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Abstract: Statins, a class of drugs for lowering serum LDL-cholesterol, have attracted attention
because of their wide range of pleiotropic effects. An important but often neglected effect of statins is
their role in the renin-angiotensin system (RAS) pathway. This pathway plays an integral role in
the progression of several diseases including hypertension, heart failure, and renal disease. In this
paper, the role of statins in the blockade of different components of this pathway and the underlying
mechanisms are reviewed and new therapeutic possibilities of statins are suggested.

Keywords: statins; renin-angiotensin system (RAS); hypertension

1. Introduction

The renin—angiotensin system (RAS) and renin-angiotensin-aldosterone system (RAAS)
are enzymatic pathways that contribute to the progression of cardiovascular disease (CVD)
and CVD events and participate in CVD risk factors, e.g., hypertension. Besides CVD,
this pathway contributes to several other biological actions, such as controlling blood flow
in the ovary and uterus, fracture healing in the musculoskeletal system, and embryonic
osteoblastosis [1].

This pathway starts with the secretion of renin (also named angiotensinogenase) by
the juxtaglomerular cells in the kidney. Renin mediates the conversion of angiotensinogen
into the inactive peptide angiotensin I, which then turns into an active hormone named
angiotensin II (Ang II). This is precipitated by angiotensin-converting enzyme (ACE). The
next step is the interaction of Ang II with its type 1 and type 2 receptors (AT1Rs and
AT2Rs) [2,3]. Angiotensinogen can be transformed into Ang Il directly by a serine protease
named cathepsin G, which is released by neutrophils [4]. In some circumstances, ACE
type 2 alters Ang Il into Ang (1-7), which later interacts with AT2Rs and Mas Receptors
(MasRs) [5]. Ang (1-7) can also be produced from Ang I by neprylisin (NEP) [6].

ATIR activation by Ang II causes hypertension mainly as a result of the induction of
aldosterone synthesis, vasoconstriction, and the activation of sympathetic nerves [7,8]. In
contrast, AT2R activation stimulates vasodilation. Inhibition of cell growth, anti-inflammatory
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and anti-thrombotic responses are other results of AT2R activation by Ang (1-7) that prevent
atherogenesis and atherosclerotic plaque progression [9,10]. MasR activation by Ang (1-7)
also increases NO release and exerts an antiatherogenic response [11]. These interactions are
presented in Figure 1.
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Figure 1. The effect of statins on RAS pathways. Statins affect renin secretion, aldosterone secretion,
and vasoconstriction. Statins also block AT1Rs, increase ACE2 expression and NO release. The steps
of pathways that are affected by statins are shown in black. Ang: angiotensin, ACE: angiotensin-
converting enzyme, AT1Rs: angiotensin type 1 receptors, LDL: low-density lipoprotein, ROS: reactive
oxygen species, PPAR: peroxisome proliferator-activated receptor, NADPH: nicotinamide adenine
dinucleotide phosphate, NO: nitric oxide, NEP: neprylisin, MasR: Mas receptors.

Blocking the harmful RAS pathway (AT1R activation) has many clinical benefits.
Common types of RAS blockers include angiotensin-converting enzyme inhibitors (ACEISs),
angiotensin receptor blockers (ARBs), renin inhibitors, and aldosterone antagonists. These
drugs can improve central nervous system disorders such as depression, while also having
beneficial effects on CVD, including hypertension, atherosclerosis, myocardial infarction,
chronic heart failure, and stroke, as well as in cases of renal disease [12-14]. Another
potentially beneficial therapeutic effect of RAS suppression is its use in the treatment of
patients with COVID-19 as a result of the recent disastrous pandemic [15,16].

