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Abstract: Brain neurodegenerative diseases (BND) are debilitating conditions that are especially
characteristic of a certain period of life and considered major threats to human health. Current
treatments are limited, meaning that there is a challenge in developing new options that can efficiently
tackle the different components and pathophysiological processes of these conditions. The renin-
angiotensin-aldosterone system (RAS) is an endocrine axis with important peripheral physiological
functions such as blood pressure and cardiovascular homeostasis, as well as water and sodium
balance and systemic vascular resistance—functions which are well-documented. However, recent
work has highlighted the paracrine and autocrine functions of RAS in different tissues, including
the central nervous system (CNS). It is known that RAS hyperactivation has pro-inflammatory
and pro-oxidant effects, thus suggesting that its pharmacological modulation could be used in the
management of these conditions. The present paper underlines the involvement of RAS and its
components in the pathophysiology of BNDs such as Parkinson’s disease (PD), Alzheimer’s disease
(AD), multiple sclerosis (MS), Huntington’s disease (HD), motor neuron disease (MND), and prion
disease (PRD), as well as the identification of drugs and pharmacologically active substances that act
upon RAS, which could alleviate their symptomatology or evolution, and thus, contribute to novel
therapeutic approaches.

Keywords: neurodegenerative; renin; angiotensin (1-7); brain RAS; Alzheimer’s; Huntington’s;
multiple sclerosis

1. Introduction

The reason for initiating this study was based on two premises: neurodegenerative
(NDG) diseases are especially characteristic of later periods in life, with well-known excep-
tions, and RAS medication is extremely widespread in the same age groups. Given these
significant overlaps, and in the context of repurposing becoming an increasingly common
technique [1,2], we considered it useful to observe how NDG diseases are influenced by
RAS and whether pharmacological modulation of RAS could have beneficial effects on the
evolution and outcomes of BNDs.

Prorenin can be found in juxtaglomerular (JG) cells, which are specialized cells from
within the afferent arterioles of the kidney. By activating JG cells, prorenin is cleaved
into its active form called renin. It, in turn, will act on angiotensinogen (Angt), which
is produced in the liver and can be found in plasma. This will lead to the formation of
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angiotensin I with a decapeptide structure [3]. Angiotensin (Ang) Iis converted into Ang II
through the action of angiotensin-converting enzyme 1 (ACE1), also called kininase II, an
enzyme that is also involved in the degradation of bradykinin (BK) [4-6]. Accumulation
of BK leads to a series of side-effects specific for ACE inhibitor therapy (e.g., cough and
angioedema). The effects of RAS are mediated by Ang II following the stimulation of Ang
II type 1 (AT;) receptors: sodium and water retention, vasoconstriction, and aldosterone
synthesis [7]. Other components of RAS are angiotensin-converting enzyme 2 (ACE2),
angiotensin fragments (Ang (1-7), Ang III, Ang 1V), as well as different receptors (AT, ATy,
MAS) [8].

It is known that RAS hyperactivation generally has deleterious effects on neurons
in culture and in vivo, mediated by its pro-inflammatory and pro-oxidant actions, and
achieved mainly through the AT; receptor (AT;R), but also intracellularly or through the
multitude of metabolically active peptide fragments of Angt, Ang I or II that are formed via
the action of tissue or circulating enzymes [5]. Another important aspect is that RAS itself
has very efficient self-modulation modes inside AT;R, Ang (1-7), Ang IV/AT4R, etc. [9].
However, in many cases, patients receive ACE inhibitors (ACElIs) or angiotensin receptor
blockers (ARBs) in the context of hypertension and heart or kidney disease. Modulating
RAS in the context of BNDs needs to be properly addressed by healthcare providers.

The present paper seeks to summarize the implications of RAS and its components
during the onset, evolution, and termination of BNDs and identify drugs and pharmaco-
logically active substances that modulate RAS that could alleviate the symptomatology or
evolution of BNDs.

2. Evidence of the RAS in the CNS: Presence of mARN, tARN, ATy and AT, Receptors,
Mas Receptors, Ang II, Ang (1-7), and Ang IV

RAS is an endocrine axis which has important peripheral physiological functions
(blood pressure and cardiovascular homeostasis, water and sodium balance, and systemic
vascular resistance) [5]. In addition to the systemic action of RAS, recent research high-
lights its paracrine and autocrine actions in many tissues, including the central nervous
system [10]. The complex is located intracellularly and is involved in various intracellular
processes [11].

The impermeable nature of the blood-brain barrier (BBB) for RAS components through
brain regions imposes a separation between tissue components from intraneuronal ones.
However, a multitude of studies demonstrate the existence of a RAS system of the CNS,
complete with enzymes, precursors, and receptors of all kinds, and even peptides and/or
receptors that are no longer found in other tissues, such as Ang IV/AT4R [12-14].

It is well known that the systemic RAS is an endocrine system responsible for the
regulation of homeostasis and the brain-localized RAS is involved in cognitive processes,
such as memory and learning. These two types of RAS (systemic and brain) interact
with one another [4,9,15,16]. Most brain regions do not have access to peripheral RAS,
although the forebrain pathway allows peripheral access of RAS components, whereas the
BBB restricts the peripheral RAS components from reaching the brain [5]. This pathway
connects the circumventricular organs (CVOs), which are considered brain regions lacking
the BBB, to the medial preoptic, supraoptic, and paraventricular nuclei. The brain is
responsive to both circulating Ang II acting on its receptors found in BBB-deficient CVOs,
as well as to centrally generated Ang II [17].

Stimulation of the renin/prorenin system has inhibitory effects on cognition [18], by
activating the expression of Ang receptors (Ang Rs). Prorenin has its own receptors in the
brain (PRR), although a number of authors believe that the entire cerebral renin/prorenin
system is controversial [19].

Perivascular astrocytes are one type of glial cell that are important mediators of
BBB formation, being an anatomical intermediary between neuronal circuitry and blood
vessels [20]. Their neuroprotective effects are due to the formation of a scar-like perivascular
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barrier surrounding the demyelinated area, and thus limiting the influx of leukocytes into
CNS parenchyma [21].

These cells located almost everywhere in the brain are a main source of the Ang II pre-
cursor, Angt [22]. Neurons are also capable of producing Angt, which is further converted
to effector Ang Il and other active angiotensins through the influence of intracellular renin
and prorenin [5].

It was confirmed that a decreased level of Angt-expressing astrocytes was observed
in lesions, as well as in Angt-deficient mice [23]. Both situations were correlated with a
reduced expression of the tight junction (TJ]) protein, occludin, at the level of the BBB, along
with the accumulation of endogenous serum proteins into perivascular and parenchymal
areas of the brain. Ang Il is thus considered to upregulate the expression of occludin and
strength of the BBB. Decreased production of Ang II can contribute to BBB dysfunction in
patients with MS, AD, and other diseases [24].

Angt is found predominantly in the subfornical organ, paraventricular nucleus, nu-
cleus of the solitary tract, and rostral ventrolateral medulla, but also in the ventrolateral
medulla, hypoglossal nuclei, thalamus, hypothalamus, forebrain, and brain stem [25,26].

A major component of RAS in the nervous system is ACE. It is identifiable everywhere
in the CNS, mainly due to its association with vascularization, but there is countless
evidence that it exists and functions even in neurons and glia [27]. ACE2 is the variant that
transforms Ang Il into Ang (1-7) as well as Ang I in Ang (1-9), both with neuroprotective
effects [28].

Brain RAS has a different importance compared with systemic RAS, being involved in
cerebroprotection, stress, depressive disorder, and memory consolidation [18,29].

AT1R, AT,R, and MasR are located on the cell membranes, mitochondria, and nu-
clei [30]. RAS receptors are widespread in both neurons as well as in the three types of glial
cells mentioned above. It has been shown that neurons have four main Ang Rs located in
mitochondria and nuclei, such as AT1R, AT;R, MasR, and AT4R [30,31]. Type 1 and type 2
Ang Rs can be found along the spinal cord, as well as in different areas in the brain [32].
AT R is expressed in the CNS by astrocytes, microglia, and even by neurons, particularly
DA neurons. AT1R is expressed intracellularly, inside the nuclei and its membrane, as well
as in the endoplasmic reticulum membrane [33].

Although Ang II/AT{R signaling has neurotoxic effects and can cause cognitive
impairment due to vasoconstriction, inflammation, oxidative stress, proliferation, and cell
death, Ang II/AT,R and Ang (1-7)/MasR promote neuroprotection and counteract the
effects of AT|R activation. AT4Rs are located in the sensory and cognitive neuronal regions
and are involved in learning and memory processes and mediate acetylcholine (Ach) and
dopamine (DA) release [25].

Gurley et al. observed that plasma concentration of Ang II was almost three-fold
higher than in controls (wild-type (WT) littermate mice) after acute infusion of Ang II
in ACE2-deficient mice, suggesting the in vivo role of carboxypeptidase as a functional
component of RAS in metabolizing Ang II [34].

Ang I can be converted by enzymatic cleavage in the presence of aspartyl aminopepti-
dase (ASAP) converts it into Ang (2-10) aminopeptidase A (APA) hydrolyses Ang II into
Ang III by removing the N-terminal Asp [35,36]. The resulting Ang III is a vasoconstrictor
peptide and can subsequently be converted to Ang IV in the presence of aminopeptidase B
or aminopeptidase N. Cleavage of Ang IV leads to the synthesis of Ang (3-7). Ang II can
also be converted to Ang (1-7) and this can be converted to Ang (2-7) [29,37,38].

ATRs are located in the hippocampus, cortex, and basal ganglia. Ang binds to this
type of receptor and induces conformational changes of the receptor proteins with the
activation of a G protein, followed by mediation of signal transduction. AT;Rs are G
protein-coupled receptors that, in the presence of Ang II, activate Goq protein signaling
followed by dissociation of the Gaq domain. This subunit activates phospholipase C
(PLC) involved in the production of diacylglycerol (DAG) and inositol triphosphate (IP3)
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through the metabolism of phosphatidylinositol biphosphate (PIP;). The binding of IP3 to
endoplasmic reticulum receptors promotes calcium release into the cytoplasm [5,29,39].

Chronic activation of AT;Rs at the neuronal level causes cognitive impairment, inflam-
mation, and cell death [14].

AT,Rs share structural characteristics with members of the 7-transmembrane receptor
family, belonging to the family of G protein-coupled receptors. They are widespread
in the brain, showing very high densities in structures such as the amygdala, thalamus,
putamen, and tegmental area [29]. The pro-inflammatory and pro-oxidant effects of Ang
II mediated by ATRs are counteracted by activation of AT;Rs by Ang II and Mas Rs by
Ang (1-7). However, an increase in AT{R expression and decrease in AT,R expression have
been observed in the aging brain, which could contribute to the increased vulnerability of
neurons [14]. Numerous studies have shown that AT;R and NADPH-oxidase expression
can be decreased by activating AT,R, leading to decreased inflammatory responses [40].

The vascular and direct nerve cell effects of Ang II are difficult to separate, with
numerous studies incriminating Ang as a causative factor in various neurodegenerative
conditions and /or memory impairment [41]. Several studies have linked the accumulation
of 3-amyloid (A-f) and tau (t) protein as a result of increased AT;R activation by Ang
II [42]. Intracerebroventricular Ang II administration reduces cerebral blood flow, inhibits
potassium-mediated acetylcholine release, impairs spatial memory, and induces oxidative
stress [38].

Ang Il via AT;Rs mediates vasoconstrictor, pro-oxidant, and inflammatory actions, this
peptide together with the converting enzyme being increased with the aging process [14,43].

Downstream signaling of Ang II AT{Rs requires the involvement of events such
as the activation of enzymes that may lead to reactive oxygen species (ROS) synthesis,
inflammation, and apoptosis [17]. This enzyme via AT;R activates nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, which mediates oxidative stress through the
formation of reactive oxygen species (ROS) and inflammatory processes, with implications
in NDG diseases [14,39].

Some studies argue that brain RAS is involved in the degradation of dopaminergic
transmission and the excessive stimulation of Ang II AT;Rs exacerbates dopaminergic cell
death. Vulnerability of dopaminergic neurons may be driven by increased oxidative and
pro-inflammatory stress associated with the aging phenomenon, a risk factor in NDG disor-
ders such as AD [30]. Ang II influences tumor necrosis factor-o (TNF-«) and transforming
growth factor-f3 (TGF-$3) signaling and inhibits potassium-mediated acetylcholine (Ach)
release. Pharmacological inhibition of Ang Il may antagonize the effects of scopolamine on
cognitive impairment [42].

Stimulation of AT, receptors causes opposite results to those produced by the binding
of Ang II to ATRs. Therefore, vasodilation occurs and inhibits increased proliferation [44].

Ang (1-7) is a heptapeptide with a protective role, capable of counteracting cellular
senescence and inflammation as hallmarks of vascular aging. This peptide has actions
opposite to those produced by Ang II by binding to the G protein-coupled Mas R [43].
In the brain, Ang (1-7) has been shown to counteract the pro-apoptotic effects of Ang
II [15], stimulating cerebral angiogenesis and proliferation of cerebral endothelial cells,
which has been confirmed in animal models. Ang (1-7) perfusion for 4 weeks in rats
resulted in improved oxygen and blood supply, stabilizing brain energy status with reduced
neuronal consequences. Regarding its neuroprotective role, Ang (1-7) also acts through
other Mas/nitric oxide synthase (eNOS)-dependent mechanisms, modulating oxidative
stress and inflammatory response [43,45].

The role of Ang (1-7) in cognitive processes such as memory and learning and in
stress processes, with localization in central brain areas such as the amygdala and hip-
pocampus, has been reported [46]. The ACE2/Ang (1-7) neuronal axis/Mas R generates
anti-inflammatory and antioxidant effects, with Mas R facilitating cell survival through its
activation by Ang (1-7). High levels of ACE; cause Ang (1-7) synthesis; in other words
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this enzyme is responsible for enhancing cognitive processes and its deficiency leads to
pro-oxidant effects [15].

Ang IV, a metabolite of Ang Il and its receptor AT}, is a membrane protein. It is known
as insulin-regulated aminopeptidase (IRAP) type II, localized in the brain on neurons in
the hippocampus, cortex, and basal ganglia, and is not a G-protein coupled receptor [5,47].
In an AD mouse model, activation of brain AT4Rs antagonized cognitive impairments
caused by A-f3 pathology, suggesting that Ang IV and its analogues could be considered as
therapeutic targets [47]. Metabolism of Ang II to Ang IV is the most likely underlying cause
of beneficial effects, such as improved cognitive processes, which have been observed in
animal model testing [48].

3. Renin-Angiotensin-Aldosterone System and Parkinson’s Disease

PD is characterized by the degeneration of DA neurons in the substantia nigra (SN) of
the midbrain, leading to subsequent motor symptoms, such as rigidity, tremor, ataxia, and
postural instability [49].

There are several mechanisms presumed responsible for the destruction of dopaminer-
gic neurons in the SN: oxidative stress, neural inflammation, and mitochondrial dysfunc-
tion [50]. DA neurons are highly susceptible to damage in relation to high ROS levels [14].
Neural inflammation is evidenced in PD degeneration by the high levels of inflammatory
cytokines. Activated microglial cells lead to dopaminergic cell death by phagocytosis and
increased ROS production [51].

Brain RAS has been lately reported in influencing dopaminergic regulation, neuro-
transmission, and neuron survival [52].

A significantly higher level of Ang II in the CSF or brain tissues was observed in
PD animal models, as well as patients with this disease. Ang Il is secreted by glial cells
(microglia, astrocytes, and oligodendrocytes) in regions responsible for cardiovascular
functions and in other brain regions. It plays an important role in memory, anxiety, bipolar
disorder, and PD [53]. The level of AT{R was also increased in the SN of PD rats and
overactivation of the brain Ang II/AT;R axis contributed to the progression of PD [54].
Mitochondrial ATP-dependent potassium channels (Karp) induce dopaminergic neuronal
loss, stimulate the superoxide-induced damage, and increase the inner mitochondrial
membrane potential induced by Ang II administration. All these aspects can be stopped or
at least reduced by inhibiting Ang II stimulation by ARBs [55].

The coupling of Ang II to ATR leads to inflammation, increased ROS production, and
activation of the NADPH complex. Its overactivation determines an increase in DA release,
as well as neuroinflammatory and neurotoxic effects in the brain. The Ang II/AT;R axis
has inhibitory effects on GABA and excitatory effects on glutamate. Thus, it is suggested
that activating type 1 receptors plays an important role in motor deficits in PD through
the indirect pathway of the SN [56]. Large studies suggest that using RAS inhibitors may
be associated with a reduced risk of PD. However, a statistically significant risk reduction
in PD incidence was observed after administration of ARBs, but not in the case of ACEI
use [57].

The neuroprotective effects due to the binding of Ang II to AT;R improve neural
growth as well as cognitive processes, learning, memory. This is caused by activation of
nitric oxide (NO) production [25]. Low levels of Ang II are linked to an increase in the
severity of depressive symptoms [58].

AT1R has pro-apoptotic activity in DA neurons, either through oxidative stress me-
diated by NADPH or through apoptotic signaling of the mitochondria [54]. In the DA
neurons of SN, Ang II enhances the expression of mRNA and AT;R protein, inducing
their overactivation. ATR activates a mitogen-activated protein kinase (MAPK) cascade
initiated by the protein kinase C (PKC), which also activates the NADPH complex, the
main source of ROS production in the cell [59].

Ang II/AT,R activation may be a pathway for a series of neuroprotective effects on
cerebral tissue. AT,R increases NO production, stimulates neurite growth, and has benefi-
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cial effects on memory, learning, and cognition [25]. The Ang II/ AT R axis is responsible
for the dopaminergic neuronal loss and reduction of 70% of tyrosine hydroxylase neurons
restored with candesartan (Ang Il-receptor inhibitor) and azilsartan in rotenone, 1-methyl-
4phenyl-1,2,3,6-tetrahydropyridine (MPTP), and 6-hydroxydopamine (6—OHDA) PD mice
models [54].

A large study in Korea clearly demonstrated that ARB only had protective effects on
the development and evolution of PD, whereas the statistical significance of long-term
ACEI use remained elusive, a phenomenon attributed by the authors to the increased BBB
permeability of the ARBs [60].

4. Renin-Angiotensin-Aldosterone System and Alzheimer’s Disease and Other
Memory Disorders

AD is a neurodegenerative disorder characterized by abnormal changes, with progres-
sively severe evolution leading to cognitive decline with memory loss. It is accompanied
by behavioral disorders as well as functional deterioration of some organs [4,29,47].

Pathologically, the brains of patients with Alzheimer’s dementia are affected by ex-
traneuronal A-f3 plaques, intraneuronal tangles formed by hyperphosphorylated T pro-
teins associated with microtubules, neuroinflammation, brain atrophy, especially in the
hippocampus and neocortex, and BBB damage [4,61,62]. The induction of pathological
processes in AD are mainly due to the accumulation and deposition of A-{3 in certain brain
areas, with A-f3 plaques being major causes of neurotoxicity [38].

Various studies have shown that AT;R blockers and ACEIs inhibit CNS inflamma-
tion [14,39]. Preclinical studies suggest that ARBs regulate enzymes involved in the
catabolism and elimination of A-3 peptides, thus demonstrating the positive effects of block-
ers in preventing vascular damage caused by elevated levels of A-p (Tables 1 and 2) [63].

