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Abstract Alzheimer’s disease (AD) is a neurodegener-
ative disorder that is multifactorial in nature. Yet, de-
spite being the most common form of dementia in the
elderly, AD’s primary cause remains unknown. As
such, there is currently little to offer AD patients as the
vast majority of recently tested therapies have either
failed in well-controlled clinical trials or inadequately
treat AD. Recently, emerging preclinical and clinical
evidence has associated the brain renin angiotensin sys-
tem (RAS) to AD pathology. Accordingly, various com-
ponents of the brain RAS were shown to be altered in
AD patients and mouse models, including the angioten-
sin II type 1 (AT1R), angiotensin IV receptor (AT4R),
and Mas receptors. Collectively, the changes observed
within the RAS have been proposed to contribute to
many of the neuropathological hallmarks of AD, includ-
ing the neuronal, cognitive, and vascular dysfunctions.
Accumulating evidence has additionally identified anti-
hypertensive medications targeting the RAS, particular-
ly angiotensin receptor blockers (ARBs) and
angiotensin-converting enzyme inhibitors (ACEIs), to
delay AD onset and progression. In this review, we will
discuss the emergence of the RAS’s involvement in AD
and highlight putative mechanisms of action underlying
ARB’s beneficial effects that may explain their ability to
modify the risk of developing AD or AD progression.
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Introduction

Alzheimer’s disease (AD) is a debilitating neurodegen-
erative disease afflicting memory, language, personali-
ty, cognition, and executive functioning, whereby pa-
tients’ gradual decline becomes severe enough to inter-
fere with their daily activities. With more than 40 mil-
lion individuals affected worldwide by dementia, and
AD being the most common irreversible form of de-
mentia, it has become a growing problem in the health
sector due to both the disease’s devastating societal
impact and estimated annual cost (Chang et al. 2015).
Intriguingly, AD is thought to begin years before symp-
toms of dementia are present, providing an opportunity
to delay and reduce AD prevalence. There remains no
cure for AD; thus, identifying risk factors, discovering
biological mechanisms, and developing intervention
strategies to prevent, slow down, or stop the disease
progression are essential research fields.

Dr. Alois Alzheimer first identified the classical be-
havioral and neuropathological features of AD in 1906
following post-mortem investigations of patient
Auguste Deter, who had developed an unusual
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progressive dementia at age 51 (Goedert and Spillantini
2006). Utilizing Bielschowsky silver staining,
Alzheimer observed tangles of fibrils (known today as
neurofibrillary tangles (NFTs)) within the cytoplasm of
degenerating neurons, widespread presence of tiny
silver-stained deposits (senile plaques) scattered
throughout the cortex (Goedert and Spillantini 2006),
and identified cerebrovascular pathology that he
deemed atherosclerosis of the brain (Maurer et al.
1997). The hallmark of this debilitating disease remains
the gradual decline in cognitive function and progres-
sive memory loss, disease components associated with
AD’s synaptic dysfunction, synaptic loss, and neuronal
death (Mucke et al. 2000). Areas of the brain predomi-
nately affected by AD are regions required for cognitive
function and include the hippocampus, entorhinal and
frontal cortices, and subcortical structures. To this day,
AD is characterized by NFTs resulting from aggregation
of hyperphosphorylated tau, increases in amyloid-3
(AP) peptides and A3 plaque formation, glial cell acti-
vation, oxidative stress, as well as metabolic and cere-
brovascular dysregulation (Gorelick et al. 2011,
Serrano-Pozo et al. 2011; Sweeney et al. 2018; Girouard
and Iadecola 2006).