Statins are the most well-known and widely used lipid-lowering drugs, and possess
many important pleiotropic effects, including anti-apoptotic, antioxidant, anti-inflammatory,
immunological, neuroprotective, and regenerative effects [17-26]. There are a number of
different statins: lovastatin, simvastatin, atorvastatin, rosuvastatin, pitavastatin, fluvastatin,
pravastatin, and mevastatin. They exert their effects mainly by inhibiting the activity of
hydroxymethylglutaryl (HMG) CoA reductase [17,18]. Among these statins, the lipophilic
ones exhibit higher polar interactions and binding to 3-hydroxy- 3-methylglutaryl-CoA
reductase than those that are hydrophilic [27].

The results of studies indicating the beneficial synergistic effects of statins in com-
bination with ACEIs and ARBs, as well as indicating the effects of statins on reducing
blood pressure, suggest that statins have the potential to have significant effects on RAS
pathway. Statins suppress this pathway by changing renin secretion, by influencing the
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synthesis of Ang I and Ang II, by suppressing AT1R activity, and by inhibiting aldosterone
secretion [2,3,28]. Considering the importance of RAS regulation in the prevention and
treatment of the serious diseases mentioned above, in addition to the widespread avail-
ability of statins, it is important to fully understand the mechanisms by which statins can
either block or activate RAS pathways. Therefore, in this review, the effects of statins on
different levels of RAS pathways are discussed.

2. Effect of Statins on RAS Pathways
2.1. The Effect of Statins on Renin Secretion

The RAS pathway is initiated by renin, a component cleaving angiotensinogen into
Ang ], and is followed by synthesis of Ang II through conversion of Ang I by ACE. Renin
secretion is controlled by specific stimulators and inhibitors. The most important stimulator
of renin secretion is cAMP, which is activated by prostaglandins (I, and E;), catecholamines
(via B1l-receptors), dopamine, norepinephrine (via 31-receptors), vasoactive intestinal
peptide, calcitonin gene-related peptide (CGRP), and pituitary adenylate cyclase-activating
peptide [29]. Neuropeptide Y is an inhibitor of cAMP [30].

Statins regulate renin secretion by affecting these cAMP activators. For example, in
some studies, it has been shown that statins can induce prostaglandin 12 and E2 production
by inhibiting geranylgeranylation, the process of attaching geranylgeranyl diphosphate to
cysteine residues at the C-terminus of specific proteins, and inducing mRNA expression
of COX-2, which metabolizes arachidonic acid into prostaglandins [31-33]. Induction of
COX-2 expression by statins is driven by sterol-dependent and ERK1/2- and p38 MAPK-
dependent pathways [34]. However, there are also conflicting results indicating that statins
might suppress COX-2 and prostaglandin expression. Chen et al. reported that treat-
ment of esophageal adenocarcinoma OE-19 cells and esophageal squamous cell carcinoma
Eca-109 cells with different concentrations of simvastatin (15-75 uM) for 24 and 48 hours
caused a downregulation of COX-2 and prostaglandin E2 expression [35]. Simvastatin
(20 mg/kg/day for 30 days) also significantly decreased prostaglandin E, production in
rats [36] and atorvastatin (10 mg/kg) treatment of rats with periodontitis rats significantly
downregulated COX-2 [37]. In another study, 96 h treatment with simvastatin reduced ex-
pression of COX-1 by suppressing fatty acid desaturase, but it increased COX-2 expression,
which increased production of prostaglandins I2 and E2 [38].

Secretion of catecholamine, another activator of cAMP, is inhibited by statins as well.
In several studies, simvastatin has been reported to decrease catecholamine synthesis in
cultured bovine adrenal medullary cells, rat adrenal glands and perfused models of the
isolated rat adrenal gland. The mechanism of this effect has been attributed to the elevation
of nitric oxide (NO) levels, causing a blockade of nicotinic receptors, a necessary component
of catecholamine secretion [39—41].

Proinflammatory effects of statins also indicate their role in decreasing the expres-
sion of CGRP which is another cAMP activator. For example, statins reduced bone mor-
phogenetic protein (BMP)-induced CGRP expression in cultured sensory neurons in a
concentration-dependent manner by a mechanism based on inhibiting smad1 phosphory-
lation and nuclear translocation [42].

