS, oxidative stress; PRR, prorenin/renin receptor; 
RAS, renin-angiotensin system.
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Intravenous enalapril at the induction of anesthesia 
in patients undergoing aortic surgery with infrarenal 
cross-clamping was associated with enhanced systemic 
oxygen delivery, improved splanchnic circulation, and 
an improved glomerular filtration rate 24 hours after 
surgery.49

Diabetic Nephropathy
High glucose concentration associated with diabe-

tes along with increased intracellular ROS induces Ang 
II formation in podocytes. Ang II acts on AT1 receptors 
to further enhance ROS generation and transforming 
growth factor (TGF)-beta1 generation. Through these 
mechanisms, it enhances podocyte loss, glomerulo-
sclerosis, and interstitial fibrosis.50 Ang (1-7) reduced 
proteinuria and vascular activity in isolated renal artery 
segments in diabetic rats. ACE2 overexpression in 
podocytes could delay and ameliorate the development 
of glomerulopathy in type 1 diabetes, indicating that 
ACE2 may slow the development of diabetic nephropa-
thy via glomerular direct effects.51

Role of RAS in Liver Fibrosis
Liver fibrosis results from a complex pathologic inter-

action between hepatic stellate cells, Kupffer cells, cyto-
kines, chemokines, and growth factors. Stellate cells 
are also called lipid storage cells, lipocytes, or Ito cells, 
which lie in the space of Disse, the subendothelial space 
between hepatocytes and sinusoidal endothelial cells. 
The main function of hepatic stellate cells is to metab-
olize vitamin A and produce cytokines, growth fac-
tors, and inflammatory mediators. In addition, hepatic 
stellate cells play a vital role in the regulation of portal 
pressure. Hepatic stellate cells can transform into myo-
fibroblasts in response to chronic liver injury and have 
the ability to contract scar tissue and fibrous septa.52 
After hepatic injury, TGF-beta, cytokines, and ROS 
released from hepatocytes, Kupffer cells, and inflamma-
tory cells induce the change of hepatic stellate cells into 
myofibroblasts. Activated hepatic stellate cells produce 
extracellular matrix proteins (collagen I and III), matrix 
metalloproteinases (MMPs), and their respective tissue 
inhibitors. The secretion of MMPs and their inhibitors 
indicates that fibrosis may be reversible conditionally.

After liver injury, Ang II via AT1 receptors induces 
contraction and proliferation of hepatic stellate cells, 
increasing hepatic acinar fibrosis. In addition, the Ang II/
AT1 receptor axis enhances inflammation and ROS pro-
duction in the injured liver. The Ang (1-7)/Mas axis has 
a protective effect against liver fibrosis. The use of ACE 
inhibitors and ARBs was successful in preventing fatty 
liver disease and improved fibrosis in obese Zucker rats, 
with a reduction in the hepatic expression of the pro-
fibrotic TNF-alpha and TGF-beta1. Despite the benefi-
cial effects of ACE inhibitors and ARBs, they failed to 
reduce hepatic fibrosis in patients with chronic hepatitis 
C.53 On the other hand, RAS blockade was associated 
with reduction of hepatic inflammation and fibrosis due 
to hepatitis C in post–liver transplant patients.54,55

RAS and Alternate RAS in Lung Pathophysiology
The lung is one of the major sources for systemic 

Ang II. Because the ACE D/D genotype is associated 
with high levels of Ang II, increased ROS, inflamma-
tion, and fibrosis, it is not surprising that in patients 
with chronic obstructive pulmonary disease, the ACE 
D/D genotype was associated with a higher incidence 
of impaired peripheral tissue oxygenation and unfavor-
able pulmonary complications compared with ACE D/I 
or ACE I/I.56

Ang II is a bronchoconstrictor implicated in the 
development of asthma, an effect that can be reversed 
with Ang (1-7). ACE2/Ang (1-7) has protective effects 
on pulmonary functions, as it exerts vasodilator, antifi-
brotic, antiproliferative, and anti-inflammatory effects 
in pulmonary circulation.57 Furthermore, ACE2 has been 
identified as a receptor for severe acute respiratory syn-
drome in in vitro cell lines. ACE2 binds to coronal virus 
spike proteins, the etiologic agent of this syndrome, 
resulting in the downregulation of ACE2 expression, 
possibly explaining the progression of the disease to 
acute respiratory distress syndrome.58 Recently, an anti-
parasitic agent, diminazene, was also found to enhance 
ACE2 activity and attenuate experimental pulmonary 
hypertension in rats.59