AD as a vascular disorder

The cerebrovascular component of AD has often been
disregarded due to the distinction made between vascu-
lar dementia and AD pathology, a distinction that is no
longer tenable (Iadecola 2013; Kisler et al. 2017). In-
deed, vascular dysregulation was identified as the earli-
est biomarker in AD in a multimodality brain imaging
study, with vascular dysregulation occurring prior to A3
deposition, altered glucose metabolism, and cognitive
dysfunctions in sporadic AD compared with controls
(Tturria-Medina et al. 2016). Despite vascular pathology
in AD being first identified in the early 1900s by Alois
Alzheimer, research overlooked the cerebrovascular
component of AD when the A3 peptide was suggested
to be the initiator of AD due to its presence in the
parenchyma in the form of A{3 plaques and in the
vasculature as cerebral amyloid angiopathy (CAA)
(Iadecola 2013; Kisler et al. 2017; Iadecola 2004).
Moreover, vascular alterations affecting both extra-
and intracerebral vessels have been reported throughout
the vascular architecture in AD and are thought to
contribute to cerebrovascular dysfunction (Sweeney
et al. 2018). Pericytes, endothelial cells (ECs), and
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smooth muscle cells (SMCs) undergo degenerative
changes throughout the pathogenesis of AD, with vas-
cular changes including EC damage, perivascular leak-
age, destruction of the cell membrane and cytoplasm,
condensed nucleus and swollen mitochondria, basement
membrane thickening, vacuolization, and vessel lumen
distortions (Kalaria 1996). As such, the impact of cere-
brovascular lesions, as well as structural and functional
alterations of cerebral blood vessels observed in AD
patients (Jellinger 2007), has re-instilled the importance
of gaining a better understanding of cerebrovascular
pathogenic mechanisms in AD.

The majority of demented patients display mixed AD
and vascular pathology with several cerebrovascular
alterations (Iadecola 2013; Jellinger 2007). Accumulat-
ing evidence supports the idea of a strong vascular
contribution to sporadic AD. Studies have demonstrated
reduced resting cerebral blood flow (CBF), lessened
vasoreactivity and perfusion to activated brain regions
(neurovascular coupling dysregulation) in AD patients
(Girouard and Iadecola 2006; Iadecola 2013; Kisler
et al. 2017; Iturria-Medina et al. 2016), as well as
cerebrovascular lesions in 40-50% of clinically diag-
nosed AD patients (Schneider et al. 2007; Sonnen et al.
2007). Since perfusion deficits are present from an early
preclinical phase and persist into the late stages of AD, a
progressive hypoperfusion may impede brain structure,
function, and result in cognitive deficits in advanced
stages of the disease. Chronic brain hypoperfusion is
thought to increase the energy demand in neurons, thus,
initiating cellular and molecular changes that result in
AD pathology (Iadecola 2004; Langbaum et al. 2009;
Farkas and Luiten 2001).

The aforementioned alterations in AD
cerebrovasculature are further detectable in individuals
with mild cognitive impairment (MCI, the prodromal
stage of AD) and those expressing the E4 allele of
apolipoprotein E, the most consistent susceptibility gene
linked with an increased risk of AD (Kisler et al. 2017;
Poirier et al. 1993; Grothe et al. 2016). These observa-
tions lead to the vascular hypothesis of AD wherein
vascular risk factors, altered homeostasis between CBF
nutrient and oxygen delivery, and neuronal and glial
metabolic demands, and are thought to play a pivotal
role in the manifestation and progression of AD
(Iadecola 2013; Kisler et al. 2017; Iadecola 2004).
Chronic cerebral hypoperfusion was identified as a key
mechanism contributing to AD pathology due to its
suggested role in decreasing A3 peptide clearance,



GeroScience (2020) 42:1237-1256

1239

inducing oxidative stress and EC dysfunction, and lead-
ing to a shortage of essential brain nutrients and con-
tributing to neurotoxic aggregates thereby creating a
threat to the brain homeostasis (Langbaum et al.
2009). This molecular cascade is further thought to play
a key role in AD synaptic failure, neuronal dysregula-
tion, and neurodegeneration (Sweeney et al. 2018;
Iadecola 2004; Farkas and Luiten 2001).