Cyclic GMP (cGMP) is the second player in renin secretion, and is influenced by
NO [43]. There is controversy surrounding the effect of NO/cGMP pathways. Some studies
suggest that it might be an inhibitor, while others indicate that it might be a stimulator of
renin secretion. Some studies have indicated that cGMP might have inhibitory effects on
renin production by protein kinase G signaling [44].

However, a recent publication suggested that long-term administration of a cGMP
stimulator (one dose daily for 7 days) in mice has no effect on renin regulation mediated
by protein kinase G [45]. Other researchers have suggested that cGMP supports renin
secretion due to inhibition of cAMP degradation by phosphodiesterases [46]. It has been
shown that not only do NO/cGMP contribute directly to the increase in renin secretion,
but that they also stimulate recruitment of renin-producing cells in the kidney [47]. These
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data, together with the effect of statins on NO level and eNOS expression, suggest a
regulatory role of statins in renin secretion, although the mechanisms by which this is
performed are not well known. Statins increase NO expression of endothelial cells through
several mechanisms that have been previously reviewed [48]. Statins increase eNOS
expression by activating PI3K/Akt, Racl1/AMPK and by inhibiting GGPP/Rho/ROCK
pathways. They also increase NOS expression following the reduction of miR-221 or
miR-222 expression. Statins can improve eNOS function due to CRP/GTPCH/ BH4 or
Cav-1 pathways. Statins also block Nox expression via Racl or HO-1 pathways, causing
increased NADPH expression and decreased reactive oxygen species (ROS) production,
both of which result in reduced NO scavenging and improved NO bioavailability [48].

Atrial natriuretic peptide is another substance that inhibits renin secretion and is
affected by statins. In human cultured endothelial cells, atorvastatin reduces natriuretic
peptide, although this effect was not supported by the results of a study performed in vivo
on patients with acute coronary syndrome [49]. However, a study showed that long-
term (6 month) treatment of systolic heart failure patients with atorvastatin significantly
reduces plasma natriuretic peptide levels [50]. The ability of atorvastatin to decrease serum
natriuretic peptide levels was also observed in non-ST elevation myocardial infarction
patients who were treated with high doses of atorvastatin (80 mg/day) and in acute
myocardial infarction patients who were treated with atorvastatin within 48 h after the
myocardial infarction [51,52]. Additionally, in a randomized placebo-controlled clinical
trial, HIV-infected participants who were treated with rosuvastatin exhibited a reduction in
plasma B-type natriuretic peptide [53]. These data, when put together, suggest that statins
might increase renin secretion by decreasing the levels of its inhibitor.

Finally, statins affect cCAMP activators in several ways. However, there are also data
indicating that there is no specific effect of statins on these activators. For example, a
clinical trial showed that treatment with simvastatin (40 mg/day) of hypertensive and
hypercholesterolemic patients for 8 weeks did not have any effect on catecholamines,
neuropeptide Y, aldosterone, and renin activity [8]. In addition to the effect of statins
on cAMP, there are NO-related mechanisms confirming the results of the studies which
have proven the effect of statins on cGMP. This reinforces the theory that renin secretion is
affected by statins, but the exact mechanisms are still not clear.

2.2. The Effect of Statins on AT1R Expression and Activation

It has been shown that statins decrease AT1R mRNA expression in rat aortic vas-
cular smooth muscle cells and endothelial cells, while statin withdrawal recovers AT1R
expression [54,55]. In patients with hypercholesterolemia, statin therapy reduces AT1R
density [55].