Preeclampsia and RAS
Preeclampsia is the second-leading cause of maternal 

mortality in the United States, affecting 7% to 10% of all 
pregnancies, resulting in stillbirth and neonatal morbid-
ity and mortality.60 In preeclampsia autoantibodies are 
found, and they function as agonists of the AT1 recep-
tors in the placenta.61 The chorionic villi of preeclamptic 
women was shown to have higher than normal Ang (1-7) 
levels when compared with those from women without 
preeclampsia. Therefore, the increased Ang II levels in 
preeclamptic chorionic villi may contribute to the patho-
physiology of preeclampsia by decreasing the maternal–
fetal exchange of vital oxygen and nutrients.62

Antiangiogenesis Effects of Ang (1-7)
Ang (1-7) inhibits vascular endothelial growth factor, 

thereby reducing blood vessel density and tumor cell 
proliferation. Moreover, Ang (1-7) inhibits cyclooxygen-
ase-2 enzyme activity, which plays an important role in 
tumor growth and metastasis. In a retrospective cohort 
study of over 5,000 Scottish individuals, the use of ACE 
inhibitors was associated with significantly greater can-
cer-free survival and survival without fatal cancer than 
other antihypertensive drugs, especially with sex-spe-
cific cancers in women and smoking-related cancers.63

Preoperative Administration of RAS Antagonists
As of 2012, RAS antagonists—either ACE inhibitors 

or ARBs—were used by approximately 18% of adults in 
the United States and by 43% of veterans for major sur-
gery.64 RAS antagonists are considered the mainstay 
treatment in patients with cardiovascular disease and 
those with diabetes. Therefore, the current guidelines 
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from the American College of Cardiology and American 
Heart Association recommend continuing ACE inhibi-
tors/ARBs in the setting of noncardiac surgery.65

Recently, Roshanov et al used the large, multinational, 
prospective VISION data to examine risk-adjusted asso-
ciations of ACE inhibitor/ARB administration.66 The pri-
mary outcome of the VISION study was to evaluate 
associations of early postoperative troponin T release 
with 30-day mortality in patients over 45 years of age 
requiring at least an overnight stay in the hospital. The 
subgroup analysis focused only on 33% of VISION 
patients who have been treated with RAS antagonists 
preoperatively (n=4,802), of whom 26% did not receive 
a dose within 24 hours of surgery (n=1,245). Findings 
of the study suggest that withholding RAS antago-
nists before major noncardiac surgery was associated 
with less risk for complications and death caused by 
hypotension developing during or shortly after induc-
tion of anesthesia; however, the incidence of perioper-
ative myocardial infarction did not differ significantly 
between the 2 groups.

The editorial by London accompanying the study 
stated that although ACE inhibitor/ARB use was associ-
ated with intraoperative hypotension and progressively 
longer duration, it was not associated with the outcome. 
Postoperative hypotension was associated with the pri-
mary outcome but not with ACE inhibitor/ARB use.64 
The study has limitations, such as the lack of random-
ization, varying types of RAS antagonists, varying dos-
ages given, and no controls for age and comorbidities.67 
Moreover, Lee et al showed that failure to resume ARBs 

within 2 days in the postoperative period was associ-
ated with a 30-day mortality rate of 3.2%, versus 1.3% 
for those who resumed ARB medications.68

According to a recent meta-analysis, patients who 
received RAS antagonists on the day of surgery did 
not have an increased incidence of postoperative com-
plications such as myocardial infarction, stroke, acute 
kidney injury, and death. Therefore, there was insuffi-
cient evidence to support withholding RAS antagonists 
on the day of surgery. However, the authors cautioned 
about the risk for intraoperative hypotension in patients 
receiving RAS antagonists, which should be treated 
effectively.69 Furthermore, the continuation of RAS 
antagonist use in cardiac surgery patients might pro-
vide benefits for patients with diabetes.70

The new discoveries of ARBs as neuroprotective 
agents have made these agents helpful tools in periop-
erative medicine, especially in elderly patients. There-
fore, the decision to continue or discontinue RAS 
antagonists, especially ARBs, should be individualized 
according to patient comorbidities, and hypotension 
should be properly managed to ensure appropriate tis-
sue perfusion.

Conclusion
New discoveries involving the classic and alternate 

RAS pathways, as well as insights concerning the use of 
ARBs, open new opportunities for treating a variety of 
conditions. These developments have the potential to 
improve the perioperative care and outcomes of criti-
cally ill patients.
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