Table 1. Protective mechanisms of RAS pharmacological modulators via an increase in vascular protection.

Mechanism of

Protection Biological Pathway Group of Drugs Substances Diseases
Activation of ACE2/MasR . PD
axis [64] ACEI Captopril AD
Protection of cerebral ARB Candesartan and PD
Vascular protection vasculature [53] losartan AD
4 Prevention Zfbv as‘l“‘lai 4 ARB/ACEIARBhigher  Losartan, olmesartan, AD
amage caused by elevate than ACEI and valsartan

levels of A-f3 [65,66]

Stress-inducers increase brain levels of Ang II, thus having an important role in AD.
This hypothesis is supported by numerous studies that have reported that ARBs, such as
losartan, olmesartan, candesartan, and valsartan, improved memory and other cognitive
parameters; this has been observed in both animal models and patients with AD [29]. Ang
IT AT; receptor blockers known as sartans have been recognized to have anti-inflammatory,
neuroprotective, and neurorestorative effects in experimentally induced brain injury [67].
In a preclinical study conducted on primary cell cultures isolated from 8-day-old Sprague
Dawley rat pups, the excitotoxicity of glutamate, a pathogenic factor in AD, and the effects
of candesartan on glutamate were evaluated. The findings of this study revealed that
candesartan prevented glutamate-induced changes in gene expression, but its effects were
not related to Ang II AT, receptor stimulation because AT,Rs are not expressed in rat
primary cerebellar granule cells (CGC) in vitro. The results of this study argue for the
inclusion of ARBs as a drug of choice for early cognitive impairment [68,69]. The anti-
inflammatory effects of ARBs are due to the reduction in pro-inflammatory factors in
the cerebral circulatory system, as well as the increase in cerebral flow that antagonizes
neurodegeneration induced by cerebral ischemia [39]. Moreover, it has been shown that
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these drugs promote neuroprotection in numerous animal (rodent) models of AD by
improving cognitive parameters (Table 2) [69].

Table 2. Protective mechanisms of RAS pharmacological modulators via the inhibition of neuroin-

flammation.
Mechanism of . . .
Protection Biological Pathway Group of Drugs Substances Diseases
MS
Inhibition of activation of glial cells [70,71] ARB Candesartan AD
MND
Suppression of [72-74] ACEI Captopril MS
pro-inflammatory AT,R
microglia [73] agonist C21 2 MS
Ang IV/AT4R PD
HGF/cMET antagonists AD
Inhibition of gliosis [75] receptor or Ang Div:illme;l—AAngII\\//; I\;I_II\IIDD

IV/AT4R norleual-Ang
/ATy Ang IV/AT,R D
Inhibition of neu- agonist AD

roinflammation Nlel-Ang IV [75]

Stimulation of new [75,76] a‘;‘:;li . ATH-1017
synapse formation 7] Ang IV/AT4R IRAP modulator HD
/IRAP Dihexa AD
Inhibition of immune cell activation [74,78] ACEI Lisinopril MS

Inhibition of the RhoA /ROCK pathway and . .
decrease in TNF-« [67,79] ACEL Perindopril MS
Decrease in TGF-{ [80] inIfleilr)lilg)r Aliskiren MS

Upregulation of PPAR-y [81] ARB Telmisartan

Downregulation of IL1-, NO, and TNF-« [82]

In an amyloid precursor protein (APP)/PS1 transgenic mouse model of AD treated
with intranasal losartan at a dose of 10 mg/kg every other day for 2 months, A- plaque
formation decreased 3.7-fold [83].

In another preclinical study based on cultures of cortico-hippocampal neurons ob-
tained from the Tg2576 AD mouse model, another blocker, valsartan, was shown to prevent
spatial memory deficits by attenuating oligomerization of AD-type A-f3 peptides [84].

The anti-Alzheimer’s effect of telmisartan was demonstrated in an ovariectomized
hyperglycaemic rat model, causing decreased expression of Ang I and II receptors in the
hippocampus, improving cognitive impairment and reducing A-f3 and T protein levels [85].

ACEI therapy improved cognitive performance and reduced the risk of vascular
dementia. Moreover, cognitive function was stabilized in patients with mild cognitive
impairment [86]. According to a meta-analysis, both ACEIs and ARBs were found to have
beneficial effects on cognitive decline, with ARBs being the most effective in preventing
dementia [87]. Treatment with ACEIs in AD was associated with improvement in cerebral
blood flow, anti-inflammatory activity by decreasing inflammatory cytokine activity, stimu-
lation of cholinergic neurotransmission by increasing acetylcholine levels, and reductions
in oxidative stress [87,88].

Treatment with captopril and perindopril, which are examples of ACEIs that cross
the BBB, reduced A-f levels. Captopril’s inhibition of the enzyme converting Ang I
to Ang II prevented AD-related decreases in transcript levels of several hippocampal
genes involved in functions related to cognitive processes. Other studies showed that
central ACE inhibition demonstrated neuroprotective activity, due to the suppression
of pro-inflammatory microglia, attenuation of oxidative stress, and astrocyte activation
(Table 3) [72].
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Table 3. Protective mechanisms of RAS pharmacological modulators via the inhibition of oxida-
tive damage.

Mechanism of

Protection Biological Pathway Group of Drugs Substances Diseases
AD
I [89] Irbesartan PD
Inhlb::)lzln 1oefXNOX ARB MND
P AD
[90] Telmisartan PD
MND
Inhibition of PD
oxidative damage [89,91] Olmesartan HD
Increase in NO synthesis [14,26] ARB Losartan
Inhibition of nitrosative stress [92] ACEI Captopril MND
Lowering of SOD and GPX [93]
Antioxidation by «-tocopherol [94] VitE ALL

Reduce DA neuron loss by mytochondrial

ATP-dependent potassium channels (Katp) [55] Azlsartan PD

A recent clinical trial comparing the effects of ACEIs with those of ARBs when used in
asymptomatic and symptomatic patients at different stages of cognitive impairment found
that ARBs may be more protective against cognitive decline than ACEIs. Use of ARBs vs.
ACEIs was associated with slower accumulation of A-f3 in patients with normal cognitive
status. However, in those with AD, the use of ARBs vs. ACEIs did not show different rates
of A-f accumulation [63].

Aliskiren is a renin inhibitor that blocks Ang I synthesis from Angt through the
intracellular modulation of gene expression after its binding to the nuclear PRR. Plasma
renin activity remains suppressed because Angt cleavage is blocked, although aliskiren
leads to increased plasma renin concentrations [6,95].

Cognitive impairment can be mitigated by aliskiren, which directly inhibits renin [96].
Building on this idea, another study on cortical neurons cultured in vitro showed that the
neuroprotective effects of aliskiren were due to neutralizing A-{3 toxicity [97] (Table 4).

Table 4. Protective mechanisms of RAS pharmacological modulators via the inhibition of neuronal
protein misfolding.

Mechanism of

Protection Biological Pathway = Group of Drugs Substances Diseases
Decrease in A-3
plaque formation [83] ARB Losartan AD
Attenuation of
oligomerization of ARB Valsartan AD
Inhibition of A-f3 peptides [84]
protein Reduction in A-f3 e e
misfolding toxicity [95] Renin inhibitor Aliskiren AD
Reduction in A-f and ARB Telmisartan AD
T protein levels [85]
Inhibition of ARB Telmisartan

a-synuclein [98]

5. Renin-Angiotensin-Aldosterone System and Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease of the CNS that affects both gray
and white matter tracts, as well as the brain stem and basal ganglia [99,100].

The neurological impairment of MS includes demyelination, axonal or neuronal loss,
astrocyte gliosis, as well as oligodendrocyte degeneration in the CNS [101]. The initial
inflammatory relapsing phase leads to astroglia proliferation [102] and neurodegenerative
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phase [103-105]. Focal inflammatory lesions within MS plaques are due to the involvement
of both adaptive and innate immunity [106]. In addition to their basic role in protecting
from infection, the lymphocytic inflammatory infiltrates negatively influence MS pathology
through the activation of microglia and macrophages, as well as breakdown of the BBB [107].
B-cells are important trigger factors of sustained inflammation due to their stimulatory
effect of T-cell responses [106,108].

Activated astrocytes by T-cells have a dual role during the development of the disease.
They promote neurotoxicity in most areas where myelin sheaths are damaged, by secreting
oxygen and nitrogen radical species, glutamate, and ATP [23]. Their local activation has
a negative effect at major sites of progressive MS and leads to tissue destruction and
neurological impairment [109]. They modulate BBB permeability and CNS inflammation
due to the multifocal production and infiltration of cytokines [24,110].

The influence of RAS in microglial polarization is the consequence of two opposite
effects. Thus, under pathological conditions, AT R and AT;R are upregulated and acti-
vate microglia. The effects of nuclear AT{R that leads to pro-inflammatory/classically
activated microglia (M1 substate) are counteracted by the opposite RAS arm represented
by Ang II/AT,R that leads to anti-inflammatory /alternatively activated microglia (M2
substate) [14,111].

RAS is also spread in oligodendrocytes where it triggers opposite effects depending on
the type of receptors. Whereas AT R activation promotes demyelination, AT,;Rs lead to a re-
myelination process with positive consequences in MS pathology [73]. A study by Lee et al.
pointed out the presence of higher anti-AT;R antibodies titers in MS patients compared
with those with stable relapsing-remitting or progressive MS, thus being correlated with
recent disease activity [112].

Another conclusive aspect represents the involvement of RAS in immune activity.
Accumulated evidence has demonstrated that AT; receptors are located on immune cells,
such as macrophages, T-cells, natural killer (NK), or dendritic cells [78]. By upregulating
the concentration of pro-inflammatory markers in the brain (IL-6, IL-8, and TNF-o) and
increasing oxidative stress, Ang Il is reported to play a key role in the evolution of many
autoimmune diseases, including MS, rheumatoid arthritis, or systemic lupus erythemato-
sus [113]. It effects the Th1/Th2 cytokine response in MS, suggesting a possible shift to Th1
via stimulation of AT;Rs [114].

Recent studies showed that brain RAS components were altered intrathecally in the
pathogenesis of MS. Kawajiri et al. described a strong decrease in CSF Ang II levels of
21 patients suffering from relapsing-remitting MS (RRMS) compared with control. This
indicates that RAS may be involved in abnormal neuronal lesions and repair processes in
MS [115]. The researchers conducted another study on 20 patients with RRMS without the
anti-aquaporin-4 antibody and reported a supplementary decrease in ACE2 level, another
important regulator in RAS. This homologue of ACE cleaves Ang II into Ang (1-7), which
counterbalances the actions of Ang II. It was suggested that upregulation of ACE levels
and downregulation of ACE2 levels were involved as compensatory mechanisms of the
decrease in the level of Ang I [116].

Another study on a large cohort of 438 untreated patients with MS observed that
age-adjusted CSF ACE levels were modestly decreased in purely relapsing and chronic
progressive MS patients when compared with a control group consisting of 276 patients
with non-inflammatory neurological disorders. Additional analysis revealed no significant
difference in CSF ACE levels between currently relapsing and currently stable MS patients.
A possible mechanism is the loss of perivascular astrocytes during the course of the disease
with diminished intrathecal ACE release [117].

Other studies point out increased levels of RAS components in serum samples from
MS individuals. For example, Constantinescu et al. reported elevated serum ACE activity
in 17 of 75 patients with MS compared with 31 healthy controls, suggesting its involvement
as an indicator in disease monitoring and therapeutic efficiency [74]. In another study, the
authors showed that a 21-day treatment with captopril ameliorated the clinical course of
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monophasic experimental autoimmune encephalomyelitis (EAE) in Lewis rats, suggesting
the important role of the RAS in the autoimmune inflammation of the CNS. This effect was
in part due to a decreased responsiveness of T-cells both to antigens and mitogen [118].
Ottervald et al. analyzed CSF from 76 patients with SPMS using proteomic techniques
and showed that Angt level was significantly higher (three-fold) when compared with
36 control individuals [119].

Some research results that were not consistent with the above-mentioned studies have
been identified. For example, Razazian et al. analyzed serum ACE levels in 30 patients
diagnosed with MS in a pilot study and did not find any significant differences compared
with 30 healthy controls. These inconsistent results were explained by the authors to be
probably due to the difference between serum and CSF properties, ACE activity and ACE
levels, or differences between the laboratory techniques used [120].

An upregulation process of RAS components in the brain lesions of MS patients
was observed in a report conducted by Platten et al. regarding the functional role of
RAS components during autoimmune demyelination in EAE models. SJL /] female mice
suffering from EAE immunized with proteolipid protein 139-151 peptide (PLP p139-151)
were pretreated with ACE inhibitor lisinopril or AT R antagonist candesartan. It was
shown that ACE inhibitors or ATR antagonists ameliorated the pathogenic condition by
suppressing the autoreactive inflammatory Thl and Th17 cells, as well as by increasing
regulatory CD4+ FoxP3+ T-cells in the CNS. These aspects suggest that RAS is involved in
driving autoimmunity in both MS and EAE models [121].

Stegbauer et al. investigated the role of the RAS in myelin oligodendrocyte glycopro-
tein (MOG)-induced EAE in C57BL/6 mice. An increase in serum renin activity and renin
mRNA expression was observed in the spinal cord and spleen on the 31st day after immu-
nization. Moreover, application of the renin inhibitor, aliskiren, as well as preventive or
therapeutic treatment with the ACE2 inhibitor, enalapril, or with AT;R antagonist, losartan,
improved the pathological course of MOG-EAE [80].

Lanz et al. provided evidence that AT{R inhibitors, such as candesartan, potently
decreased TGF-f signaling in the brains and spinal cords of mice with chronic-progressive
MOG-induced EAE, which led to attenuated severity of the disease. The immune response
was reduced via a pathway involving the TGF-f3-activating protease thrombospondin-1
(TSP-1) [122]. However, the baseline of TGF-f3 signaling was not altered, suggesting that
other molecules were responsible for this process. It is known that Ang II is responsible for
TGF-p overproduction in the brain and spinal cord during the onset of EAE [123].

Another study investigated the potential anti-inflammatory and neuroprotective
effects of a 4-week treatment with AT,R agonist, Compound 21 (C21), in MOG-EAE
C57BL/6 mice. It was found that C21 ameliorated neurological deficits through a reduc-
tion in demyelinated areas, T-cell infiltration, and the number of resident and activated
microglia in the spinal cord. Complementary in vitro studies in aggregating rat brain
cell cultures with lipopolysaccharide (LPS)/interferon-y (IFN-y) confirmed that AT,R
activation protected from demyelination and microglial activation, as well as promoted
remyelination and attenuated cytokine and NO release from microglia [73].

Guo et al. investigated the effects of candesartan on optic neuritis in an EAE mouse
model of MS. Optic neuritis is an acute inflammatory disorder of the optic nerve that is
associated with RRMS [124]. It was shown that candesartan ameliorated inflammatory-
mediated degeneration of the retina and optic nerve as well as in the spinal cord through
the inhibition of innate immune responses in astrocytes. In addition, researchers found that
candesartan suppressed TLR4 expression in astrocytes that was increased by Ang II via the
nuclear factor (NF)-«B pathway [125] (Table 5).
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Table 5. Protective mechanisms of RAS pharmacological modulators via the inhibition of neu-
ronal apoptosis.

Mechanls.m of Biological Pathway Group of Substances Diseases
Protection Drugs
Inhibition of NF-kB-induced neuronal death . . AD
[126,127] ACEI Perindopril PD
’ HD
Inhibition of NF-kB-induced neuronal death Trandolapril HD
[126,127] ACEL . ALS
Reduction of glutamate excitotoxicity [128,129] Temocapril MS
Inhibition of apoptosis Reduction of glutamate excitotoxicity [128,129] %zit?pltlll gg
Pharmacologic inhibition of metabotropic glutamate ACEI LpTL
receptors [130] Perindopril HD
LAP-4 PRD
Inhibition of activation of MAPK and ARB Telmisartan
PPARy-coactivator-«1-Bax pathway [131,132]
Inhibition of PI3K/ Akt cascade [133,134]

Reduction of dopaminergic neuron loss [135,136] ACEI Captopril PD
Reduction of dopaminergic neuron loss [135,136] ARB Losartan PD

Modulation of RAS components may influence MS pathology through the modulation
of the autoimmune response.

6. Renin-Angiotensin-Aldosterone System and Huntington’s Disease

HD, also termed Huntington’s chorea, is an autosomal dominant neurodegenerative
disorder with a prevalence of 10.6-13.7 per 100,000 individuals in Western countries [137].
HD is caused by an abnormal expanded repeat of CAG trinucleotide in the huntingtin
(HTT) gene, which leads to the formation of mutant huntingtin protein (mHTT), a key
player in the pathogenesis of the disorder [137-140].

mHTT has been shown to misfold and accumulate as aggregates, thus leading to
alterations in a series of cellular functions. mHTT-mediated oxidative stress must also be
mentioned as an important component of HD. There is evidence that damage done to the
mitochondrial DNA by oxidative stress is involved in the pathogenesis of HD; pathways
that determine oxidative stress in HD include elevated nicotinamide adenine dinucleotide
phosphate oxidase (NOX) activity, activation of the antioxidant defense system, as well as
oxidation of mitochondrial enzymes [141].

Mitochondrial dysfunction is another hallmark pathogenic mechanism of HD. There
are several causes of the mitochondrial dysfunction: reduced activity of mitochondrial
respiratory chain complexes, deficits in the handling of Ca?*, increased production of
reactive oxygen species, increased mitochondrial-fragmentation, and an accumulation of
impaired mitochondria, which could be due to inefficient functioning of the degradation
systems [142].

Other important pathways are linked to DA and glutamate. These can interfere with
inhibitory or excitatory processes that take place in the basal ganglia, and it seems that
the neurodegenerative processes characteristic of this disease can be due to an excess of
glutamate. This leads to excitotoxicity, and finally, cell death [143].

Regarding symptoms characteristic of this disease is the triad of motor, psychiatric,
and cognitive disturbances [144-147].

Considering that current therapeutic options for HD are symptom-oriented, discov-
ering other mechanisms and systems involved in the pathogenesis of the disease is an
important goal for researchers.

RAS is involved in different functions of the brain, including behavior, cognition, and
motor control. It is linked to NDG diseases, with Ang II being considered a key component;
it is involved in neuronal death through oxidative stress, inflammatory responses, and
apoptosis [9]. These effects were confirmed in animal models of different NDG diseases,
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such as PD [148]. Thus, studying RAS may shed light on other NDG diseases, such as HD,
allowing for alternative management strategies.

Studies have reported that the blockage of AT; and AT, receptors with compounds
such as losartan and PD-123177, as well as ACE inhibition through the use of captopril,
reduced oxidative stress in the hippocampus of rats, an effect that could be explained by the
central inhibitory effect of Ang II. This could lead to a possible new therapeutic approach,
considering that oxidative stress may play a role in the pathogenesis of HD. Another
important finding was the association between higher levels of ACE2 and higher scores on
tests that evaluate verbal fluency, suggesting that higher ACE2 levels are correlated with
better verbal function [149,150] (Table 3).