One suggested mechanism for AT1R downregulation might be the antioxidant effects
of statins. For example, fluvastatin acts in a similar way to valsartan, an AT1R blocker,
reducing superoxide production in ApoE—/— mice [56]. There is a linear relationship
between the concentration of the oxidized form of low-density lipoprotein (LDL) in the
plasma and the expression of AT1Rs in different cells such as vascular smooth muscle cells
and platelets. The action of oxidized LDL on AT1R expression is mediated by its receptor,
LOX-1, as presented in Figure 2, in which LOX-1 knock-out mice showed less expression of
AT1Rs following Ang II infusion [57,58].
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Figure 2. Expression of ATIR. Ang II-infused LOX-1 knockout mice showed less increase in the
expression of ATIR (n = 5). AT1Rs: angiotensin type 1 receptors. Reproduced with permission
from [58].

These data suggest that oxidation of LDL is an important step in the upregulation of
AT1Rs. This is supported by the observation that administration of an oxidant to Sprague-
Dawley rats increased AT1R expression [59,60]. The LDL-lowering effects of statins might
be another mechanism explaining the reduced expression of AT1Rs and blockade of RAS
pathways because, as stated previously, oxidized LDL is required for the upregulation of
AT1Rs [61]. The third mechanism explaining the effect of statins on AT1Rs is based upon
mediating the activation of peroxisome proliferator activated receptor gamma (PPARY)
in a similar way to some AT1R blockers [62,63]. There is a relationship between PPARy
and AT1Rs such that PPARy inhibition upregulates AT1R expression and vice versa [64].
Sanchez-Aguilar et al. showed that PPARYy activation by rosiglitazone ligands decreased
ACE expression, concentration of Ang II, and consequently AT1R activation [65]. It has
been proven that one of the pleiotropic effects of statins is activation of PPARy. For
example, PPARy expression was increased in primary human monocytes after treatment
with atorvastatin [66]. In another study, treatment of HepG2 cells with seven different
statins (atorvastatin, cerivastatin, fluvastatin, pitavastatin, pravastatin, rosuvastatin, and
simvastatin) increased PPARy mRNA expression in a dose-dependent manner [67]. In an
in vivo study, simvastatin increased PPARy expression in ApoE—/— mice with cardiac
hypertrophy and fibrosis [68]. Two mechanisms for PPARY activation by statins have been
proposed. The first one is inhibition of the RhoA signaling, leading to ERK1/2 and p38
MAPK-dependent COX-2 expression, two cascades which increase a natural PPARy ligand
named 15d-PGJ2 [69]. The second one is binding of Leu331 and Tyr 334 residues of PPARx
to statins so that the statin itself is considered to be a ligand for PPAR« [70].

AT1Rs acquire an activated conformation following van der Waals interactions with
Ang II [71,72], while other factors, such as mechanical stress, can activate these recep-
tors [73,74]. The results of AT1R stimulation include activation of calcium signaling, ROS
generation, vasoconstriction, and aldosterone secretion.

Statins influence AT1R activation in addition to affecting its expression. Studies have
shown that transcription factor nuclear factor-xB (NF-kB) signaling was necessary for
Ang II-mediated activation of AT1Rs [75]. Statins decrease AT1R activity by blocking
NF-kB [76,77]. The underlying mechanism is the lowering of cholesterol by statins, which
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first affects lymphotoxin 3 receptors and consequently the NF-«B signaling triggered by
the lymphotoxin 3 receptors [78]. A study in hypertensive rats showed that pitavastatin
decreased Ang II expression, and consequently, AT1IR activation [79]. Some statins, in-
cluding simvastatin and atorvastatin, decrease AT1R activation, resulting in the lower
secretion of catecholamines [80]. As mentioned in the previous section, catecholamines
are stimulating factors for the secretion of renin, an important substance in RAS pathway.
Therefore, decreasing AT1R stimulation by statins suppresses RAS at the very beginning,
i.e., it suppresses renin secretion. The pathways by which statins have effects on AT1R
expression and activation are shown in Figure 3.