In comparison with the genetic form of AD known as
familial AD (FAD), more than 95% of AD cases are
sporadic and have a later age of onset. While age is the
greatest risk factor, AD is not a normal feature of aging
and age alone is not sufficient to cause the disease.
Indeed, cardiovascular diseases including hypertension,
hypercholesterolemia, stroke, diabetes, and bad lifestyle
habits are main risk factors that increase the probability
of developing sporadic AD (Duron and Hanon 2008; de
la Torre 2010), the latter being enhanced with each
additional risk factor (Luchsinger et al. 2005). A large
proportion of patients diagnosed with AD possess con-
current cerebrovascular diseases that are thought to pro-
mote the conversion of MCI to AD (Li et al. 2011) and
worsen the cognitive impact of AD (Esiri et al. 1999).
Epidemiological studies further suggest that an im-
proved societal cardiovascular health may contribute to
reduced AD incidence (Pase et al. 2017; Claassen
2015), a finding supported by the association between
treatment of vascular risk factors with a reduced inci-
dence of AD and a slower cognitive decline in AD
patients (Girouard and Iadecola 2006; Iadecola 2013;
Villapol and Saavedra 2015). Knowing the association
between cardiovascular risk factors and AD, disease-
modifying therapies addressing both neuronal and vas-
cular dysfunctions in AD uphold a significant potential
for its prevention and treatment.

Targeting cardiovascular diseases in AD therapy

AD and cardiovascular diseases share important cardio-
metabolic and lifestyle risk factors that occur in middle
aged and elderly individuals. Findings from observa-
tional studies have associated several vascular risk fac-
tors with increased risk of late-life cognitive deficits and
AD (de la Torre 2010; O'Brien and Markus 2014).
Indeed, treatments of cardiovascular risk factors have
been associated with reduced incidence of AD and
cognitive decline in AD patients (Iadecola 2013;
Villapol and Saavedra 2015). Since many cardiovascu-
lar diseases have well-established therapeutic

interventions, they may provide insight on pathways to
prevent or delay AD in aged individuals (de la Torre
2010; Khachaturian et al. 2006; Chiu et al. 2014). While
statins and antidiabetic drugs have been considered to
have benefits for AD patients, the best evidence seems
to be related to antihypertensive medication. Hyperten-
sion (HT), defined by an elevated arterial blood pres-
sure, is the leading risk factor for dementia and AD. HT
causes thickening of the blood vessel wall, reduced
vessel elasticity, narrowing of vessel lumen, EC dys-
function, and alters blood-brain-barrier (BBB) integrity
(Skoog 2000). There seems to be a synergistic relation-
ship between HT and AD pathological hallmarks, name-
ly AP and NFTs, suggesting an ability for HT to accel-
erate AD pathophysiology (Cifuentes et al. 2015). Lon-
gitudinal and neuropathological studies have drawn a
correlation between individuals with mid-life HT and
AD (Khachaturian et al. 2006; Barnes and Yaffe 2011;
Skoog and Gustafson 2006), with growing evidence
suggesting that mid-hypertensive patients have a greater
conversion rate to AD than healthy older adults (Barnes
and Yaffe 2011; Skoog and Gustafson 2006). Midlife
HT has also been associated with an increase of white
matter lesions, smaller brain volumes, as well as a key
risk factor for cognitive decline (Lane et al. 2019). The
FINMONICA study associated higher systolic blood
pressure in midlife to a significantly greater risk of
developing MCI, followed by AD conversion. Corre-
spondingly, the longitudinal Cache County Study of
memory and aging identified elderly patients with
mild-HT (140-159 mmHg systolic, 90-99 mmHg dia-
stolic) as having a significantly higher conversion rate to
AD (8.9%) than healthy elderly controls (1-2%)
(Khachaturian et al. 2006). Likewise, in a systematic
review and meta-analysis exploring the relationship be-
tween midlife HT and AD, midlife systolic HT (> 140
and > 160 mmHg) was associated with an increased risk
of AD by 18 and 25%, respectively (Lennon et al.
2019). Knowing that HT is modifiable, its treatment
represents an opportunity for the prevention of AD.
The renin angiotensin system (RAS) appears to be a
key component in AD due to its role in blood pressure
regulation and HT, as well as its involvement in numer-
ous neuropathological hallmarks of AD, including AD’s
progressive cognitive decline. For these reasons, the
present review will discuss the potential for targeting
components of the RAS in relation to memory, cerebro-
vascular and neuropathological hallmarks of AD, par-
ticularly addressing the beneficial effects of ARB
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treatment. In this respect, we seek to describe how the
brain RAS may provide novel molecular targets for
recovering memory pathways and cerebrovascular func-
tion in AD patients.