A study conducted by Hariharan et al. evaluated the protective potential of tran-
dolapril in a 3-nitropropionic acid (3-NP) rat model of HD. Trandolapril is a prodrug of
trandolaprilat, which is an ACE inhibitor. It is highly lipophilic and centrally active, with a
high inhibitory potency of ACE [151]. Through the inhibition of Ang II, trandolapril exerts
neuroprotective effects and lowers oxidative stress by reducing mitochondrial dysfunction.
Pre-treatment with trandolapril improved a series of symptoms that are specific for HD,
restoring body weight loss in 3-NP rats and improving motor incoordination. Trandolapril
contributed to better cognitive performance in behavioral tasks and restored several res-
piratory chain enzymes which were found to be depleted by 3-NP. The authors suggest
that the effects of ACE inhibition in HD may be a starting point for determining the exact
mechanisms that underlie its neuroprotective effects. This, in turn, could lead to different
therapeutic approaches for a disease that currently has limited management options [152].

Other researchers have shown that the use of ARBs, such as losartan and candesartan,
could protect against neuronal cell death caused by the administration of MPTP in rats.
Although this is a specific PD animal model, the fact that DA pathway impairment is also
observed in HD could mean that ARB therapy may have utility in the management of this
disorder as well. It was shown that candesartan led to the inhibition of Ang II on DA cell
death, the effect being due to candesartan’s potency as a AT blocker as well as its ability to
cross the BBB, thus inhibiting the central effects of Ang II [149].

Sengul et al. studied the effects of ACEIs (captopril, ramipril, and perindopril) on
the glutamate pathway, which is known to be involved in the generation of neurotoxic
effects. Neurotoxicity was induced by administering glutamate in newborn rat cerebral
cortex cells. The authors concluded that ACEIs could be beneficial in reducing glutamate-
induced toxicity, either by reducing free radicals or by increasing antioxidant protective
mechanisms [129].

In a review conducted by Machado et al., striatal cells expressing mHTT were sensitive
to Ang (1-7), but Ang II had minor effects in the same cells. This may be explained by the
reduced expression of AT{R [153]. In another study by Imamura et al., the effects of Ang II
on the R6/2 mouse model of HD were evaluated. It seems that Ang III determined some
positive outcomes, such as reduced body weight decline, prolonged lifespan, and recovery
of striatal-neuron DNA damage, while also improving dendritic length and restoring
dendritic spine density. It did not, however, improve motor functions, nor did it reduce the
number of inclusion bodies of mHTT in the striatum. These findings suggest that though
Ang III inhibited the interaction between mHTT and its target, it did not suppress protein
aggregation [154].

De Mello et al. have shown that mHTT-expressing striatal cells are sensitive to Ang
(1-7), with its effect being related to the MasR that can be found in areas such as the
amygdala, hippocampus, forebrain, olfactory bulb, piriform cortex, thalamus, and portions
of the hypothalamus. Studies have shown that patients with HD had reduced activity of
ACE in brain regions specific to HD pathogenesis, such as the caudate nucleus, putamen,
and globus pallidus. These findings suggest that the ACE/Ang II/AT;R axis is reduced in
HD patients, whereas the ACE2/Ang (1-7)/MasR axis in mutant neurons is predominantly
activated, suggesting the involvement of RAS in the pathogeny of HD [9].
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Another study by Steventon et al. highlighted the potential negative impact of hy-
pertension on patients with HD and the positive outcomes of antihypertensive treatment.
Although this study focused on an array of antihypertensive drug classes, and not only
on drugs targeting the RAS, it demonstrated that hypertensive HD patients who did not
receive treatment for hypertension had reduced functional capacity, as well as worse cogni-
tive, motor, and depressive symptoms compared with normotensive and hypertensive HD
patients. Thus, the study offered clues regarding the possible beneficial effects of antihyper-
tensive drugs, which included the RAS inhibitors that are of interest to this review. The
medication resulted in a reduction of disease severity in HD patients with hypertension,
suggesting the potential involvement of antihypertensive drugs in the management of the
disorder [155].

Other findings included an attenuation of cognitive impairment following the adminis-
tration of AT{R antagonists, sustaining the idea that antihypertensive drugs that target RAS
may be beneficial in NDG diseases. However, further studies are required for evaluating
their specific effects and mechanisms in HD patients [148].

7. Renin-Angiotensin-Aldosterone System and Motor Neuron Disease

MND is a generic name for several neurological pathological entities that progres-
sively afflict motor neurons, reducing body motor abilities until invalidity and death.
Specific symptoms include muscle atrophy, muscular spasms such as fasciculations, muscle
spasticity, and/or hyperreflexia. The capability to walk, speak, swallow, or breathe is
gradually lost.

Among the MND, we count:

Lateral amyotrophic sclerosis (ALS);
Progressive bulbar palsy;

Primary lateral sclerosis;

Progressive muscular atrophy;

Spinal muscular atrophy;

Kennedy disease;

Post-poliomyelitis syndrome [156-158].

The end usually occurs after 3-5 years of evolution, most frequently due to respiratory
failure. It is difficult to ascertain a direct link of any kind between RAS and this group of
diseases. However, even though it is generally accepted that Ang II can initiate neuronal
death and disease, it is acceptable to count the blocking of these actions among the strictly
reduced means available to treat or palliate the effects of motor neuron diseases.

Several years ago, Japanese [116,159] and Taiwanese [160] researchers coincidentally
discovered that the administration of pharmacological treatments that modulate the RAS
may induce a more favorable evolution of lateral amyotrophic sclerosis (LAS). According to
them, the cerebrospinal concentration of Ang II is negatively correlated with the presence
and degree of evolution of MND.

Among the theories suggested by various researchers, one was the possible protection
of neural tissue through the AT,R, due to its antioxidant and cell proliferation-stimulating
actions. Another theory was the reduction in the amount of Ang II from the cerebral
tissue, which would reduce the deleterious effects of ATR stimulation. These hypotheses
have been correlated with similar effects seen in patients with AD or PD [161-165]. The
enhancement of glial and neuronal inflammation mediated by the AT;R, accompanied by
microgliosis and the added stimulation of oxidative stress by extracellular and intracellular
Ang Il have been linked to MND [166,167].

Another hypothesis was the direct augmentation of neural protection through vitamin
E (a-tocopherol), a known liposoluble antioxidant [94] (Table 3).

The inhibition of the glutamatergic stimulation was one of the other presumptive
mechanisms of the protection induced by ACE blockers in other NDG afflictions [129].

Studies using neuronal cell cultures demonstrated that Ang II, in the presence of
aldosterone, another component of the same physiological system, may have a deleterious
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effect on neurons, with possible astrocytic involvement. Inhibition of the aldosterone
receptor with eplerenone [168] reduced the damaging effect on the neurons more than
AT1R inhibition by valsartan. The deduction obtained from this seminal study was that
astrocytes, stimulated by Ang II, produced more aldosterone, which had a damaging effect
on neurons in culture. This effect, in turn, was inhibited by the addition of eplerenone [169]
(Table 6).

Table 6. Protective mechanisms of RAS pharmacological modulators via stimulation of neurotrophic
factors, inhibition of astrocytic stimulation, or other mechanisms.

Mechanism of

Protection Biological Pathway Group of Drugs Substances Diseases
Stimulation of Modulation of neurotrophins-NGF, ARB/AT,R Candesartan
BDNEF [5,170] blockers PD123319

neurotrophic factors

Inhibition of astrocytic
hyperstimulation

Other mechanisms

Myelin protection

Neurotrophins -3, -4, -6 [171,172]

Ang II stimulates astrocytes to

secrete aldosterone, which is ARB Valsartan HD
neurotoxic [169]

Aldosterone receptor

Inhibition of aldosterone action [169] blocker Eplerenone HD
PRD
I o . PD
Inhibition of L-Ca“* channel [173] ACEI Captopril AD
Stroke

PRD

Inhibition of PrP5¢-induced . PD

Captopril
neuronal autophagy [174] ACEI aptoptt AD
Long COVID

Inhibition of de-myelination [73] ARB Candesartan MS
Promotion of myelination [125] ACEI Captopril MS

Since 2002, it has been claimed that the administration of ARBs such as Olmesartan
has beneficial effects on neuronal survival [175].

Another cohort study, presented elsewhere, demonstrated that the association of a
long-term ARB treatment reduced the risk of PD by 44% [91]. In AD, researchers have
proposed ARBs as pharmacological tools, among which valsartan seemed to have the
best neuroprotective effect, candesartan had optimal effects for the reduction in neuroin-
flammation, and telmisartan was the best for reducing gliosis. ACEI also had beneficial
effects [4]. Bearing in mind the reduced quantitative importance on the MND, compared
with the other diseases, more studies should focus on MND. However, the lessons learned
from other neurodegenerative diseases are also applicable in the investigation for novel
treatment avenues of MND. Recently, a receptor called HGF/c-Met (hepatic growth fac-
tor/tyrosine kinase type I receptor) has been identified [176]. Molecular functional data
from behavioral studies suggest that this is one and the same with the ligand /receptor
system Ang IV /AT, [75]. Two potent antagonists of this system have been synthesized,
divalinal-Ang IV and norleual-Ang IV, together with an agonist Nlel-Ang IV. However,
these have significant pharmacokinetic limitations, which make them yet unusable for
therapeutic purposes (Table 2).

Another hypothesis involving AT4R is one that assimilates it with the IRAP recep-
tor [177,178]. As such, a series of pharmacological modulators have been proposed, among
which Dihexa (N-hexanoic-Tyr-Ile-aminohexanoic amide) significantly improved memory
retention and reduced cognitive deficits; it is to be investigated in the therapy of motor
dysfunctions [47,77].

In 2015, Lin et al. demonstrated a spectacular (57%) reduction of ALS in patients with
chronic use of ACEI over 4 years [160]. However, their data were contradicted by later
studies. In a recent study by Franchi et al., chronic administration of large doses of ACEI



Biomolecules 2022, 12, 1429

15 of 30

and ARB were not accompanied by a statistically significant improvement in the evolution
of the NDG disease [179].

In a very large study, Pfeiffer followed 10,450 ALS diagnosed cases and 104,500 controls
over 6 years to see if adjacent medication had any effect on the main disease after at least
6 years of treatment. More than 700 drugs were investigated, and it was determined that
lisinopril was significantly associated with lowered ALS risk (to OR% 0.88) [180].

A very interesting paper tried to identify differentially expressed genes that occur
in ALS. When identifying potential clusters of mutations that might increase the risk of
neuronal death in ALS, the Ang genes, among many others, were detected as hub genes
that could be targeted as novel therapeutic targets for ALS disease [181].

A computerized approach was also used for investigating the involvement of the
RAS/ACE axis in the pathology of spinal muscular atrophy as an aggravating factor of
respiratory failure in NDG diseases and their interaction with COVID-19. The involvement
of ACE2 in the mediation of the SARS-CoV-2 penetration of host cells was considered; as a
result, it was also assumed that reducing ACE2 activity reduced bradykinin degradation
with significant cough and shortness of breath, a key functionality in the pathogenesis of
COVID-19.

Other studies have demonstrated an interaction between the survival motor neuron 1
(SMN1) gene and the loss of function of the SMN protein, which is involved in ribonu-
cleoprotein synthesis, intra- and intercellular trafficking of vesicles and organelles, and
ACE/ACE2 expression [182,183].

8. Renin-Angiotensin-Aldosterone System and Prion Disease

The term was coined by Prusiner in 1982 and means “proteinaceous infectious par-
ticles” [184,185]. These are NDG diseases induced by the natural transformation of a
neuronal natural membrane protein called PrP¢ (cell prionic protein), a membrane glyco-
protein that presents two helixes and two complex oligosaccharide chains coupled at the
N-terminal head [186].

This is a normal protein, abundantly present within the neuronal cell membrane,
anchored by a GPI (glycosyl-phosphatidyl-inositol) anchor and aggregated in lipid rafts. It
is encoded by the PRNP gene, located on chromosome 20 in humans and on other chro-
mosomes in various animal species [187]. Besides neurons, it has also been identified in
glial cells, immune cells, epithelial cells, or endothelial cells. Its major implications appear
to be in cell survival, especially against free radical aggression and apoptosis, as well as
in cell adhesion [188]. However, there are situations in which PrPC is internalized and
metabolized in multiple ways, which seem to change its functions. Among the essential
physiological functions of this protein are protection against apoptosis induced by lack
of growth factors, protection against oxidative stress, and protection against endoplas-
mic reticulum stress, caused by the accumulation of misfolded /unfolded proteins in the
endoplasmic reticulum [189].

PrPC frequently interacts with a multitude of neuronal proteins, including nicotinic
cholinergic receptors. They control their postsynaptic activation, which could explain the
cholinergic manifestations induced by PRD [190].

Also, there is a very well-documented interaction of PrP€ with the t proteins in AD
and with a-synuclein, which could be responsible for some parkinsonian symptomatology
in PRDs [191]. Similar to the evolution of PrP€ towards PrP5¢ in PRDs such as kuru,
Creutzfeldt-Jakob, GSS, and fatal familial insomnia, all NDG afflictions show misfolding
proteins, such as x-synuclein [192], A-B, APP, T in AD, TDP-43 in ALS, HTT, and the
amyloid protein [193]. These have been labeled “prionoids” and some attempts to mimic
the disease by transferring these proteins in cell cultures or animal models have been
successful in inducing neurotoxicity [194,195] (Table 6).

PRD includes Scrapie in sheep, bovine spongiform encephalopathy (mad cow disease),
Creutzfeldt-Jakob disease in humans, and kuru disease. All of these are characterized by
the transformation of the alpha helix structured PrP¢ into the pathological form of the
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scrapie PrP%¢ protein, which has a beta-pleated structure. Characteristic of these diseases,
contact between PrP¢ and PrP5¢ will transform it into PrPS¢, thus producing two misfolded
proteins. These in turn will interact with two others, which they will transform, and so
on ad infinitum. Interestingly, in sporadic disease, the transformation can be spontaneous
without the intervention of an external PrP5¢ [196].

This disease is neurodegenerative, with progressive dementia and rapid onset, with at
least two characteristic clinical symptoms: myoclonus, cerebellar or visual signs, pyramidal
or extrapyramidal signs, and akinetic mutism, in which post-mortem immunohistochemical
detection of PrP5¢ is detected [197].

Unfortunately, the involvement of RAS in this type of disease is very limited. Except
for possible interactions between oxidative pathogenesis and the evolution of neurotoxi-
city, it is difficult to make direct connections between the modulation of RAS and prion
NDG pathology.

However, bearing in mind that the impact of PRD is quite small in the general economy
of NDG diseases, the direct effect of pharmacological modulation of the RAS should be seen
through the lens of the actual “prionoid” theory of neuronal dysproteinemic theory [198].

The interaction with NO synthase, a ubiquitous enzyme related to RAS and involved
in vascular metabolism, and nitrinergic nerve mediation, whose function is affected in
PRDs, are of relevance to the present discussion [199].

In AD, A-p proteins have the tendency to misfold whenever they come in contact
with other A-B variants that have chemical or structural aberrations, similar to when PrP€
comes in contact with PrP5. This type of prion-like behavior seems to be one of the key
molecular mechanisms in AD.

In this sequence of events, it has been demonstrated that zinc (Zn) is an essential
catalyst of AD protein dimerization. The localization of the Zn atom on the A-{ sites is
similar with its location on the coupling sites of ACE. This suggested that ACE inhibition,
using specific inhibitors such as enalapril, captopril, or lisinopril, may reduce the misfold-
ing effect within A-f3 proteins. Indeed, targeted inhibition of A dimers using enalapril
realized a zinc-dependent oligomerization of these proteins, thus reducing their neurotoxic
effects [200].

Given the common pattern of development of prionic proteins, it is possible that
ACEIs could be a solution for reducing their neurotoxicity. Further studies using adequate
cellular and molecular models may bring new information in this direction.

It is known that metabotropic glutamate receptor (mGluR1 and mGluR5) may form
complexes with PrP¢, and their pharmacologic inhibition may reduce prion neurotoxicity
ex vivo and in vivo [130]. Bearing in mind that Ang peptides also act on Ang IV receptors
in the brain and have significant effects on memory and behavior, the administration of a
pharmacological inhibitor (LAP-4) of metabotropic glutamate receptor may inhibit Ang
actions on the acquisition and extinction of behavioral response-effects that may be of use
in the study of the behavioral effects of PRD [201].

It is known that increased levels of systemic and cerebral Ang have deleterious effects
on cognition [202], and blockage with ACEI or ARB has beneficial effects [203]. Also,
essential components of RAS, such as Ang (1-7) and Ang IV, have the ability to inhibit the
deleterious effects of RAS hyperactivity on cognitive and behavioral components of brain
functioning [204].

Captopril, as an inhibitor of ACE, has a wide range of uses in cardiovascular and other
diseases [205]; on the other hand, it is also an inhibitor of the L-Ca?* channel, through the
IP3 [173]. Thus, it may be able to inhibit the neurotoxicity of prion-induced misfolding
by modulating calcium homeostasis. It has been experimentally shown that captopril
administration inhibits PrP*-induced autophagy in human and murine cell cultures, thus
diminishing the apoptotic pathway induced by PrP¢ misfolding via the AMPK [174]. These
beneficial effects have been also identified in relation with the dopaminergic nigro-striatal
pathway in PD [206], AD [164], and stroke [207]. Such effects may also be beneficial in
prion-induced neurodegeneration (Table 6).
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In the last few years, the COVID-19 pandemic prompted a multitude of investigations
on the pathogeny of this new virus and also on the patent neurological disturbances shown
in a series of cases, the infamous "long COVID” [208] and its co-involvement with the RAS
system [209]. A series of experimental results demonstrated that SARS-CoV-2 penetration is
made at the level of the ACE receptor, mediated through the spike protein [210] connecting
with the ACE2 receptor in the presence of calcium [211]. The deleterious effects on the CNS
are similar to viral encephalitis or systemic inflammation, but some suspect an involvement
of protein misfolding with an evolution towards NDG disease, with cognitive deficiencies
or motor deficits [212,213].

The chronic use of Ang blockers was incriminated for increasing the risk of infection
with the SARS-CoV-2 virus and in the unfavorable evolution of the disease in patients
subjected with ACE inhibitors or ARBs for hypertension, cardiac disease, or diabetes,
due to the upregulation of the ACE receptor following long-term inhibition. It has been
demonstrated that captopril and telmisartan do not significantly alter the membrane
expression of ACE2 at the lung or kidney level; however, studies on neuronal ACE are not
yet finalized [214].

Several lines of evidence suggest that the neurological aspects of long COVID may
point toward degeneration of neural targets [215]. ACE implication may be of interest
because SARS-CoV-2 infection can impair the disassembly of host stress granules (SGs) and
promote the aggregation of SG-related amyloid proteins, which may lead to an increased
risk of neurodegeneration [216].

9. Perspectives, If Any

There is a known risk that chronic hyperactivity of RAS will induce an increase in the
overall concentration of Ang II throughout the body. This can affect the nervous system
and increase the risk of NDG disease. It is still debated whether RAS hyperactivity is a
causal factor in the etiopathogeny of NDG disease or merely an aggravating one. On the
other hand, the sheer increase in the amount of Ang II could be a source for increased levels
of neuroprotective Ang (1-7), Ang IV, or alamandine. The predominance of ARB over ACEI
as a neuroprotective therapy suggests that the amount of Ang II present at the CNS level
is less important than the receptors on which it couples. This suggests a very important
aspect of the neuroprotective effects of AT,Rs.