ACE NF-kB signaling Oxidation
Ang | Angll AT1Rs expression and activation oxLDL | 1+ | LDL
Activation of PPARy Statins block NF-kB Stafing
lower LDL
PPARYy ligand expression Bidfasare
Statins bind PPARG dntioxidants
RhoA signaling
Statins block ERK1/2 signaling Statins block p38 MAPK-dependent COX-2 expression

Figure 3. The effect of statins on AT1R expression and activation. LDL: low-density lipoprotein, oxLDL: oxidized low-
density lipoprotein, AT1Rs: angiotensin type 1 receptors, ACE: angiotensin-converting enzyme, Ang: angiotensin, NF- kB:
nuclear factor-xB, PPARy: peroxisome proliferator activated receptor gamma.

2.3. The Effect of Statins on AT2R and MasR Activation

It is known that Ang Il in the RAS pathway acts on three types of receptors: AT1Rs,
AT2Rs, and MasRs. While there have been several studies on the effect of statins on
ATIR expression and activation, no study has shown a direct effect of statins on either
AT2R or MasR expression and activation. One-month treatment of subjects at high risk
for atherosclerosis with simvastatin reduced AT1R expression without affecting AT2Rs in
monocytes [81]. In another study, rosuvastatin treatment of C57BL /6] mice with induced
vascular injury did not alter the expression of AT2Rs [82]. It seems that statins can indirectly
change the activation state of AT2Rs or MasRs by affecting ACE2, resulting in alterations in
Ang (1-7) release [83]. For example, treatment of cholesterol-fed rabbits with atorvastatin
increased the expression of ACE2 in the heart and kidney [84]. Treatment of rats with
rosuvastatin after vascular balloon injury upregulated the expression of ACE2 and then
the formation of Ang (1-7) [85]. In a clinical trial, it was shown that atorvastatin treatment
of hypercholesterolemic subjects increased Ang (1-7)levels [86]. Additionally, Patel et al.
found that downregulation or inhibition of AT1Rs could trigger activation of MasRs and
AT2Rs. This suggests another possible indirect effect of statins on these two receptors [87].
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2.4. The Effect of Statins on Aldosterone Secretion

The observation that aldosterone levels are associated with plasma concentration
of lipoproteins such as low-density liporproteins (LDL) and high-density lipoproteins
(HDL) suggests that statins, as drugs that have a primary effect on lipid metabolism,
might also change the concentration of aldosterone [88]. Statins modulate aldosterone
secretion and dysregulate RAS pathways. As Baudrand et al. showed, treatment with
statins reduced aldosterone secretion in hypertensive and diabetic patients by about 33%
and 26%, respectively, while levels of corticosterone, a precursor of aldosterone, remained
unchanged after statin treatment, indicating that statins affect aldosterone production,
rather than its metabolism [89]. A recent randomized, placebo-controlled, double-blinded
study on 100 healthy individuals also showed that treatment with simvastatin resulted in
reduced aldosterone levels [90].

The inhibitory effect of statins on aldosterone secretion depends on the lipophilicity
of statins, because of the different affinities of statins for adrenal tissue, as well as upon
the dose of statins [89]. The effect of statins on aldosterone inhibition is attributed to the
reduced availability of cholesterol, as an essential element for steroid hormone production,
as well as for suppressing the expression on AT1Rs in adrenal glands, which causes a
reduction of Ang II interactions with AT1Rs, and finally the reduction of aldosterone
synthesis [91].

2.5. The Effect of Statins on Vasoconstriction

It is well known that vasoconstriction is a consequence of RAS pathway activation.
As presented in Figure 1, following AT1R activation, NADPH oxidase is stimulated, and
ROS are produced. They later react with NO and reduce NO bioavailability. Finally,
vasoconstriction occurs as a result of the reduced availability of NO. Since statins break
down the RAS pathway, this can reduce vasoconstriction. Additionally, statins act directly
on vasoconstriction by affecting vasoconstrictors like thromboxane A2. According to a
study by Pignatelli et al., administration of 40 mg of atorvastatin in hypercholesterolemic
patients inhibited the formation of platelet thromboxane A2 [92]. In an in vitro study,
atorvastatin (20 pmol) reduced thromboxane A2 synthesis in platelets [93]. Similar results
were obtained in a clinical study in which treatment with simvastatin (40 mg/day) in
aspirin-resistant patients with a higher risk of cardiovascular disease reduced thromboxane
Ay [94].

2.6. The Effect of Statins on Sympathetic Activation

The sympathetic nervous system, which is responsible for the body’s responses to stress,
is activated following AT1R activation. Some studies have confirmed the effect of statins on
the sympathetic system. In one study, treatment with simvastatin for one month in heart
failure patients decreased the sympathetic activity of resting muscle [7]. Such a reduction in
sympathetic activity has also been reported in patients with hypertension, chronic kidney
disease and heart failure after treatment with simvastatin or atorvastatin [8,95,96].

The effect of statins on the sympathetic system is mediated by lowering ROS genera-
tion and then downregulating AT1Rs, as presented in Figure 1. Other mechanisms have
also been suggested, including the induction of structural changes in the carotid arteries,
such as increased numbers of elastic lamellae, decreased intima thickness and increased
baroreceptor sensitivity, by simvastatin, resulting in a reduction of sympathetic system
activity [97].

Statins might also modulate adrenoreceptors that regulate stimulation of sympatheric
nervous system [98]. There is evidence suggesting that statins affect adrenoreceptors
directly through unprenylation of Gy subunits in adrenoreceptors or indirectly through
inhibiting ERK activation [99-101]. Cerivastatin and simvastatin inhibited the stimulation
of 3-adrenergic receptors in adult rat ventricular myocytes. Atorvastatin also increased
-adrenergic receptor density in rat cardiac myocytes and x(1D)-adrenoceptor mRNA
expression in the rat aorta [102,103]. In diabetic rats receiving oral atorvastatin, the protein
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expression of 31-adrenoceptor increased and 31/p3-adrenoceptor ratio changed [104].
Atorvastatin and simvastatin also improved cognitive performance in a mouse model of
spatial memory by modulating (3-adrenergic receptors [105].

A comparison between a lipophilic statin (atorvastatin) and a hydrophilic statin
(rosuvastatin) showed that the effect of hydrophilic statins on sympathetic nerves was
more significant due to the easier transfer of lipophilic statin through the blood-brain
barrier [106].

3. RAS-Mediated Effects of Statins on COVID-19 Treatment

Since statins also have antiviral effects, they could also be beneficial in COVID-19
management [107]. It is well known that they have pleiotropic effects such as maintain-
ing normal endothelial function, and attenuating inflammatory mediators. These anti-
inflammatory and anti-thrombotic effects not only prevent myocardial injury, they may
also have an effect in reducing mortality and endo tracheal intubation rates. Viruses enter
the plasma membrane through receptors that are found on lipid rafts rich in cholesterol
and sphingolipids. In a recent computational docking analysis, statins formed a strong
bond with SARS-CoV-2 protease (Mpro) compared to other protease inhibitors, indicating
a plausible mechanism by which statins contribute to SARS-CoV-2 replication [108-110].

In addition to the above mechanisms, the effect of statins in the treatment of patients with
COVID-19 by regulating RAS pathways has attracted attention. Namely, there is recent evi-
dence suggesting that RAS pathways are also involved in the progression of COVID-19 [111].
This evidence was confirmed when RAS inhibition in COVID-19 patients resulted in reduced
IL-6 levels in peripheral blood, increased number of CD3 and CD8 T cells, and decreased
peak viral load [112]. One component of RAS pathways that acts as an entry receptor for
SARS-CoV-2 is ACE2 [113]. SARS-CoV-2 by binding to ACE2 receptors enters into the cell
through the fusion of its membrane with that of the cell. Hence, it downregulates these
receptors. The loss of ACE2 receptor activity from the external site of the membrane leads
to less angiotensin II inactivation and less generation of Ang (1-7) [114]. In the lungs, such
dysregulation could favor the progression of inflammatory and thrombotic processes trig-
gered by local angiotensin II hyperactivity unopposed by Ang (1-7) [115]. The decrease in
ACE2 activity by SARS-CoV-2 can unleash a cascade of injurious effects through a heightened
imbalance in the actions of the products of ACE vs ACE2 [116].