Also, most of the data presented suggest a very important role of the smaller Ang pep-
tides, such as Ang (1-7), Ang IV, and alamandine; however, as substances that specifically
increase their production are not yet available, further studies are necessary for ascertaining
their efficacy in preventing or treating NDG diseases [217].

A recent meta-analysis that included 15 studies based on data from more than 3 million
subjects over a period of more than 5 years concluded that the use of ARBs led to a
significant reduction in the risk of dementia. including AD; however, ACEI therapy did not
lead to the same results. Future studies should focus on comparisons between therapeutic
agents on their ability to cross the BBB [65].

Another meta-analysis that tried to identify variations in the nucleotides of RAS
peptides in several NDG diseases was not able to identify direct associations between
these and any of the 14 RAS peptides investigated. Vague associations with the PRR were
observed in AD, PD, and MS, which led to the conclusion that RAS components were not
causative in any of the NDG diseases investigated [218].

From the practical point of view, there are a few topics to be addressed in what
concerns RAS modulators and their practical applications. These include:

e  BBB penetration depends on molecular weight and lipophilicity; there is a seminal
study from 2005 that investigates brain penetration and dosages for several widely-
used ACEI, demonstrating that there is only a reduced correlation between lipophilicity
and effects on the nervous system, whereas molecular weight seems to be more
important [219,220]
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e  Dosage-nervous effects may need higher amounts than usual, even 10-15 times more,
which makes them practically useless due to their vascular effects and side effects [220].

e  Several studies have suggested that only about half of the ACE in use today have a
good enough BBB penetration to have an effect on neurodegeneration, among which
are captopril (most of the studies), trandolapril [220], lisinopril [149], ramipril [221],
and perindopril [222]. The rest have not been selected for testing; however, a rigorous
testing and classification of those drugs is yet to be made.

e ARB usually have bigger molecules than ACEI [223], suggesting worse passage
through the BBB; however, there are several more lipophilic drugs from this family,
such as telmisartan, candesartan, and losartan, that seem to readily penetrate and have
better effects than ACEI on various parameters of NDG diseases [60,68,83,136]. Until
the appearance of metanalyses that can compare these parameters and better phar-
macodynamic studies for all pharmacologic modulators of the RAS, only anecdotal
evidence is available and patients cannot systematically benefit from these substances.

From the data summarized above, it seems that there is a very important overlap in
most NDG diseases from a pathophysiological standpoint. All of them lose neurons in a
generalized or localized manner due to the same factors, presented in Figure 1, and all of
those pathophysiological mechanisms seem to be affected by the RAS and its modulators.
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Figure 1. Ways through which pharmacological RAS inhibition may modulate the evolution of
NDG diseases.

Gene-set enrichment analysis (GSEA) is a new method of evaluation and drug repur-
posing, which uses computerized algorithms to search for and identify commonly used
drugs that can be repurposed for the treatment of rare and very specific conditions. These
substances, often well known, are given a decreasing GSEA score, corresponding to their
presumed usefulness in a group of diseases. Conversion enzyme inhibitors have been
considered among these potentially useful drugs, with enalapril, fosinopril, quinapril, and
moexipril being, in order, the most usable for MND [224,225].

Drug repositioning is among the most modern approaches in pharmacology and
therapeutics and several researchers have already used this approach to identify families
or individual drugs for the treatment of NDG diseases. The main benefit in such an
approach is that this drug or drug family is already in use, and as such, has already-known
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pharmacokinetics and pharmacodynamics, as well as toxicological characteristics. This
approach works from two directions:

e  Known mechanism of action that has achieved new dimensions once the research into
the etiopathogenesis of NDG disease has sufficiently been advanced (such as prion
diseases and rare diseases, such as familial narcolepsy or Friedreich ataxia, and their
RAS connections).

e  Recognizing new targets from meta-analyses and retargeting studies of known or
old drugs. Computerized studies are a great asset because deep-learning arrays
and other information technology approaches are becoming increasingly more avail-
able [225-229].

An example of repurposing ARB and ACEI use would be in targeting the risk for breast
cancer recurrence and management of cardiovascular diseases (CVDs) in postmenopausal
women [230,231]. Indeed, ACEIs suppressed vascular endothelial growth factor (VEGEF)
expression, VEGF-induced angiogenesis, and tumor growth and ARBs also showed similar
effects in certain cancer cell lines and animal cancer models [232]. However, subsequent
meta-analyses showed no significant association between the use of ARBs and new cancer
risk [233].

An exhaustive review presents how ACEIs can be used to treat AD, based on the
medical genetics of targets [234]. Another seminal study concludes that the use of ARBs
with BBB-penetrating properties during very long time-spans has protective effects on
patients with PD and hypertensive or cardiac disease [60]. However, all authors cau-
tion that “the complete pharmacological spectrum and therapeutic efficacy of individual
ARBs have never been systematically compared, and the neuroprotective efficacy of these
compounds has not been rigorously determined in controlled clinical studies” [235]. It is
extremely important not to mistake a perspective with certitude, and we are not furthering
any hypotheses.

10. Conclusions

There is strong evidence that dysregulation of brain RAS has an important role in
BNDs. The exacerbation of neuroinflammation, which is considered a key factor in several
brain disorders, such as AD, PD, or MS, is explained with AT{R activation through Ang
I/ AT1R signaling. Activation of the ACE2/Ang (1-7) neuronal axis/Mas R promotes neu-
roprotection via antioxidant and anti-inflammatory effects and could have great potential
om the development of new therapeutic options for pathologies including PD, AD, MS,
HD, MND, or PRD.

There are several papers that have assumed the very difficult task of identifying and
enumerating the many RAS modulators that are on the market that may be of use in improv-
ing the evolution of NDG diseases. Their protective effects are associated with an increase
in vascular protection, inhibition of oxidative damage, neuroinflammation or neuronal
apoptosis, stimulation of neurotrophic factors or inhibition of astrocytic hyperstimulation,
myelin protection, and inhibition of neuronal protein misfolding.

Most of these studies were unable to draw clear conclusions, due to many reasons,
some of which were listed above. There is no common stance of clinicians in this problem,
and there is a lack of a unifying theory concerning the pathogenesis of various groups of
NDG diseases.

In this paper, we have tried to offer a more unified view of the way through which
these drugs could be repurposed to increase the quality of life and survival of NDG
patients. The declared scope of this review was to gather all the most recent pieces of
experimental evidence concerning the RAS involvement in NDG diseases, in the hope that
such quantitative accumulations may lead to a qualitative leap in the development of the
therapy or diagnoses of these diseases.
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Abbreviations

3-NP 3-nitropropionic acid

6-OHDA 6-hydroxydopamine

Ach Acetylcholine

ATP Adenosine triphosphate

AD Alzheimer’s Disease

APP Amyloid precursor protein

A-B B-amyloid

Ang Angiotensin

ARB Angiotensin receptor blocker

ACE Angiotensin-converting enzyme
ACEI Angiotensin-converting enzyme inhibitor
Angt Angiotensinogen

ALS Lateral amyotrophic sclerosis

BBB Blood-brain barrier

BND Brain neurodegenerative disease
BK Bradykinin

PrP¢ Cell prionic protein

CNS Central nervous system

CGC Cerebellar granule cells

CSF Cerebrospinal fluid

CVD Cardiovascular diseases

CVO Circumventricular organ

C21 Compound 21

DAG Diacylglycerol

DMT Disease modifying treatment

DA Dopamine

EAE Experimental autoimmune encephalomyelitis
GSEA Gene-set enrichment analysis

GPI Glycosyl-phosphatidyl-inositol
HGF/c-Met  Hepatic Growth Factor/tyrosine kinase type I receptor
HTT Huntingtin

HD Huntington’s Disease

1B Inclusion bodies

1Ps Inositol triphosphate

IRAP Insulin-regulated aminopeptidase
]G Juxtaglomerular

LAS Lateral amyotrophic sclerosis
MPTP Methyl-phenyl-tetrahydropyridine
Katp Mitochondrial ATP-dependent potassium channel
MAPK Mitogen-activated protein kinase
MND Motor Neuron Disease

MS Multiple Sclerosis
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mHTT Mutant huntingtin protein

MOG Myelin oligodendrocyte glycoprotein
NK Natural killer

NDG Neurodegenerative

NADPH Nicotinamide adenine dinucleotide phosphate
NO Nitric oxide

NOS Nitric oxide synthase

NOX Nicotinamide adenine dinucleotide phosphate oxidase
NF-xB Nuclear factor-«xB

PD Parkinson’s Disease

PPAR-y Peroxisome proliferator-activated receptor-y
PIP, Phosphatidylinositol biphosphate
PRD Prion Disease

PRR Prorenin receptor

PKC Protein kinase C

PLP p139-151 Proteolipid protein 139-151 peptide
ROS Reactive oxygen species

R Receptor

RRMS Relapsing remitting MS

RAS Renin-angiotensin-aldosterone system
SG Stress granules

SPN Spiny projection neurons

SN Substantia nigra

SMN Survival motor neuron

TSP-1 Thrombospondin-1

1] Tight junction

TGEF-B Transforming growth factor-3

TNF-o Tumor necrosis factor-o

WT Wild-type

VEGF Vascular endothelial growth factor

Zn Zinc

References

1. Pushpakom, S.; Iorio, F; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41-58. [CrossRef] [PubMed]

2. Ahmad, S.; Qazi, S.; Raza, K. Chapter 10—Translational bioinformatics methods for drug discovery and drug repurposing.
In Translational Bioinformatics in Healthcare and Medicine; Raza, K., Dey, N., Eds.; Academic Press: Cambridge, MA, USA, 2021;
Volume 13, pp. 127-139.

3.  Fountain, J.H.; Lappin, S.L. Physiology, Renin Angiotensin System; StatPearls Publishing: Treasure Island, FL, USA, 2021.

4, Gouveia, F,; Camins, A ; Ettcheto, M.; Bicker, ].; Falcao, A.; Cruz, M.T,; Fortuna, A. Targeting brain Renin-Angiotensin System
for the prevention and treatment of Alzheimer’s disease: Past, present and future. Ageing Res. Rev. 2022, 77,101612. [CrossRef]
[PubMed]

5. Jackson, L.; Eldahshan, W.; Fagan, S.C.; Ergul, A. Within the Brain: The Renin Angiotensin System. Int. J. Mol. Sci. 2018, 19, 876.
[CrossRef]

6. Patel, S.; Rauf, A.; Khan, H.; Abu-Izneid, T. Renin-angiotensin-aldosterone (RAAS): The ubiquitous system for homeostasis and
pathologies. Biomed. Pharmacother. 2017, 94, 317-325. [CrossRef]

7. Colafella, KM.M.; Bovée, D.M.; Danser, A.H.J. The renin-angiotensin-aldosterone system and its therapeutic targets. Exp. Eye Res.
2019, 186, 107680. [CrossRef]

8.  Schweda, F. Salt feedback on the renin-angiotensin-aldosterone system. Pflug. Arch.-Eur. J. Physiol. 2015, 467, 565-576. [CrossRef]

9. Abiodun, O.A.; Ola, M.S. Role of brain renin angiotensin system in neurodegeneration: An update. Saudi J. Biol. Sci. 2020, 27,
905-912. [CrossRef]

10. Vargas, R.A.V,; Millan, ].M.V,; Bonilla, E.F. Renin-angiotensin system: Basic and clinical aspects—A general perspective. Endocrinol.
Diabetes Y Nutr. 2022, 69, 52-62. [CrossRef]

11. Saravi, B.; Li, Z.; Lang, C.N.; Schmid, B.; Lang, FK,; Grad, S.; Alini, M.; Richards, R.G.; Schmal, H.; Stidkamp, N.; et al. The Tissue
Renin-Angiotensin System and Its Role in the Pathogenesis of Major Human Diseases: Quo Vadis? Cells 2021, 10, 650. [CrossRef]

12.  Haulica, I; Bild, W.; Serban, D.N. Angiotensin peptides and their pleiotropic actions. J. Renin. Angiotensin Aldosterone Syst. 2005,
6,121-131. [CrossRef]

13. Bodiga, V.L.; Bodiga, S. Renin angiotensin system in cognitive function and dementia. Asian J. Neurosci. 2013, 2013, 102602.

[CrossRef]


http://doi.org/10.1038/nrd.2018.168
http://www.ncbi.nlm.nih.gov/pubmed/30310233
http://doi.org/10.1016/j.arr.2022.101612
http://www.ncbi.nlm.nih.gov/pubmed/35346852
http://doi.org/10.3390/ijms19030876
http://doi.org/10.1016/j.biopha.2017.07.091
http://doi.org/10.1016/j.exer.2019.05.020
http://doi.org/10.1007/s00424-014-1668-y
http://doi.org/10.1016/j.sjbs.2020.01.026
http://doi.org/10.1016/j.endinu.2021.05.012
http://doi.org/10.3390/cells10030650
http://doi.org/10.3317/jraas.2005.018
http://doi.org/10.1155/2013/102602

Biomolecules 2022, 12, 1429 22 of 30

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Labandeira-Garcia, J.L.; Rodriguez-Perez, A.lL; Garrido-Gil, P.; Rodriguez-Pallares, J.; Lanciego, J.L.; Guerra, M.J. Brain Renin-
Angiotensin System and Microglial Polarization: Implications for Aging and Neurodegeneration. Front. Aging Neurosci. 2017,
9, 129. [CrossRef] [PubMed]

Rukavina Mikusic, N.L.; Pineda, A.M.; Gironacci, M.M. Angiotensin-(1-7) and Mas receptor in the brain. Explor. Med. 2021, 2,
268-293. [CrossRef]

Wright, J.W.; Yamamoto, B.J.; Harding, ].W. Angiotensin receptor subtype mediated physiologies and behaviors: New discoveries
and clinical targets. Prog. Neurobiol. 2008, 84, 157-181. [CrossRef]

McFall, A.; Nicklin, S.A.; Work, L.M. The counter regulatory axis of the renin angiotensin system in the brain and ischaemic
stroke: Insight from preclinical stroke studies and therapeutic potential. Cell. Signal. 2020, 76, 109809. [CrossRef]

Wright, ].W.; Harding, ].W. The brain renin—angiotensin system: A diversity of functions and implications for CNS diseases.
Pfliigers Arch.-Eur. ]. Physiol. 2012, 465, 133-151. [CrossRef]

Nakagawa, P; Sigmund, C.D. How Is the Brain Renin-Angiotensin System Regulated? Hypertension 2017, 70, 10-18. [CrossRef]
[PubMed]

Daneman, R.; Prat, A. The Blood-Brain Barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef]

Michal, I.; Guy, S.S.; Michel, R. Astrocytes in Pathogenesis of Multiple Sclerosis and Potential Translation into Clinic. In Glia in
Health and Disease; Spohr, T., Ed.; IntechOpen: London, UK, 2020.

Fogarty, D.J.; Matute, C. Angiotensin receptor-like immunoreactivity in adult brain white matter astrocytes and oligodendrocytes.
Glia 2001, 35, 131-146. [CrossRef]

Brosnan, C.F; Raine, C.S. The astrocyte in multiple sclerosis revisited. Glia 2013, 61, 453—465. [CrossRef]

Wosik, K.; Cayrol, R.; Dodelet-Devillers, A.; Berthelet, F; Bernard, M.; Moumdjian, R.; Bouthillier, A.; Reudelhuber, T.L.; Prat, A.
Angiotensin II Controls Occludin Function and Is Required for Blood Brain Barrier Maintenance: Relevance to Multiple Sclerosis.
J. Neurosci. 2007, 27, 9032-9042. [CrossRef] [PubMed]

Cosarderelioglu, C.; Nidadavolu, L.S.; George, C.J.; Oh, E.S.; Bennett, D.A.; Walston, J.D.; Abadir, PM. Brain Renin-Angiotensin
System at the Intersect of Physical and Cognitive Frailty. Front. Neurosci. 2020, 14, 586314. [CrossRef] [PubMed]

Grobe, J.L.; Xu, D.; Sigmund, C.D. An Intracellular Renin-Angiotensin System in Neurons: Fact, Hypothesis, or Fantasy. Physiology
2008, 23, 187-193. [CrossRef]

Saavedra, ].M. Brain and pituitary angiotensin. Endocr. Rev. 1992, 13, 329-380. [CrossRef]

Mecca, A.P,; Regenhardt, RW.; O’Connor, T.E.; Joseph, J.P.; Raizada, M.K,; Katovich, M.].; Sumners, C. Cerebroprotection by
angiotensin-(1-7) in endothelin-1-induced ischaemic stroke. Exp. Physiol. 2011, 96, 1084-1096. [CrossRef]

Wright, ].W.; Harding, ].W. Brain renin-angiotensin—A new look at an old system. Prog. Neurobiol. 2011, 95, 49-67. [CrossRef]
[PubMed]

Costa-Besada, M.A.; Valenzuela, R.; Garrido-Gil, P; Villar-Cheda, B.; Parga, ].A.; Lanciego, ].L.; Labandeira-Garcia, ].L. Paracrine
and Intracrine Angiotensin 1-7/Mas Receptor Axis in the Substantia Nigra of Rodents, Monkeys, and Humans. Mol. Neurobiol.
2018, 55, 5847-5867. [CrossRef] [PubMed]

Valenzuela, R.; Costa-Besada, M.A.; Iglesias-Gonzalez, J.; Perez-Costas, E.; Villar-Cheda, B.; Garrido-Gil, P; Melendez-Ferro, M.;
Soto-Otero, R.; Lanciego, J.L.; Henrion, D.; et al. Mitochondrial angiotensin receptors in dopaminergic neurons. Role in cell
protection and aging-related vulnerability to neurodegeneration. Cell Death Dis. 2016, 7, e2427. [CrossRef] [PubMed]

McKinley, M.].; Albiston, A.L.; Allen, A.M.; Mathai, M.L.; May, C.N.; McAllen, R.M.; Oldfield, B.J.; Mendelsohn, F.A.; Chai, S.Y.
The brain renin-angiotensin system: Location and physiological roles. Int. J. Biochem. Cell Biol. 2003, 35, 901-918. [CrossRef]
Zawada, WM.; Mrak, R.E.; Biedermann, J.; Palmer, Q.D.; Gentleman, S.M.; Aboud, O.; Griffin, W.S. Loss of angiotensin II receptor
expression in dopamine neurons in Parkinson’s disease correlates with pathological progression and is accompanied by increases
in Nox4- and 8-OH guanosine-related nucleic acid oxidation and caspase-3 activation. Acta Neuropathol. Commun. 2015, 3, 9.
[CrossRef]

Gurley, S.B.; Allred, A.; Le, T.H.; Griffiths, R.; Mao, L.; Philip, N.; Haystead, T.A.; Donoghue, M.; Breitbart, R.E.; Acton, S.L.;
et al. Altered blood pressure responses and normal cardiac phenotype in ACE2-null mice. J. Clin. Investig. 2006, 116, 2218-2225.
[CrossRef] [PubMed]