ACE2 overexpression caused by statins could be beneficial for COVID-19 improvement
because it has beneficial effect on ACE2/MasR axis of the RAS pathway, and thereby
mediates severe inflammation in patients [117-120].

Therefore, the antiviral properties of statins, in addition to their inhibitory effects on
RAS pathways by blocking AT1R, as well as their supportive role in ACE2/MasRs activa-
tion, suggest that they might be an effective additional therapy for COVID-19 patients.

4. Potential Roles of Statins on Other RAS Elements

In-depth analysis of the mechanisms and molecules involved in the expression of
cathepsin G and the role of statins in those mechanisms could be important for finding
other potential mechanisms for the effect of statins on RAS suppression. The direct synthe-
sis of Ang II from angiotensinogen occurs due to the activity of cathepsin G. There is no
evidence so far that statins have an effect on this enzyme, but it is known that statins affect
both polymorphonuclear neutrophils, cells which express cathepsin G gene, and other
types of cathepsins. Cathepsins affect each other’s expression profiles [121]. Therefore,
if statins have an effect on other types of cathepsins, it is highly probable that cathepsin
G would also be regulated. There are data suggesting that statins do have an effect on
cathepsins. Simvastatin decreases the activity of cathepsin B and cathepsin A and pravas-
tatin increases the activity of cathepsin B. The activities of cathepsin H and cathepsin L are
also reduced by treatment with statins [122-124]. It seems that these effects are dependent
upon the hydrophilicity of statins, which determines the tissue distribution of statins, their
bioavailability, and subsequent uptake by cells [123]. Statins affect cathepsins by down-
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regulating legumain mRNA, another protease involved in maturation of cathepsins, as well
as regulation of glucose, which also affects the activity of cathepsins [125]. Additionally,
the immunomodulatory properties of statins suggest that statins can affect cathepsin G
production indirectly by reducing the number of neutrophils. Studies have shown that sim-
vastatin administration in a rat model of intracerebral hemorrhage reduces the neutrophil
count by increasing the expression of apoptotic related proteins [126]. The apaptotic effect
of simvastatin (40 mg/day) treatment on neutrophils has also been reported in patients
undergoing coronary surgery with cardiopulmonary bypass [127].

Another substance suggesting that statins might have an effect on RAS is NEP. Ya-
mamoto et al. showed that simvastatin and atorvastatin increase secretion of soluble NEP
in rat brain following induction of morphological changes in astrocytes and activation of
MAPK/Erkl/2 pathways [128]. Since NEP contributes to the transformation of Ang I into
Ang (1-7) in RAS, further studies on the role of statins on NEP release will increase our
knowledge of the regulatory roles of statins in RAS pathways.

5. Conclusions

In this review, we showed that statins affect several components of RAS pathways,
and that the effect of statins is mainly the inhibition of the harmful axis (Ang II/AT1R) and
the activation of the beneficial axis (Ang (1-7)/MasRs). Statins alter renin secretion, and
therefore, they have effects on the synthesis of Ang I and Ang II. Statins can also suppress
ATIR activity while improving AT2Rs and MasRs activity. The inhibitory effect of statins
on NADPH and aldosterone secretion, as well as its supporting role in AT2Rs and MasRs
activation is important in prevention of hypertension. In general, statins could be effective
in the treatment of changes caused by the activation of RAS pathways.
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