Banegas, I.; Prieto, L; Vives, F.; Alba, F; Gasparo, M.d.; Segarra, A.B.; Hermoso, F; Duran, R.; Ramirez, M. Brain Aminopeptidases
and Hypertension. JRAAS 2006, 7, 129-134. [CrossRef] [PubMed]

Prieto, I.; Segarra, A.B.; Gasparo, M.d.; Martinez-Canamero, M.; Ramirez-Sanchez, M. Divergent profile between hypothalamic
and plasmatic aminopeptidase activities in WKY and SHR. Influence of beta-adrenergic blockade. Life Sci. 2018, 192, 9-17.
[CrossRef] [PubMed]

Ferrario, C.M.; Groban, L.; Wang, H.; Sun, X.; VonCannon, J.L.; Wright, KN.; Ahmad, S. The renin-angiotensin system
biomolecular cascade: A 2022 update of newer insights and concepts. Kidney Int. Suppl. 2022, 12, 36-47. [CrossRef] [PubMed]
Puertas, M.d.C.; Martinez-Martos, ].M.; Cobo, M.; Rosa, P.L.; Sandalio, M.; Palomeque, T.; Torres, M.1,; Carrera-Gonzalez, M.P;
Mayas, M.D.; Ramirez-Exposito, M.]J. Plasma renin—angiotensin system-regulating aminopeptidase activities are modified in
early stage Alzheimer’s disease and show gender differences but are not related to apolipoprotein E genotype. Exp. Gerontol.
2013, 48, 557-564. [CrossRef]

Vadhan, J.D.; Speth, R.C. The role of the brain renin-angiotensin system (RAS) in mild traumatic brain injury (TBI). Pharmacol.
Ther. 2021, 218, 107684. [CrossRef]


http://doi.org/10.3389/fnagi.2017.00129
http://www.ncbi.nlm.nih.gov/pubmed/28515690
http://doi.org/10.37349/emed.2021.00046
http://doi.org/10.1016/j.pneurobio.2007.10.009
http://doi.org/10.1016/j.cellsig.2020.109809
http://doi.org/10.1007/s00424-012-1102-2
http://doi.org/10.1161/HYPERTENSIONAHA.117.08550
http://www.ncbi.nlm.nih.gov/pubmed/28559391
http://doi.org/10.1101/cshperspect.a020412
http://doi.org/10.1002/glia.1078
http://doi.org/10.1002/glia.22443
http://doi.org/10.1523/JNEUROSCI.2088-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17715340
http://doi.org/10.3389/fnins.2020.586314
http://www.ncbi.nlm.nih.gov/pubmed/33117127
http://doi.org/10.1152/physiol.00002.2008
http://doi.org/10.1210/edrv-13-2-329
http://doi.org/10.1113/expphysiol.2011.058578
http://doi.org/10.1016/j.pneurobio.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21777652
http://doi.org/10.1007/s12035-017-0805-y
http://www.ncbi.nlm.nih.gov/pubmed/29086247
http://doi.org/10.1038/cddis.2016.327
http://www.ncbi.nlm.nih.gov/pubmed/27763643
http://doi.org/10.1016/S1357-2725(02)00306-0
http://doi.org/10.1186/s40478-015-0189-z
http://doi.org/10.1172/JCI16980
http://www.ncbi.nlm.nih.gov/pubmed/16878172
http://doi.org/10.3317/jraas.2006.021
http://www.ncbi.nlm.nih.gov/pubmed/17094048
http://doi.org/10.1016/j.lfs.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29155297
http://doi.org/10.1016/j.kisu.2021.11.002
http://www.ncbi.nlm.nih.gov/pubmed/35529089
http://doi.org/10.1016/j.exger.2013.03.002
http://doi.org/10.1016/j.pharmthera.2020.107684

Biomolecules 2022, 12, 1429 23 of 30

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Jin, C.Z; Jang, ] H.; Wang, Y.; Kim, J.G.; Bae, YM.; Shi, J.; Che, C.R,; Kim, S.J.; Zhang, Y.H. Neuronal nitric oxide synthase
is up-regulated by angiotensin II and attenuates NADPH oxidase activity and facilitates relaxation in murine left ventricular
myocytes. J. Mol. Cell. Cardiol. 2012, 52, 1274-1281. [CrossRef]

Yasar, S.; Varma, V.R.; Harris, G.C.; Carlson, M.C. Associations of Angiotensin Converting Enzyme-1 and Angiotensin II Blood
Levels and Cognitive Function. |. Alzheimers Dis. 2018, 63, 655-664. [CrossRef]

Kehoe, P.G.; Miners, S.; Love, S. Angiotensins in Alzheimer’s disease—friend or foe? Trends Neurosci. 2009, 32, 619-628. [CrossRef]
Valencia, s.; Shamoon, L.; Romero, A.; De la Cuesta, F.; Sanchez-Ferrer, C.F.; Peiro, C. Angiotensin-(1-7), a protective peptide
against vascular aging. Peptides 2022, 152, 170775. [CrossRef]

Khurana, V.; Goswami, B. Angiotensin converting enzyme (ACE). Clin. Chim. Acta 2022, 524, 113-122. [CrossRef] [PubMed]
Jiang, T.; Yu, J.-T.; Zhu, X.-C.; Zhang, Q.-Q.; Tan, M.-S.; Cao, L.; Wang, H.-F,; Lu, J.; Gao, Q.; Zhang, Y.-D.; et al. Angiotensin-(1-7)
induces cerebral ischaemic tolerance by promoting brain angiogenesis in a Mas/eNOS-dependent pathway. Br. |. Pharmacol. 2014,
171, 4222-4232. [CrossRef] [PubMed]

Santos, R.A.S.; Sampaio, W.O.; Alzamora, A.C.; Motta-Santos, D.; Alenina, N.; Bader, M.; Campagnole-Santos, M.]. The
ACE2/ Angiotensin-(1-7) /MAS Axis of the Renin-Angiotensin System: Focus on Angiotensin-(1-7). Physiol. Rev. 2018, 98, 505-553.
[CrossRef] [PubMed]

Royea, J.; Martinot, P.; Hamel, E. Memory and cerebrovascular deficits recovered following angiotensin IV intervention in a
mouse model of Alzheimer’s disease. Neurobiol. Dis. 2020, 134, 104644. [CrossRef]

Gard, PR; Fidalgo, S.; Lotter, I.; Richardson, C.; Farina, N.; Rusted, J.; Tabet, N. Changes of renin-angiotensin system-related
aminopeptidases in early stage Alzheimer’s disease. Exp. Gerontol. 2017, 89, 1-7. [CrossRef]

Fearnley JM, L.A. Ageing and Parkinson’s disease: Substantia nigra regional selectivity. Brain 1991, 114, 2283-2301. [CrossRef]
Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, ].; Schrag, A.-E.; Lang, A.E. Parkinson disease. Nat.
Rev. Dis. Primers 2017, 3, 17013. [CrossRef]

Haas, S.J.-P; Zhou, X.; Machado, V.; Wree, A.; Krieglstein, K.; Spittau, B. Expression of TgfB1 and Inflammatory Markers in the
6-hydroxydopamine Mouse Model of Parkinson’s Disease. Front. Mol. Neurosci. 2016, 9, 7. [CrossRef]

Forrester, S.J.; Booz, G.W.; Sigmund, C.D.; Coffman, T.M.; Kawai, T.; Rizzo, V.; Scalia, R.; Eguchi, S. Angiotensin II signal
transduction: An update on mechanisms of physiology and pathophysiology. Physiol. Rev. 2018, 98, 1627-1738. [CrossRef]
Farag, E.; Sessler, D.I.; Ebrahim, Z.; Kurz, A.; Morgan, J.; Ahuja, S.; Maheshwari, K.; John Doyle, D. The renin angiotensin system
and the brain: New developments. J. Clin. Neurosci. 2017, 46, 1-8. [CrossRef]

Gao, Q.; Ou, Z,; Jiang, T; Tian, Y.Y.; Zhou, ].S.; Wu, L.; Shi, ].Q.; Zhang, Y.D. Azilsartan ameliorates apoptosis of dopaminergic
neurons and rescues characteristic parkinsonian behaviors in a rat model of Parkinson’s disease. Oncotarget 2017, 8, 24099-24109.
[CrossRef] [PubMed]

Rodriguez-Pallares, J.; Parga, J.A.; Joglar, B.; Guerra, M.].; Labandeira-Garcia, J.L. Mitochondrial ATP-sensitive potassium
channels enhance angiotensin-induced oxidative damage and dopaminergic neuron degeneration. Relevance for aging-associated
susceptibility to Parkinson’s disease. Age 2012, 34, 863-880. [CrossRef] [PubMed]

Tabikh, M.; Chahla, C.; Okdeh, N.; Kovacic, H.; Sabatier, J.-M.; Fajloun, Z. Parkinson disease: Protective role and function of
neuropeptides. Peptides 2021, 151, 170713. [CrossRef]

Jo, Y;; Kim, S.; Yu, Y.M. POSC203 Preventive Effects of Renin-Angiotensin System Inhibitors on Parkinson’s Disease: A Population-
Based Retrospective Cohort Study. Value Health 2022, 25, S140. [CrossRef]

Rocha, N.P; Scalzo, PL.; Barbosa, I.G.; de Campos-Carli, S.M.; Tavares, L.D.; de Souza, M.S.; Christo, P.P,; Reis, H.J.; Simoes e
Silva, A.C.; Teixeira, A.L. Peripheral levels of angiotensins are associated with depressive symptoms in Parkinson’s disease. J.
Neurol. Sci. 2016, 368, 235-239. [CrossRef]

Villar-Cheda, B.; Rodriguez-Pallares, J.; Valenzuela, R.; Mufioz, A.; Guerra, M.].; Baltatu, O.C.; Labandeira-Garcia, J.L. Nigral and
striatal regulation of angiotensin receptor expression by dopamine and angiotensin in rodents: Implications for progression of
Parkinson’s disease. Eur. J. Neurosci. 2010, 32, 1695-1706. [CrossRef]

Jo, Y,; Kim, S.; Ye, B.S,; Lee, E.; Yu, YM. Protective Effect of Renin-Angiotensin System Inhibitors on Parkinson’s Disease: A
Nationwide Cohort Study. Front. Pharmacol. 2022, 13, 837890. [CrossRef]

Calsolaro, V.; Edison, P. Neuroinflammation in Alzheimer’s disease: Current evidence and future directions. Alzheimers Dement
2016, 12, 719-732. [CrossRef]

Raskin, J.; Cummings, J.; Hardy, J.; Schuh, K.; Dean, R.A. Neurobiology of Alzheimer’s Disease: Integrated Molecular, Physiologi-
cal, Anatomical, Biomarker, and Cognitive Dimensions. Curr. Alzheimer Res. 2015, 12, 712-722. [CrossRef]

Ouk, M.; Wu, C.-Y,; Rabin, ].S.; Edwards, ].D.; Ramirez, J.; Masellis, M.; Swartz, R.H.; Herrmann, N.; Lanct6t, K.L.; Black, S.E.; et al.
Associations between brain amyloid accumulation and the use of angiotensin-converting enzyme inhibitors versus angiotensin
receptor blockers. Neurobiol. Aging 2021, 100, 22-31. [CrossRef]

Jiang, T.; Gao, L.; Lu, J.; Zhang, Y.D. ACE2-Ang-(1-7)-Mas Axis in Brain: A Potential Target for Prevention and Treatment of
Ischemic Stroke. Curr. Neuropharmacol. 2013, 11, 209-217. [CrossRef] [PubMed]

Scotti, L.; Bassi, L.; Soranna, D.; Verde, E; Silani, V.; Torsello, A.; Parati, G.; Zambon, A. Association between renin-angiotensin-
aldosterone system inhibitors and risk of dementia: A meta-analysis. Pharmacol. Res. 2021, 166, 105515. [CrossRef] [PubMed]
Li, E.C.; Heran, B.S.; Wright, ] M. Angiotensin converting enzyme (ACE) inhibitors versus angiotensin receptor blockers for
primary hypertension. Cochrane Database Syst. Rev. 2014, 2014, Cd009096. [CrossRef] [PubMed]


http://doi.org/10.1016/j.yjmcc.2012.03.013
http://doi.org/10.3233/JAD-170944
http://doi.org/10.1016/j.tins.2009.07.006
http://doi.org/10.1016/j.peptides.2022.170775
http://doi.org/10.1016/j.cca.2021.10.029
http://www.ncbi.nlm.nih.gov/pubmed/34728179
http://doi.org/10.1111/bph.12770
http://www.ncbi.nlm.nih.gov/pubmed/24824997
http://doi.org/10.1152/physrev.00023.2016
http://www.ncbi.nlm.nih.gov/pubmed/29351514
http://doi.org/10.1016/j.nbd.2019.104644
http://doi.org/10.1016/j.exger.2017.01.006
http://doi.org/10.1093/brain/114.5.2283
http://doi.org/10.1038/nrdp.2017.13
http://doi.org/10.3389/fnmol.2016.00007
http://doi.org/10.1152/physrev.00038.2017
http://doi.org/10.1016/j.jocn.2017.08.055
http://doi.org/10.18632/oncotarget.15732
http://www.ncbi.nlm.nih.gov/pubmed/28445961
http://doi.org/10.1007/s11357-011-9284-7
http://www.ncbi.nlm.nih.gov/pubmed/21713375
http://doi.org/10.1016/j.peptides.2021.170713
http://doi.org/10.1016/j.jval.2021.11.676
http://doi.org/10.1016/j.jns.2016.07.031
http://doi.org/10.1111/j.1460-9568.2010.07448.x
http://doi.org/10.3389/fphar.2022.837890
http://doi.org/10.1016/j.jalz.2016.02.010
http://doi.org/10.2174/1567205012666150701103107
http://doi.org/10.1016/j.neurobiolaging.2020.12.011
http://doi.org/10.2174/1570159X11311020007
http://www.ncbi.nlm.nih.gov/pubmed/23997755
http://doi.org/10.1016/j.phrs.2021.105515
http://www.ncbi.nlm.nih.gov/pubmed/33636351
http://doi.org/10.1002/14651858.CD009096.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25148386

Biomolecules 2022, 12, 1429 24 of 30

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Saavedra, ].M. Angiotensin II AT1 receptor blockers as treatments for inflammatory brain disorders. Clin. Sci. 2012, 123, 567-590.
[CrossRef]

Elkahloun, A.G.; Hafko, R.; Saavedra, ]. M. An integrative genome-wide transcriptome reveals that candesartan is neuroprotective
and a candidate therapeutic for Alzheimer’s disease. Alzheimer’s Res. Ther. 2016, 8, 26822027. [CrossRef]

Saavedra, ].M. Beneficial effects of Angiotensin II receptor blockers in brain disorders. Pharmacol. Res. 2017, 125, 91-103.
[CrossRef]

Carvalho, C.; Moreira, PI. Oxidative Stress: A Major Player in Cerebrovascular Alterations Associated to Neurodegenerative
Events. Front. Physiol. 2018, 9, 806. [CrossRef]

Bhat, S.A.; Goel, R.; Shukla, S.; Shukla, R.; Hanif, K. Angiotensin Receptor Blockade by Inhibiting Glial Activation Promotes
Hippocampal Neurogenesis Via Activation of Wnt/3-Catenin Signaling in Hypertension. Mol. Neurobiol. 2018, 55, 5282-5298.
[CrossRef]

Quitterer, U.; AbdAlla, S. Improvements of symptoms of Alzheimer’s disease by inhibition of the angiotensin system. Pharmacol.
Res. 2020, 154, 104230. [CrossRef]

Valero-Esquitino, V.; Lucht, K.; Namsolleck, P.; Monnet-Tschudi, F.; Stubbe, T.; Lucht, F,; Liu, M.; Ebner, E; Brandt, C.; Danyel, L.A ;
et al. Direct angiotensin type 2 receptor (AT2R) stimulation attenuates T-cell and microglia activation and prevents demyelination
in experimental autoimmune encephalomyelitis in mice. Clin. Sci. 2014, 128, 95-109. [CrossRef]

Constantinescu, C.S.; Goodman, D.B.P.; Grossman, R.I.; Mannon, L.J.; Cohen, ].A. Serum Angiotensin-Converting Enzyme in
Multiple Sclerosis. Arch. Neurol. 1997, 54, 1012-1015. [CrossRef] [PubMed]

Wright, ].W.; Kawas, L.H.; Harding, ].W. The development of small molecule angiotensin IV analogs to treat Alzheimer’s and
Parkinson’s diseases. Prog. Neurobiol. 2015, 125, 26-46. [CrossRef] [PubMed]

Speth, R.C. 4.24—Renin-Angiotensin-Aldosterone System. Compr. Pharmacol. 2022, 4, 528-569. [CrossRef]

Sun, X.; Deng, Y.; Fu, X.; Wang, S.; Duan, R.; Zhang, Y. AngIV-Analog Dihexa Rescues Cognitive Impairment and Recovers
Memory in the APP/PS1 Mouse via the PI3K/AKT Signaling Pathway. Brain Sci. 2021, 11, 1487. [CrossRef]

Nataraj, C.; Oliverio, M.I;; Mannon, R.B.; Mannon, PJ.; Audoly, L.P.; Amuchastegui, C.S.; Ruiz, P.; Smithies, O.; Coffman, T.M.
Angiotensin II regulates cellular immune responses through a calcineurin-dependent pathway. J. Clin. Investig. 1999, 104,
1693-1701. [CrossRef]

Saavedra, ]. M. Angiotensin II AT(1) receptor blockers ameliorate inflammatory stress: A beneficial effect for the treatment of
brain disorders. Cell Mol. Neurobiol. 2012, 32, 667—681. [CrossRef]

Stegbauer, J.; Lee, D.-H.; Seubert, S.; Ellrichmann, G.; Manzel, A.; Kvakan, H.; Muller, D.N.; Gaupp, S.; Rump, L.C.; Gold, R.; et al.
Role of the renin-angiotensin system in autoimmune inflammation of the central nervous system. Proc. Natl. Acad. Sci. USA 2009,
106, 14942-14947. [CrossRef]

Sathiya, S.; Ranju, V.; Kalaivani, P.; Priya, R.J.; Sumathy, H.; Sunil, A.G.; Babu, C.S. Telmisartan attenuates MPTP induced
dopaminergic degeneration and motor dysfunction through regulation of alpha-synuclein and neurotrophic factors (BDNF and
GDNF) expression in C57BL/6] mice. Neuropharmacology 2013, 73, 98-110. [CrossRef]

Tong, Q.; Wu, L,; Jiang, T.; Ou, Z.; Zhang, Y.; Zhu, D. Inhibition of endoplasmic reticulum stress-activated IRElalpha-TRAF2-
caspase-12 apoptotic pathway is involved in the neuroprotective effects of telmisartan in the rotenone rat model of Parkinson’s
disease. Eur. J. Pharmacol. 2016, 776, 106-115. [CrossRef]

Danielyan, L.; Klein, R.; Hanson, L.R.; Buadze, M.; Schwab, M.; Gleiter, C.H.; Frey, W.H. Protective effects of intranasal losartan in
the APP/PSI transgenic mouse model of Alzheimer disease. Rejuvenation Res. 2010, 13, 195-201. [CrossRef]

Wang, J.; Ho, L.; Chen, L.; Zhao, Z.; Zhao, W.; Qian, X.; Humala, N.; Seror, I.; Bartholomew;, S.; Rosendorff, C.; et al. Valsartan
lowers brain beta-amyloid protein levels and improves spatial learning in a mouse model of Alzheimer disease. |. Clin. Investig.
2007, 117, 3393-3402. [CrossRef] [PubMed]

Abo-Youssef, A.M.; Khallaf, W.A.; Khattab, M.M.; Messiha, B.A.S. The anti-Alzheimer effect of telmisartan in a hyperglycemic
ovariectomized rat model; role of central angiotensin and estrogen receptors. Food Chem. Toxicol. 2020, 142, 111441. [CrossRef]
[PubMed]

Wright, ] W.; Harding, ].W. The brain RAS and Alzheimer’s disease. Exp. Neurol. 2010, 223, 326-333. [CrossRef]

Zhuang, S.; Wang, H.-F,; Wang, X.; Li, J.; Xing, C.-M. The association of renin-angiotensin system blockade use with the risks of
cognitive impairment of aging and Alzheimer’s disease: A meta-analysis. J. Clin. Neurosci. 2016, 33, 32-38. [CrossRef] [PubMed]
Austin, B.P; Nair, V.A.; Meier, T.B.; Xu, G.; Rowley, H.A.; Carlsson, C.M.; Johnson, S.C.; Prabhakaran, V. Effects of Hypoperfusion
in Alzheimer’s Disease. |. Alzheimers Dis. 2011, 26, 123-133. [CrossRef]

Rodriguez-Perez, A.IL; Borrajo, A.; Rodriguez-Pallares, J.; Guerra, M.].; Labandeira-Garcia, J.L. Interaction between NADPH-
oxidase and Rho-kinase in angiotensin II-induced microglial activation. Glia 2015, 63, 466—482. [CrossRef]

Ola, M.S.; Ahmed, M.M.; Abuohashish, HM.; Al-Rejaie, S.S.; Alhomida, A.S. Telmisartan ameliorates neurotrophic support and
oxidative stress in the retina of streptozotocin-induced diabetic rats. Neurochem. Res. 2013, 38, 1572-1579. [CrossRef]

Lin, H.-C.; Tseng, Y.-F,; Shen, A.-L.; Chao, ].C.-].; Hsu, C.-Y,; Lin, H.-L. Association of angiotensin receptor blockers with incident
Parkinson’s disease in patients with hypertension: A retrospective cohort study. Am. J. Med. 2022, 135, 1001-1007. [CrossRef]
Deng, G.; Vaziri, N.D,; Jabbari, B.; Ni, Z.; Yan, X.X. Increased tyrosine nitration of the brain in chronic renal insufficiency: Reversal
by antioxidant therapy and angiotensin-converting enzyme inhibition. J. Am. Soc. Nephrol. 2001, 12, 1892-1899. [CrossRef]


http://doi.org/10.1042/CS20120078
http://doi.org/10.1186/s13195-015-0167-5
http://doi.org/10.1016/j.phrs.2017.06.017
http://doi.org/10.3389/fphys.2018.00806
http://doi.org/10.1007/s12035-017-0754-5
http://doi.org/10.1016/j.phrs.2019.04.014
http://doi.org/10.1042/CS20130601
http://doi.org/10.1001/archneur.1997.00550200068012
http://www.ncbi.nlm.nih.gov/pubmed/9267976
http://doi.org/10.1016/j.pneurobio.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25455861
http://doi.org/10.1016/B978-0-12-820472-6.00160-2
http://doi.org/10.3390/brainsci11111487
http://doi.org/10.1172/JCI7451
http://doi.org/10.1007/s10571-011-9754-6
http://doi.org/10.1073/pnas.0903602106
http://doi.org/10.1016/j.neuropharm.2013.05.025
http://doi.org/10.1016/j.ejphar.2016.02.042
http://doi.org/10.1089/rej.2009.0944
http://doi.org/10.1172/JCI31547
http://www.ncbi.nlm.nih.gov/pubmed/17965777
http://doi.org/10.1016/j.fct.2020.111441
http://www.ncbi.nlm.nih.gov/pubmed/32450287
http://doi.org/10.1016/j.expneurol.2009.09.012
http://doi.org/10.1016/j.jocn.2016.02.036
http://www.ncbi.nlm.nih.gov/pubmed/27475317
http://doi.org/10.3233/JAD-2011-0010
http://doi.org/10.1002/glia.22765
http://doi.org/10.1007/s11064-013-1058-4
http://doi.org/10.1016/j.amjmed.2022.04.029
http://doi.org/10.1681/ASN.V1291892

Biomolecules 2022, 12, 1429 25 of 30

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Su, Q.; Huo, C.-J.; Li, H.-B; Liu, K.-L.; Li, X,; Yang, Q.; Song, X.-A.; Chen, W.-S.; Cui, W.; Zhu, G.-Q; et al. Renin-angiotensin
system acting on reactive oxygen species in paraventricular nucleus induces sympathetic activation via ATIR/PKCy/Racl
pathway in salt-induced hypertension. Sci. Rep. 2017, 7, 43107. [CrossRef]

Gopal, K.; Gowtham, M.; Sachin, S.; Ravishankar Ram, M.; Shankar, E.M.; Kamarul, T. Attrition of Hepatic Damage Inflicted
by Angiotensin II with alpha-Tocopherol and beta-Carotene in Experimental Apolipoprotein E Knock-out Mice. Sci. Rep. 2015,
5,18300. [CrossRef] [PubMed]

Verdecchia, P.; Angeli, F.; Mazzotta, G.; Gentile, G.; Reboldi, G. The renin angiotensin system in the development of cardiovascular
disease: Role of aliskiren in risk reduction. Vasc. Health Risk Manag. 2008, 4, 971-981. [CrossRef]

Dong, Y.F; Kataoka, K.; Toyama, K.; Sueta, D.; Koibuchi, N.; Yamamoto, E.; Yata, K.; Tomimoto, H.; Ogawa, H.; Kim-Mitsuyama,
S. Attenuation of brain damage and cognitive impairment by direct renin inhibition in mice with chronic cerebral hypoperfusion.
Hypertension 2011, 58, 635-642. [CrossRef] [PubMed]

Chen, S.D.; Wu, C.L,; Lin, TK.,; Chuang, Y.C.; Yang, D.I. Renin inhibitor aliskiren exerts neuroprotection against amyloid
beta-peptide toxicity in rat cortical neurons. Neurochem. Int. 2012, 61, 369-377. [CrossRef] [PubMed]

Torika, N.; Asraf, K.; Roasso, E.; Danon, A.; Fleisher-Berkovich, S. Angiotensin Converting Enzyme Inhibitors Ameliorate Brain
Inflammation Associated with Microglial Activation: Possible Implications for Alzheimer’s Disease. . Neuroimmune Pharmacol.
2016, 11, 774-785. [CrossRef]

Lassmann, H. Multiple Sclerosis Pathology. In Cold Spring Harbor Perspectives in Medicine; Weiner, H.L., Kuchroo, VK., Eds.; Cold
Spring Harbor Laboratory Press: Long Island, NY, USA, 2018; Volume 8, p. a028936.

Hussain, R.; Zubair, H.; Pursell, S.; Shahab, M. Neurodegenerative Diseases: Regenerative Mechanisms and Novel Therapeutic
Approaches. Brain Sci. 2018, 8, 177. [CrossRef]

Jackson, S.J.; Diemel, L.T.; Pryce, G.; Baker, D. Cannabinoids and neuroprotection in CNS inflammatory disease. J. Neurol. Sci.
2005, 233, 21-25. [CrossRef]

Hauser, S.L.; Cree, B.A.C. Treatment of Multiple Sclerosis: A Review. Am. |. Med. 2020, 133, 1380-1390. [CrossRef]

Katz Sand, I. Classification, diagnosis, and differential diagnosis of multiple sclerosis. Curr. Opin. Neurol. 2015, 28, 193-205.
[CrossRef]

Kempuraj, D.; Thangavel, R.; Natteru, P.; Selvakumar, G.; Saeed, D.; Zahoor, H.; Zaheer, S; Iyer, S.; Zaheer, A. Neuroinflammation
Induces Neurodegeneration. J. Neurol. Neurosurg. Spine 2016, 1, 1003.

Russo, M.V.; McGavern, D.B. Inflammatory neuroprotection following traumatic brain injury. Science 2016, 353, 783-785.
[CrossRef] [PubMed]

Huseby, E.S,; Liggitt, D.; Brabb, T.; Schnabel, B.; Ohlén, C.; Goverman, J. A Pathogenic Role for Myelin-specific CD8+ T Cells in a
Model for Multiple Sclerosis. J. Exp. Med. 2001, 194, 669-676. [CrossRef] [PubMed]

Murphy, A.C.; Lalor, S.J.; Lynch, M.A.; Mills, K.H. Infiltration of Th1 and Th17 cells and activation of microglia in the CNS during
the course of experimental autoimmune encephalomyelitis. Brain Behav. Immun. 2010, 24, 641-651. [CrossRef] [PubMed]
Fraussen, J.; de Bock, L.; Somers, V. B cells and antibodies in progressive multiple sclerosis: Contribution to neurodegeneration
and progression. Autoimmun. Rev. 2016, 15, 896-899. [CrossRef]

Healy, L.M.; Stratton, J.A.; Kuhlmann, T.; Antel, J. The role of glial cells in multiple sclerosis disease progression. Nat. Rev. Neurol.
2022, 18, 237-248. [CrossRef]

Correale, J.; Farez, ML.F. The Role of Astrocytes in Multiple Sclerosis Progression. Front. Neurol. 2015, 6, 180. [CrossRef]
Biancardi, V.C,; Stranahan, A.M.; Krause, E.G.; de Kloet, A.D.; Stern, J.E. Cross talk between AT1 receptors and Toll-like receptor 4
in microglia contributes to angiotensin II-derived ROS production in the hypothalamic paraventricular nucleus. Am. J. Physiol.
Heart Circ. Physiol. 2016, 310, H404-H415. [CrossRef]

Lee, D.-H.; Heidecke, H.; Schroder, A.; Paul, F.; Wachter, R.; Hoffmann, R.; Ellrichmann, G.; Dragun, D.; Waschbisch, A.; Stegbauer,
J.; et al. Increase of angiotensin II type 1 receptor auto-antibodies in Huntington’s disease. Mol. Neurodegener. 2014, 9, 49.
[CrossRef]

Chang, Y.; Wei, W. Angiotensin II in inflammation, immunity and rheumatoid arthritis. Clin. Exp. Immunol. 2015, 179, 137-145.
[CrossRef]

Shao, J.; Nangaku, M.; Miyata, T.; Inagi, R.; Yamada, K.; Kurokawa, K.; Fujita, T. Imbalance of T-cell subsets in angiotensin
II-infused hypertensive rats with kidney injury. Hypertension 2003, 42, 31-38. [CrossRef]

Kawajiri, M.; Mogi, M.; Osoegawa, M.; Matsuoka, T.; Tsukuda, K.; Kohara, K.; Horiuchi, M.; Miki, T.; Kira, J.I. Reduction of
angiotensin II in the cerebrospinal fluid of patients with multiple sclerosis. Mult. Scler. ]. 2008, 14, 557-560. [CrossRef] [PubMed]
Kawajiri, M.; Mogi, M.; Higaki, N.; Matsuoka, T.; Ohyagi, Y.; Tsukuda, K.; Kohara, K.; Horiuchi, M.; Miki, T.; Kira, ].I. Angiotensin-
converting enzyme (ACE) and ACE2 levels in the cerebrospinal fluid of patients with multiple sclerosis. Mult. Scler. 2009, 15,
262-265. [CrossRef] [PubMed]

Haarmann, A.; Hihnel, L.; Schuhmann, M.K.; Buttmann, M. Age-adjusted CSF 2-microglobulin and lactate are increased and
ACE is decreased in patients with multiple sclerosis, but only lactate correlates with clinical disease duration and severity. J.
Neuroimmunol. 2018, 323, 19-27. [CrossRef] [PubMed]

Constantinescu, C.s.; Ventura, E.; Hilliard, B.; Rostami, A. Effects Of The Angiotensin Converting Enzyme Inhibitor Captopril On
Experimental Autoimmune Encephalomyelitis. Immunopharmacol. Immunotoxicol. 1995, 17, 471-495. [CrossRef]


http://doi.org/10.1038/srep43107
http://doi.org/10.1038/srep18300
http://www.ncbi.nlm.nih.gov/pubmed/26670291
http://doi.org/10.2147/VHRM.S3215
http://doi.org/10.1161/HYPERTENSIONAHA.111.173534
http://www.ncbi.nlm.nih.gov/pubmed/21859961
http://doi.org/10.1016/j.neuint.2012.05.012
http://www.ncbi.nlm.nih.gov/pubmed/22609375
http://doi.org/10.1007/s11481-016-9703-8
http://doi.org/10.3390/brainsci8090177
http://doi.org/10.1016/j.jns.2005.03.002
http://doi.org/10.1016/j.amjmed.2020.05.049
http://doi.org/10.1097/WCO.0000000000000206
http://doi.org/10.1126/science.aaf6260
http://www.ncbi.nlm.nih.gov/pubmed/27540166
http://doi.org/10.1084/jem.194.5.669
http://www.ncbi.nlm.nih.gov/pubmed/11535634
http://doi.org/10.1016/j.bbi.2010.01.014
http://www.ncbi.nlm.nih.gov/pubmed/20138983
http://doi.org/10.1016/j.autrev.2016.07.008
http://doi.org/10.1038/s41582-022-00624-x
http://doi.org/10.3389/fneur.2015.00180
http://doi.org/10.1152/ajpheart.00247.2015
http://doi.org/10.1186/1750-1326-9-49
http://doi.org/10.1111/cei.12467
http://doi.org/10.1161/01.HYP.0000075082.06183.4E
http://doi.org/10.1177/1352458507085760
http://www.ncbi.nlm.nih.gov/pubmed/18562510
http://doi.org/10.1177/1352458508097923
http://www.ncbi.nlm.nih.gov/pubmed/19136547
http://doi.org/10.1016/j.jneuroim.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30196829
http://doi.org/10.3109/08923979509016382

Biomolecules 2022, 12, 1429 26 of 30

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.
139.
140.
141.
142.
143.

144.

Ottervald, J.; Franzén, B.; Nilsson, K.; Andersson, L.I.; Khademi, M.; Eriksson, B.; Kjellstrom, S.; Marko-Varga, G.; Végvari,
A.; Harris, R.A.; et al. Multiple sclerosis: Identification and clinical evaluation of novel CSF biomarkers. J. Proteom. 2010, 73,
1117-1132. [CrossRef]

Razazian, N.; Almasi, V.; Afshari, D.; Bostani, A.; Moradian, N.; Farahvashi, M. Serum Angiotensin-Converting Enzyme in
Patients Suffering from Multiple Sclerosis and Healthy Controls: A Pilot Study. Neurophysiology 2019, 50, 348-350. [CrossRef]
Platten, M.; Youssef, S.; Hur, EM.; Ho, PP; Han, M.H.; Lanz, T.V,; Phillips, L.K.; Goldstein, M.].; Bhat, R.; Raine, C.S.; et al. Blocking
angiotensin-converting enzyme induces potent regulatory T cells and modulates TH1- and TH17-mediated autoimmunity. Proc.
Natl. Acad. Sci. USA 2009, 106, 14948-14953. [CrossRef]

Lanz, T.V,; Ding, Z.; Ho, PP; Luo, J.; Agrawal, A.N.; Srinagesh, H.; Axtell, R.; Zhang, H.; Platten, M.; Wyss-Coray, T.; et al.
Angiotensin II sustains brain inflammation in mice via TGF-. . Clin. Investig. 2010, 120, 2782-2794. [CrossRef]

Luo, J.; Ho, PP; Buckwalter, M.S.; Hsu, T.; Lee, L.Y.; Zhang, H.; Kim, D.K,; Kim, S.J.; Gambhir, S.S.; Steinman, L.; et al. Glia-
dependent TGF-beta signaling, acting independently of the TH17 pathway, is critical for initiation of murine autoimmune
encephalomyelitis. J. Clin. Investig. 2007, 117, 3306-3315. [CrossRef]

Kale, N. Optic neuritis as an early sign of multiple sclerosis. Eye Brain 2016, 8, 195-202. [CrossRef]

Guo, X.; Namekata, K.; Kimura, A.; Harada, C.; Harada, T. The Renin-Angiotensin System Regulates Neurodegeneration in a
Mouse Model of Optic Neuritis. Am. J. Pathol. 2017, 187, 2876-2885. [CrossRef] [PubMed]

Joglar, B.; Rodriguez-Pallares, J.; Rodriguez-Perez, A.L; Rey, P.; Guerra, M.].; Labandeira-Garcia, J.L. The inflammatory response
in the MPTP model of Parkinson’s disease is mediated by brain angiotensin: Relevance to progression of the disease. J. Neurochem.
2009, 109, 656—669. [CrossRef] [PubMed]

Goel, R.; Bhat, S.A.; Rajasekar, N.; Hanif, K.; Nath, C.; Shukla, R. Hypertension exacerbates predisposition to neurodegeneration
and memory impairment in the presence of a neuroinflammatory stimulus: Protection by angiotensin converting enzyme
inhibition. Pharmacol. Biochem. Behav. 2015, 133, 132-145. [CrossRef] [PubMed]

Iwasaki, Y.; Ichikawa, Y.; Igarashi, O.; Ikeda, K.; Konno, S.; Aoyagi, J.; Kinoshita, M. Temocapril prevents motor neuron damage
and upregulation of cyclooxygenase-II in glutamate-induced neurotoxicity. Neurol. Res. 2003, 25, 301-304. [CrossRef] [PubMed]
Sengul, G.; Coskun, S.; Cakir, M.; Coban, M.K,; Saruhan, F.; Hacimuftuoglu, A. Neuroprotective effect of ACE inhibitors in
glutamate—induced neurotoxicity: Rat neuron culture study. Turk. Neurosurg. 2011, 21, 367-371. [CrossRef]

Goniotaki, D.; Lakkaraju, A K.K,; Shrivastava, A.N.; Bakirci, P; Sorce, S.; Senatore, A.; Marpakwar, R.; Hornemann, S.; Gasparini,
F; Triller, A.; et al. Inhibition of group-I metabotropic glutamate receptors protects against prion toxicity. PLoS Pathog. 2017,
13, €1006733. [CrossRef]

Kim, M.S,; Lee, G.H.; Kim, Y.M.; Lee, B.W.; Nam, H.Y; Sim, U.C.; Choo, S.J.; Yu, S.W.; Kim, ].].; Kim Kwon, Y,; et al. Angiotensin II
Causes Apoptosis of Adult Hippocampal Neural Stem Cells and Memory Impairment Through the Action on AMPK-PGClalpha
Signaling in Heart Failure. Stem Cells Transl. Med. 2017, 6, 1491-1503. [CrossRef]

Liu, Y;; Chen, S.; Liu, J.; Jin, Y,; Yu, S.; An, R. Telmisartan inhibits oxalate and calcium oxalate crystal-induced epithelial-
mesenchymal transformation via PPAR-y-AKT/STAT3/p38 MAPK-Snail pathway. Life Sci. 2020, 241, 117108. [CrossRef]
Auladell, C.; de Lemos, L.; Verdaguer, E.; Ettcheto, M.; Busquets, O.; Lazarowski, A.; Beas-Zarate, C.; Olloquequi, J.; Folch, J.;
Camins, A. Role of JNK isoforms in the kainic acid experimental model of epilepsy and neurodegeneration. Front. Biosci. 2017, 22,
795-814. [CrossRef]

Wei-Guo, Z.; Hui, Y.; Shan, L.; Yun, Z.; Wen-Cheng, N.; Fu-Lin, Y,; Fang-Yan, F,; Jun-Hua, G,; Jian-Hua, Z. PPAR-gamma agonist
inhibits Ang II-induced activation of dendritic cells via the MAPK and NF-kappaB pathways. Immunol. Cell Biol. 2010, 88,
305-312. [CrossRef]

Mufoz, A.; Rey, P,; Guerra, M.J.; Mendez-Alvarez, E.; Soto-Otero, R.; Labandeira-Garcia, J.L. Reduction of dopaminergic degener-
ation and oxidative stress by inhibition of angiotensin converting enzyme in a MPTP model of parkinsonism. Neuropharmacology
2006, 51, 112-120. [CrossRef] [PubMed]

Grammatopoulos, T.N.; Jones, S.M.; Ahmadi, EA.; Hoover, B.R; Snell, L.D.; Skoch, J.; Jhaveri, V.V.; Poczobutt, A.M.; Weyhenmeyer,
J.A.; Zawada, W.M. Angiotensin type 1 receptor antagonist losartan, reduces MPTP-induced degeneration of dopaminergic
neurons in substantia nigra. Mol. Neurodegener. 2007, 2, 1-17. [CrossRef] [PubMed]

Bates, G.P,; Dorsey, R.; Gusella, ].F.; Hayden, M.R.; Kay, C.; Leavitt, B.R.; Nance, M.; Ross, C.A.; Scahill, R.I.; Wetzel, R; et al.
Huntington disease. Nat. Reviews. Dis. Primers 2015, 1, 15005. [CrossRef] [PubMed]

Saudou, F; Humbert, S. The Biology of Huntingtin. Neuron 2016, 89, 910-926. [CrossRef] [PubMed]

Thion, M.S.; Humbert, S. Cancer: From Wild-Type to Mutant Huntingtin. J. Huntingt. Dis. 2018, 7, 201-208. [CrossRef] [PubMed]
Wexler, A.; Wild, E.; Tabrizi, S. George Huntington: A legacy of inquiry, empathy and hope. Brain 2016, 139, aww165. [CrossRef]
[PubMed]

Zheng, J.; Winderickx, J.; Franssens, V.; Liu, B. A Mitochondria-Associated Oxidative Stress Perspective on Huntington’s Disease.
Front. Mol. Neurosci. 2018, 11, 329. [CrossRef] [PubMed]

Carmo, C.; Naia, L.; Lopes, C.; Rego, A.C. Mitochondrial Dysfunction in Huntington’s Disease. Adv. Exp. Med. Biol. 2018, 1049,
59-83. [CrossRef]

Mittal, S.K.; Eddy, C. The role of dopamine and glutamate modulation in Huntington disease. Behav. Neurol. 2013, 26, 255-263.
[CrossRef]

Ajitkumar, A ; De Jesus, O. Huntington Disease. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.


http://doi.org/10.1016/j.jprot.2010.01.004
http://doi.org/10.1007/s11062-019-09760-5
http://doi.org/10.1073/pnas.0903958106
http://doi.org/10.1172/JCI41709
http://doi.org/10.1172/JCI31763
http://doi.org/10.2147/EB.S54131
http://doi.org/10.1016/j.ajpath.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28919108
http://doi.org/10.1111/j.1471-4159.2009.05999.x
http://www.ncbi.nlm.nih.gov/pubmed/19245663
http://doi.org/10.1016/j.pbb.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25869103
http://doi.org/10.1179/016164103101201382
http://www.ncbi.nlm.nih.gov/pubmed/12739242
http://doi.org/10.5137/1019-5149.JTN.4313-11.0
http://doi.org/10.1371/journal.ppat.1006733
http://doi.org/10.1002/sctm.16-0382
http://doi.org/10.1016/j.lfs.2019.117108
http://doi.org/10.2741/4517
http://doi.org/10.1038/icb.2009.100
http://doi.org/10.1016/j.neuropharm.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16678218
http://doi.org/10.1186/1750-1326-2-1
http://www.ncbi.nlm.nih.gov/pubmed/17224059
http://doi.org/10.1038/nrdp.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/27188817
http://doi.org/10.1016/j.neuron.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26938440
http://doi.org/10.3233/JHD-180290
http://www.ncbi.nlm.nih.gov/pubmed/29889077
http://doi.org/10.1093/brain/aww165
http://www.ncbi.nlm.nih.gov/pubmed/27421790
http://doi.org/10.3389/fnmol.2018.00329
http://www.ncbi.nlm.nih.gov/pubmed/30283298
http://doi.org/10.1007/978-3-319-71779-1_3
http://doi.org/10.1155/2013/408362

Biomolecules 2022, 12, 1429 27 of 30

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.
172.

Caron, N.S.; Wright, G.E.B.; Hayden, M.R. Huntington Disease. In GeneReviews( ®); Adam, M.P, Mirzaa, G.M., Pagon, R.A.,
Wallace, S.E., Bean, L.].H., Gripp, K.W., Amemiya, A., Eds.; University of Washington, Seattle: Seattle, WA, USA, 1993.

Loi, S.M.; Walterfang, M.; Velakoulis, D.; Looi, ].C. Huntington’s disease: Managing neuropsychiatric symptoms in Huntington’s
disease. Australas. Psychiatry Bull. R. Aust. N. Z. Coll. Psychiatr. 2018, 26, 376-380. [CrossRef]

Merical, B.; Sanchez-Manso, J.C. Chorea. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Rocha, N.P; Cleary, C.; Colpo, G.D.; Furr Stimming, E.; Teixeira, A.L. Peripheral Levels of Renin-Angiotensin System Components
Are Associated With Cognitive Performance in Huntington’s Disease. Front. Neurosci. 2020, 14, 594945. [CrossRef] [PubMed]
Thakur, K.S.; Prakash, A.; Bisht, R.; Bansal, PK. Beneficial effect of candesartan and lisinopril against haloperidol-induced tardive
dyskinesia in rat. J. Renin Angiotensin Aldosterone Syst. 2015, 16, 917-929. [CrossRef] [PubMed]

Bild, W.; Hritcu, L.; Stefanescu, C.; Ciobica, A. Inhibition of central angiotensin II enhances memory function and reduces
oxidative stress status in rat hippocampus. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2013, 43, 79-88. [CrossRef] [PubMed]
Ciobica, A.; Hritcu, L.; Nastasa, V.; Padurariu, M.; Bild, W. Inhibition of central angiotensin converting enzyme exerts anxiolytic
effects by decreasing brain oxidative stress. |. Med. Biochem. 2011, 30, 109-114. [CrossRef]

Hariharan, A.; Shetty, S.; Shirole, T.; Jagtap, A.G. Potential of protease inhibitor in 3-nitropropionic acid induced Huntington’s
disease like symptoms: Mitochondrial dysfunction and neurodegeneration. Neurotoxicology 2014, 45, 139-148. [CrossRef]
Machado, T.C.G.; Guatimosim, C.; Kangussu, L.M. The Renin-Angiotensin System in Huntington’s Disease: Villain or Hero?
Protein Pept. Lett. 2020, 27, 456—462. [CrossRef]

Imamura, T,; Fujita, K.; Tagawa, K.; Ikura, T.; Chen, X.; Homma, H.; Tamura, T.; Mao, Y.; Taniguchi, J.B.; Motoki, K.; et al.
Identification of hepta-histidine as a candidate drug for Huntington’s disease by in silico-in vitro- in vivo-integrated screens of
chemical libraries. Sci. Rep. 2016, 6, 33861. [CrossRef]

Steventon, J.J.; Rosser, A.E.; Hart, E.; Murphy, K. Hypertension, Antihypertensive Use and the Delayed-Onset of Huntington’s
Disease. Mov. Disord. Off. . Mov. Disord. Soc. 2020, 35, 937-946. [CrossRef]

Pritchard, J.; Swingler, R.]. Motor neuron disease—A review. Scott. Med. ]. 2000, 45, 4-7. [CrossRef]

Raaphorst, J.; Beeldman, E.; De Visser, M.; De Haan, R.J.; Schmand, B. A systematic review of behavioural changes in motor
neuron disease. Amyotroph. Lateral Scler. 2012, 13, 493-501. [CrossRef]

Donohoe, D.J.; Brady, B. Motor neuron disease: Etiology, pathogenesis and treatment—A review. Ir. J. Med. Sci. 1996, 165, 200-209.
[CrossRef] [PubMed]

Kawajiri, M.; Mogi, M.; Higaki, N.; Tateishi, T.; Ohyagi, Y.; Horiuchi, M.; Miki, T.; Kira, ].I. Reduced angiotensin II levels in the
cerebrospinal fluid of patients with amyotrophic lateral sclerosis. Acta Neurol. Scand. 2009, 119, 341-344. [CrossRef] [PubMed]
Lin, EC,; Tsai, C.P.,; Kuang-Wu Lee, J.; Wu, M.T.; Tzu-Chi Lee, C. Angiotensin-converting enzyme inhibitors and amyotrophic
lateral sclerosis risk: A total population-based case-control study. JAMA Neurol. 2015, 72, 40-48. [CrossRef] [PubMed]

Ohrui, T.; Tomita, N.; Sato-Nakagawa, T.; Matsui, T.; Maruyama, M.; Niwa, K.; Arai, H.; Sasaki, H. Effects of brain-penetrating
ACE inhibitors on Alzheimer disease progression. Neurology 2004, 63, 1324-1325. [CrossRef]

Ohrui, T.; Matsui, T.; Yamaya, M.; Arai, H.; Ebihara, S.; Maruyama, M.; Sasaki, H. Angiotensin-converting enzyme inhibitors and
incidence of Alzheimer’s disease in Japan. . Am. Geriatr. Soc. 2004, 52, 649-650. [CrossRef]

Gao, Y,; O’Caoimh, R.; Healy, L.; Kerins, D.M.; Eustace, ].; Guyatt, G.; Sammon, D.; Molloy, D.W. Effects of centrally acting ACE
inhibitors on the rate of cognitive decline in dementia. BMJ Open 2013, 3, e002881. [CrossRef]

AbdAlla, S.; Langer, A.; Fu, X.; Quitterer, U. ACE inhibition with captopril retards the development of signs of neurodegeneration
in an animal model of Alzheimer’s disease. Int. J. Mol. Sci. 2013, 14, 16917-16942. [CrossRef]

Reardon, K.A.; Mendelsohn, F.A.; Chai, S.Y.; Horne, M.K. The angiotensin converting enzyme (ACE) inhibitor, perindopril,
modifies the clinical features of Parkinson’s disease. Aust. N. Z. J. Med. 2000, 30, 48-53. [CrossRef]

Park, H.S.; You, M.].; Yang, B.; Jang, K.B.; Yoo, J.; Choi, H.J.; Lee, S.H.; Bang, M.; Kwon, M.S. Chronically infused angiotensin II
induces depressive-like behavior via microglia activation. Sci. Rep. 2020, 10, 22082. [CrossRef]

Rana, I.; Suphapimol, V.; Jerome, J.R.; Talia, D.M.; Deliyanti, D.; Wilkinson-Berka, J.L. Angiotensin II and aldosterone activate
retinal microglia. Exp. Eye Res. 2020, 191, 107902. [CrossRef]

Struthers, A.; Krum, H.; Williams, G.H. A comparison of the aldosterone-blocking agents eplerenone and spironolactone. Clin.
Cardiol. 2008, 31, 153-158. [CrossRef] [PubMed]

Min, L.J.; Mogi, M.; Iwanami, ].; Sakata, A.; Jing, F; Tsukuda, K.; Ohshima, K.; Horiuchi, M. Angiotensin II and aldosterone-
induced neuronal damage in neurons through an astrocyte-dependent mechanism. Hypertens. Res. 2011, 34, 773-778. [CrossRef]
[PubMed]

Goel, R.; Bhat, S.A.; Hanif, K,; Nath, C.; Shukla, R. Angiotensin II Receptor Blockers Attenuate Lipopolysaccharide-Induced
Memory Impairment by Modulation of NF-kB-Mediated BDNF/CREB Expression and Apoptosis in Spontaneously Hypertensive
Rats. Mol. Neurobiol. 2018, 55, 1725-1739. [CrossRef]

Skaper, S.D. Neurotrophic Factors: An Overview. Methods Mol. Biol. 2018, 1727, 1-17. [CrossRef] [PubMed]

Fouda, A.Y.; Alhusban, A.; Ishrat, T.; Pillai, B.; Eldahshan, W.; Waller, J.L.; Ergul, A.; Fagan, S.C. Brain-Derived Neurotrophic
Factor Knockdown Blocks the Angiogenic and Protective Effects of Angiotensin Modulation After Experimental Stroke. Mol.
Neurobiol. 2017, 54, 661-670. [CrossRef] [PubMed]


http://doi.org/10.1177/1039856218766120
http://doi.org/10.3389/fnins.2020.594945
http://www.ncbi.nlm.nih.gov/pubmed/33390882
http://doi.org/10.1177/1470320313515038
http://www.ncbi.nlm.nih.gov/pubmed/24464858
http://doi.org/10.1016/j.pnpbp.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23266710
http://doi.org/10.2478/v10011-011-0009-3
http://doi.org/10.1016/j.neuro.2014.10.004
http://doi.org/10.2174/0929866527666200110154523
http://doi.org/10.1038/srep33861
http://doi.org/10.1002/mds.27976
http://doi.org/10.1177/003693300004500102
http://doi.org/10.3109/17482968.2012.656652
http://doi.org/10.1007/BF02940251
http://www.ncbi.nlm.nih.gov/pubmed/8824027
http://doi.org/10.1111/j.1600-0404.2008.01099.x
http://www.ncbi.nlm.nih.gov/pubmed/18798831
http://doi.org/10.1001/jamaneurol.2014.3367
http://www.ncbi.nlm.nih.gov/pubmed/25383557
http://doi.org/10.1212/01.WNL.0000140705.23869.E9
http://doi.org/10.1111/j.1532-5415.2004.52178_7.x
http://doi.org/10.1136/bmjopen-2013-002881
http://doi.org/10.3390/ijms140816917
http://doi.org/10.1111/j.1445-5994.2000.tb01054.x
http://doi.org/10.1038/s41598-020-79096-2
http://doi.org/10.1016/j.exer.2019.107902
http://doi.org/10.1002/clc.20324
http://www.ncbi.nlm.nih.gov/pubmed/18404673
http://doi.org/10.1038/hr.2011.38
http://www.ncbi.nlm.nih.gov/pubmed/21471976
http://doi.org/10.1007/s12035-017-0450-5
http://doi.org/10.1007/978-1-4939-7571-6_1
http://www.ncbi.nlm.nih.gov/pubmed/29222769
http://doi.org/10.1007/s12035-015-9675-3
http://www.ncbi.nlm.nih.gov/pubmed/26758277

Biomolecules 2022, 12, 1429 28 of 30

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.
185.
186.
187.
188.
189.
190.
191.
192.

193.
194.

195.

196.

197.

198.

199.

200.

Alvin, Z; Laurence, G.G.; Coleman, B.R.; Zhao, A.; Hajj-Moussa, M.; Haddad, G.E. Regulation of L-type inward calcium channel
activity by captopril and angiotensin II via the phosphatidyl inositol 3-kinase pathway in cardiomyocytes from volume-overload
hypertrophied rat hearts. Can. J. Physiol. Pharmacol. 2011, 89, 206-215. [CrossRef]

Moon, ].H; Jeong, ] K.; Hong, ].M.; Seol, ].W.; Park, S.Y. Inhibition of Autophagy by Captopril Attenuates Prion Peptide-Mediated
Neuronal Apoptosis via AMPK Activation. Mol. Neurobiol. 2019, 56, 4192-4202. [CrossRef]

Iwasaki, Y.; Ichikawa, Y.; Igarashi, O.; Kinoshita, M.; Ikeda, K. Trophic effect of olmesartan, a novel AT1R antagonist, on spinal
motor neurons in vitro and in vivo. Neurol. Res. 2002, 24, 468-472. [CrossRef]

Ma, P.C.; Maulik, G.; Christensen, J.; Salgia, R. c-Met: Structure, functions and potential for therapeutic inhibition. Cancer
Metastasis Rev. 2003, 22, 309-325. [CrossRef]

Albiston, A.L.; McDowall, S.G.; Matsacos, D.; Sim, P; Clune, E.; Mustafa, T.; Lee, J.; Mendelsohn, F.A.; Simpson, R.J.; Connolly,
L.M,; et al. Evidence that the angiotensin IV (AT(4)) receptor is the enzyme insulin-regulated aminopeptidase. J. Biol. Chem. 2001,
276, 48623-48626. [CrossRef]

Albiston, A.L.; Diwakarla, S.; Fernando, R.N.; Mountford, S.J.; Yeatman, H.R.; Morgan, B.; Pham, V.; Holien, J.K.; Parker, M.W.,;
Thompson, P.E.; et al. Identification and development of specific inhibitors for insulin-regulated aminopeptidase as a new class of
cognitive enhancers. Br. |. Pharmacol. 2011, 164, 37—47. [CrossRef]

Franchi, C.; Bianchi, E.; Pupillo, E.; Poloni, M.; Nobili, A.; Fortino, I.; Bortolotti, A.; Merlino, L.; Beghi, E. Angiotensin-converting
enzyme inhibitors and motor neuron disease: An unconfirmed association. Amyotroph. Lateral Scler. Front. Degener. 2016, 17,
385-388. [CrossRef] [PubMed]

Pfeiffer, R.M.; Mayer, B.; Kuncl, RW.; Check, D.P,; Cahoon, E.K,; Rivera, D.R.; Freedman, D.M. Identifying potential targets for
prevention and treatment of amyotrophic lateral sclerosis based on a screen of medicare prescription drugs. Amyotroph. Lateral
Scler. Front. Degener. 2020, 21, 235-245. [CrossRef] [PubMed]

Kotni, M.K.; Zhao, M.; Wei, D.-Q. Gene expression profiles and protein-protein interaction networks in amyotrophic lateral
sclerosis patients with C9orf72 mutation. Orphanet ]. Rare Dis. 2016, 11, 148. [CrossRef] [PubMed]

Li, Z.; Li, X.; Shen, J.; Tan, H.; Rong, T.; Lin, Y.; Feng, E.; Chen, Z,; Jiao, Y.; Liu, G.; et al. Bioinformatic analysis of SMN1-ACE/ACE2
interactions hinted at a potential protective effect of spinal muscular atrophy against COVID-19-induced lung injury. Brief.
Bioinform. 2021, 22, 1291-1296. [CrossRef] [PubMed]

Shababi, M.; Habibi, J.; Ma, L.; Glascock, J.J.; Sowers, J.R.; Lorson, C.L. Partial restoration of cardio-vascular defects in a rescued
severe model of spinal muscular atrophy. . Mol. Cell. Cardiol. 2012, 52, 1074-1082. [CrossRef]

Prusiner, S.B. Novel proteinaceous infectious particles cause scrapie. Science 1982, 216, 136-144. [CrossRef]

Prusiner, S.B. Research on scrapie. Lancet 1982, 2, 494-495. [CrossRef]

Wright, C.; Howard, A.; Lim, S.; Lakshman, P.; Loo, C. PrPc: The Normal Prion. FASEB ]. 2018, 32, 794-798. [CrossRef]
Miranzadeh Mahabadi, H.; Taghibiglou, C. Cellular Prion Protein (PrPc): Putative Interacting Partners and Consequences of the
Interaction. Int. . Mol. Sci. 2020, 21, 7058. [CrossRef]

Cazaubon, S.; Viegas, P.; Couraud, P.O. Functions of prion protein PrPc. Med. Sci. 2007, 23, 741-745. [CrossRef]

Castle, A.R,; Gill, A.C. Physiological Functions of the Cellular Prion Protein. Front. Mol. Biosci. 2017, 4, 19. [CrossRef]

Beraldo, EH.; Arantes, C.P;; Santos, T.G.; Queiroz, N.G.; Young, K.; Rylett, R.J.; Markus, R.P,; Prado, M.A.; Martins, V.R. Role of
alpha? nicotinic acetylcholine receptor in calcium signaling induced by prion protein interaction with stress-inducible protein 1. J.
Biol. Chem. 2010, 285, 36542-36550. [CrossRef]

Meade, R M,; Fairlie, D.P.; Mason, ].M. Alpha-synuclein structure and Parkinson’s disease—lessons and emerging principles. Mol.
Neurodegener. 2019, 14, 29. [CrossRef] [PubMed]

Spillantini, M.G.; Schmidt, M.L.; Lee, VM.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. Alpha-synuclein in Lewy bodies. Nature 1997,
388, 839-840. [CrossRef] [PubMed]

Aguzzi, A.; Lakkaraju, A.K.K. Cell Biology of Prions and Prionoids: A Status Report. Trends Cell Biol. 2016, 26, 40-51. [CrossRef]
Peng, C.; Trojanowski, ].Q.; Lee, V.M. Protein transmission in neurodegenerative disease. Nat. Reviews. Neurol. 2020, 16, 199-212.
[CrossRef]

Guo, ].L.; Narasimhan, S.; Changolkar, L.; He, Z.; Stieber, A.; Zhang, B.; Gathagan, R.J.; Iba, M.; McBride, ].D.; Trojanowski, ].Q.;
et al. Unique pathological tau conformers from Alzheimer’s brains transmit tau pathology in nontransgenic mice. J. Exp. Med.
2016, 213, 2635-2654. [CrossRef]

Geschwind, M.D. Rapidly Progressive Dementia. Continuum 2016, 22, 510-537. [CrossRef]

Kubler, E.; Oesch, B.; Raeber, A.]J. Diagnosis of prion diseases. Br. Med. Bull. 2003, 66, 267-279. [CrossRef]

Verma, A. Prions, prion-like prionoids, and neurodegenerative disorders. Ann. Indian Acad. Neurol. 2016, 19, 169-174. [CrossRef]
[PubMed]

Bourgognon, ].M.; Spiers, ]J.G.; Robinson, S.W.; Scheiblich, H.; Glynn, P.; Ortori, C.; Bradley, S.J.; Tobin, A.B.; Steinert, J.R.
Inhibition of neuroinflammatory nitric oxide signaling suppresses glycation and prevents neuronal dysfunction in mouse prion
disease. Proc. Natl. Acad. Sci. USA 2021, 118, €2009579118. [CrossRef]

Kozin, S.A.; Polshakov, V.I.; Mezentsev, Y.V.; Ivanov, A.S.; Zhokhov, S.S.; Yurinskaya, M.M.; Vinokurov, M.G.; Makarov, A.A;
Mitkevich, V.A. Enalaprilat Inhibits Zinc-Dependent Oligomerization of Metal-Binding Domain of Amyloid-beta Isoforms and
Protects Human Neuroblastoma Cells from Toxic Action of these Isoforms. Mol. Biol. 2018, 52, 590-597. [CrossRef]


http://doi.org/10.1139/Y11-011
http://doi.org/10.1007/s12035-018-1370-8
http://doi.org/10.1179/016164102101200357
http://doi.org/10.1023/A:1023768811842
http://doi.org/10.1074/jbc.C100512200
http://doi.org/10.1111/j.1476-5381.2011.01402.x
http://doi.org/10.3109/21678421.2016.1143515
http://www.ncbi.nlm.nih.gov/pubmed/26913547
http://doi.org/10.1080/21678421.2019.1682613
http://www.ncbi.nlm.nih.gov/pubmed/31684770
http://doi.org/10.1186/s13023-016-0531-y
http://www.ncbi.nlm.nih.gov/pubmed/27814735
http://doi.org/10.1093/bib/bbaa285
http://www.ncbi.nlm.nih.gov/pubmed/33190150
http://doi.org/10.1016/j.yjmcc.2012.01.005
http://doi.org/10.1126/science.6801762
http://doi.org/10.1016/S0140-6736(82)90519-0
http://doi.org/10.1096/fasebj.2018.32.1_supplement.794.8
http://doi.org/10.3390/ijms21197058
http://doi.org/10.1051/medsci/20072389741
http://doi.org/10.3389/fmolb.2017.00019
http://doi.org/10.1074/jbc.M110.157263
http://doi.org/10.1186/s13024-019-0329-1
http://www.ncbi.nlm.nih.gov/pubmed/31331359
http://doi.org/10.1038/42166
http://www.ncbi.nlm.nih.gov/pubmed/9278044
http://doi.org/10.1016/j.tcb.2015.08.007
http://doi.org/10.1038/s41582-020-0333-7
http://doi.org/10.1084/jem.20160833
http://doi.org/10.1212/CON.0000000000000319
http://doi.org/10.1093/bmb/66.1.267
http://doi.org/10.4103/0972-2327.179979
http://www.ncbi.nlm.nih.gov/pubmed/27293325
http://doi.org/10.1073/pnas.2009579118
http://doi.org/10.1134/S0026893318040106

Biomolecules 2022, 12, 1429 29 of 30

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

Fedosiewicz-Wasiluk, M.; Holy, Z.Z.; Wisniewski, K. L-AP4, a potent agonist of group III metabotropic glutamate receptor,
decreases central action of angiotensin II. Pol. J. Pharmacol. 2002, 54, 415-422. [PubMed]

Gao, N.; Wang, H.; Xu, X,; Yang, Z.; Zhang, T. Angiotensin II induces cognitive decline and anxiety-like behavior via disturbing
pattern of theta-gamma oscillations. Brain Res. Bull. 2021, 174, 84-91. [CrossRef]

Ho, J.K.; Moriarty, F.; Manly, ].J.; Larson, E.B.; Evans, D.A.; Rajan, K.B.; Hudak, E.M.; Hassan, L.; Liu, E.; Sato, N.; et al. Blood-
Brain Barrier Crossing Renin-Angiotensin Drugs and Cognition in the Elderly: A Meta-Analysis. Hypertension 2021, 78, 629-643.
[CrossRef]

Wright, ].W.; Harding, J.W. Contributions by the Brain Renin-Angiotensin System to Memory, Cognition, and Alzheimer’s
Disease. J. Alzheimers Dis. 2019, 67, 469-480. [CrossRef]

Plosker, G.L.; McTavish, D. Captopril. A review of its pharmacology and therapeutic efficacy after myocardial infarction and in
ischaemic heart disease. Drugs Aging 1995, 7, 226-253. [CrossRef]

Sonsalla, P.K.; Coleman, C.; Wong, L.Y.,; Harris, S.L.; Richardson, J.R.; Gadad, B.S.; Li, W.; German, D.C. The angiotensin
converting enzyme inhibitor captopril protects nigrostriatal dopamine neurons in animal models of parkinsonism. Exp. Neurol.
2013, 250, 376-383. [CrossRef]

Smeda, ].S.; Daneshtalab, N. Cerebrovascular recovery after stroke with individual and combined losartan and captopril treatment
of SHRsp. Vascul. Pharmacol. 2017, 96-98, 40-52. [CrossRef]

Baazaoui, N.; Igbal, K. COVID-19 and Neurodegenerative Diseases: Prion-Like Spread and Long-Term Consequences. ].
Alzheimers Dis. 2022, 88, 399-416. [CrossRef] [PubMed]

Khazaal, S.; Harb, J.; Rima, M.; Annweiler, C.; Wu, Y.; Cao, Z.; Abi Khattar, Z.; Legros, C.; Kovacic, H.; Fajloun, Z.; et al. The
Pathophysiology of Long COVID throughout the Renin-Angiotensin System. Molecules 2022, 27, 2903. [CrossRef] [PubMed]
Mungmungpuntipantip, R.; Wiwanitkit, V. Regarding Oculomotor Palsy After the Administration of the Messenger RNA-1273
Vaccine for SARS-CoV-2: Diplopia After the COVID-19 Vaccine. J. Neuroophthalmol. 2022, 1097. [CrossRef] [PubMed]
Hadi-Alijanvand, H.; Di Paola, L.; Hu, G.; Leitner, D.M.; Verkhivker, G.M.; Sun, P,; Poudel, H.; Giuliani, A. Biophysical Insight
into the SARS-CoV2 Spike-ACE2 Interaction and Its Modulation by Hepcidin through a Multifaceted Computational Approach.
ACS Omega 2022, 7,17024-17042. [CrossRef]

Heneka, M.T,; Golenbock, D.; Latz, E.; Morgan, D.; Brown, R. Immediate and long-term consequences of COVID-19 infections for
the development of neurological disease. Alzheimers Res. Ther. 2020, 12, 69. [CrossRef]

Mattioli, F; Piva, S.; Stampatori, C.; Righetti, F.; Mega, L; Peli, E.; Sala, E.; Tomasi, C.; Indelicato, A.M.; Latronico, N.; et al.
Neurologic and cognitive sequelae after SARS-CoV2 infection: Different impairment for ICU patients. ]. Neurol. Sci. 2022,
432,120061. [CrossRef]

Wysocki, ]J.; Lores, E.; Ye, M.; Soler, M.].; Batlle, D. Kidney and Lung ACE2 Expression after an ACE Inhibitor or an Ang II
Receptor Blocker: Implications for COVID-19. J. Am. Soc. Nephrol. 2020, 31, 1941-1943. [CrossRef]

Chandra, A ; Johri, A. A Peek into Pandora’s Box: COVID-19 and Neurodegeneration. Brain Sci. 2022, 12, 190. [CrossRef]

Li, Y,; Lu, S,; Gu, J.; Xia, W.,; Zhang, S.; Zhang, S.; Wang, Y.; Zhang, C.; Sun, Y;; Lei, ].; et al. SARS-CoV-2 impairs the disassembly
of stress granules and promotes ALS-associated amyloid aggregation. Protein Cell 2022, 13, 602-614. [CrossRef]

Rocha, N.P,; Simoes, E.S.A.C.; Prestes, T.R.R.; Feracin, V.; Machado, C.A.; Ferreira, R.N.; Teixeira, A.L.; de Miranda, A.S. RAS in
the Central Nervous System: Potential Role in Neuropsychiatric Disorders. Curr. Med. Chem. 2018, 25, 3333-3352. [CrossRef]
Goldstein, B.; Speth, R.C.; Trivedi, M. Renin-angiotensin system gene expression and neurodegenerative diseases. J. Renin-
Angiotensin-Aldosterone Syst. 2016, 17, 1470320316666750. [CrossRef] [PubMed]

Ranadive, S.A.; Chen, A.X,; Serajuddin, A.T. Relative lipophilicities and structural-pharmacological considerations of various
angiotensin-converting enzyme (ACE) inhibitors. Pharm. Res. 1992, 9, 1480-1486. [CrossRef] [PubMed]

Tan, J.; Wang, ].M.; Leenen, EH. Inhibition of brain angiotensin-converting enzyme by peripheral administration of trandolapril
versus lisinopril in Wistar rats. Am. ]. Hypertens. 2005, 18, 158-164. [CrossRef] [PubMed]

Bender, N.; Rangoonwala, B.; Rosenthal, J.; Vasmant, D. Physicochemical and enzyme binding kinetic properties of a new
angiotensin-converting enzyme inhibitor ramipril and their clinical implications. Clin. Physiol. Biochem. 1990, 8 (Suppl. 1), 44-52.
de Oliveira, EE,; Bertolucci, PH.; Chen, E.S.; Smith, M.C. Brain-penetrating angiotensin-converting enzyme inhibitors and
cognitive change in patients with dementia due to Alzheimer’s disease. |. Alzheimers Dis. 2014, 42 (Suppl. 3), S321-5324.
[CrossRef]

Ouk, M.; Wu, C.Y,; Rabin, J.S.; Jackson, A.; Edwards, J.D.; Ramirez, J.; Masellis, M.; Swartz, R.H.; Herrmann, N.; Lanct6t, K.L.;
et al. The use of angiotensin-converting enzyme inhibitors vs. angiotensin receptor blockers and cognitive decline in Alzheimer’s
disease: The importance of blood-brain barrier penetration and APOE ¢4 carrier status. Alzheimers Res. Ther. 2021, 13, 43.
[CrossRef]

Fiscon, G.; Conte, F.; Amadio, S.; Volonté, C.; Paci, P. Drug Repurposing: A Network-based Approach to Amyotrophic Lateral
Sclerosis. Neurother. . Am. Soc. Exp. NeuroTherapeutics 2021, 18, 1678-1691. [CrossRef]

Paranjpe, M.D.; Taubes, A.; Sirota, M. Insights into Computational Drug Repurposing for Neurodegenerative Disease. Trends
Pharmacol. Sci. 2019, 40, 565-576. [CrossRef]

Advani, D.; Gupta, R.; Tripathi, R.; Sharma, S.; Ambasta, R.K.; Kumar, P. Protective role of anticancer drugs in neurodegenerative
disorders: A drug repurposing approach. Neurochem. Int. 2020, 140, 104841. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/12593528
http://doi.org/10.1016/j.brainresbull.2021.06.002
http://doi.org/10.1161/HYPERTENSIONAHA.121.17049
http://doi.org/10.3233/JAD-181035
http://doi.org/10.2165/00002512-199507030-00007
http://doi.org/10.1016/j.expneurol.2013.10.014
http://doi.org/10.1016/j.vph.2017.08.004
http://doi.org/10.3233/JAD-220105
http://www.ncbi.nlm.nih.gov/pubmed/35599487
http://doi.org/10.3390/molecules27092903
http://www.ncbi.nlm.nih.gov/pubmed/35566253
http://doi.org/10.1097/WNO.0000000000001558
http://www.ncbi.nlm.nih.gov/pubmed/35421876
http://doi.org/10.1021/acsomega.2c00154
http://doi.org/10.1186/s13195-020-00640-3
http://doi.org/10.1016/j.jns.2021.120061
http://doi.org/10.1681/ASN.2020050667
http://doi.org/10.3390/brainsci12020190
http://doi.org/10.1007/s13238-022-00905-7
http://doi.org/10.2174/0929867325666180226102358
http://doi.org/10.1177/1470320316666750
http://www.ncbi.nlm.nih.gov/pubmed/27613758
http://doi.org/10.1023/A:1015823315983
http://www.ncbi.nlm.nih.gov/pubmed/1475237
http://doi.org/10.1016/j.amjhyper.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15752941
http://doi.org/10.3233/JAD-132189
http://doi.org/10.1186/s13195-021-00778-8
http://doi.org/10.1007/s13311-021-01064-z
http://doi.org/10.1016/j.tips.2019.06.003
http://doi.org/10.1016/j.neuint.2020.104841

Biomolecules 2022, 12, 1429 30 of 30

227.

228.

229.

230.

231.

232.
233.

234.

235.

Khatri, D.K.; Kadbhane, A.; Patel, M.; Nene, S.; Atmakuri, S.; Srivastava, S.; Singh, S.B. Gauging the role and impact of drug
interactions and repurposing in neurodegenerative disorders. Curr. Res. Pharmacol. Drug Discov. 2021, 2, 100022. [CrossRef]
Liu, W,; Wang, G.; Wang, Z.; Wang, G.; Huang, J.; Liu, B. Repurposing small-molecule drugs for modulating toxic protein
aggregates in neurodegenerative diseases. Drug Discov. Today 2022, 27, 1994-2007. [CrossRef] [PubMed]

Savva, K.; Zachariou, M.; Oulas, A.; Minadakis, G.; Sokratous, K.; Dietis, N.; Spyrou, G.M. Chapter 4—Computational Drug
Repurposing for Neurodegenerative Diseases. In Silico Drug Design; Roy, K., Ed.; Academic Press: Cambridge, MA, USA, 2019;
pp- 85-118.

George, A.].; Allen, A.; Chand, A.L. Repurposing ARBs as treatments for breast cancer. Aging 2017, 9, 1357-1358. [CrossRef]
Gelosa, P.; Castiglioni, L.; Camera, M.; Sironi, L. Repurposing of drugs approved for cardiovascular diseases: Opportunity or
mirage? Biochem. Pharmacol. 2020, 177, 113895. [CrossRef] [PubMed]

Ayyar, P.; Subramanian, U. Repurposing—Second life for drugs. Pharmacia 2022, 69, 51-59. [CrossRef]

Ishida, J.; Konishi, M.; Ebner, N.; Springer, J. Repurposing of approved cardiovascular drugs. J. Transl. Med. 2016, 14, 269.
[CrossRef] [PubMed]

Zhang, X.-Z.; Quan, Y.; Tang, G.-Y. Medical genetics-based drug repurposing for Alzheimer’s disease. Brain Res. Bull. 2015, 110,
26-29. [CrossRef]

Villapol, S.; Saavedra, ].M. Neuroprotective effects of angiotensin receptor blockers. Am. . Hypertens. 2015, 28, 289-299. [CrossRef]


http://doi.org/10.1016/j.crphar.2021.100022
http://doi.org/10.1016/j.drudis.2022.04.003
http://www.ncbi.nlm.nih.gov/pubmed/35395400
http://doi.org/10.18632/aging.101249
http://doi.org/10.1016/j.bcp.2020.113895
http://www.ncbi.nlm.nih.gov/pubmed/32145263
http://doi.org/10.3897/pharmacia.69.e72548
http://doi.org/10.1186/s12967-016-1031-5
http://www.ncbi.nlm.nih.gov/pubmed/27646033
http://doi.org/10.1016/j.brainresbull.2014.11.003
http://doi.org/10.1093/ajh/hpu197

	Introduction 
	Evidence of the RAS in the CNS: Presence of mARN, tARN, AT1 and AT2 Receptors, Mas Receptors, Ang II, Ang (1–7), and Ang IV 
	Renin-Angiotensin-Aldosterone System and Parkinson’s Disease 
	Renin-Angiotensin-Aldosterone System and Alzheimer’s Disease and Other Memory Disorders 
	Renin-Angiotensin-Aldosterone System and Multiple Sclerosis 
	Renin-Angiotensin-Aldosterone System and Huntington’s Disease 
	Renin-Angiotensin-Aldosterone System and Motor Neuron Disease 
	Renin-Angiotensin-Aldosterone System and Prion Disease 
	Perspectives, If Any 
	Conclusions 
	References