The renin angiotensin system

The RAS is well known for its involvement in regu-
lation of water and electrolyte balance, systemic vas-
cular resistance, and blood pressure control (Gebre
et al. 2018). There is a complete independent RAS
within the CNS (Jackson et al. 2018), as the BBB
restricts peripheral RAS components from accessing
most brain regions. The brain RAS is a complex
biochemical pathway possessing all necessary precur-
sors and enzymes required for the synthesis of its

main biologically active peptides: angiotensin II
(Angll), angiotensin (1-7), and angiotensin IV
(AnglV) (Fig. 1) (Wright and Harding 2011). In the
CNS, Angll has been found in astrocytes, microglia,
and neurons and has a high binding affinity for two
receptors, Angll type 1 (ATIR) and type 2
(AT2R) receptors, both mediating different effects
(Fig. 1), described in the subsequent sections
(Wright and Harding 2011). Angll is converted to
either angiotensin (1-7) by ACE2, where it binds to
MAS receptors, or angiotensin III, followed by
AnglV by cleavage via aminopeptidases. AnglV is
an endogenous hexapeptide, located in neurons, and
is the last known active metabolite in the RAS. AnglV
binds with low affinity to ATIRs and AT2Rs
(Bosnyak et al. 2011) and is highly selective to the
AnglV receptor (AT4R), also known as insulin-
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Fig. 1 Schematic representation of the biological actions and the
sites of action of pharmacological agents targeting the RAS.
Losartan and one of its active metabolite EXP3174 are potent
antagonists acting on ATI1Rs; thereby, blocking the action of
angiotensin II (Angll), while its second active metabolite
EXP3179 mediates pleiotropic effects. Losartan treatment has
been shown to rescue AD dysfunctions in AD mouse models. This
restorative benefit may be mediated by Angll activation of AT2Rs
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or through its conversion into other active peptides, including
angiotensin IV (AnglV) that binds to the AnglV receptor
(AT4R, also known as insulin-regulated aminopeptidase (IRAP))
and angiotensin (1-7) that binds to Mas receptors. Pharmacologi-
cal intervention of the RAS has improved our understanding of the
mechanisms of action mediating losartan’s beneficial effects in
AD
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regulated aminopeptidase (IRAP) (Fig. 1) (Albiston
et al. 2001).

Angiotensin II type 1 receptors

ATI1Rs are G protein-coupled receptors located on neu-
rons, astrocytes, oligodendrocytes, and microglia within
the cortex, hippocampus, hypothalamus, basal ganglia,
and on cerebral blood vessels (Jackson et al. 2018).
ATIR is a major activator of the NADPH-oxidase com-
plex, leading to pro-inflammatory and pro-oxidative
effects (Fig. 1) (Labandeira-Garcia et al. 2017). ATIR
knockout mice exhibit smaller infarct size following
MCA occlusion, benefits thought to be due to the re-
ceptors’ role in activating pro-inflammatory pathways
and mediating cerebrovascular pathological growth
(Nishimura et al. 2000). Activation of AT1Rs has also
been associated with superoxide formation (Prusty et al.
2017), vasoconstriction, CBF regulation (Wright and
Harding 2011; Stromberg et al. 1993), and cognitive
impairment (Fig. 1) (Ahmed et al. 2018). ATIR
blockers, known as ARBs, have attenuated cognitive
impairment in a variety of diseases, including HT, AD,
and stroke, identifying them as key players in cognitive
impairment.

Angiotensin II type 2 receptors

AT2Rs are also G protein-coupled receptors, sharing
34% sequence homology with AT1Rs, and located on
neurons, astrocytes, and microglia within the cortex,
hippocampus, locus coeruleus, basal ganglia, and blood
vessels (Jackson et al. 2018). AT2R activation is
thought to counteract AT1R-mediated actions. AT2Rs
play a role in mediating vasodilatation (Matavelli and
Siragy 2015), with AT2R activation increasing produc-
tion of cyclic guanosine monophosphate (cGMP), nitric
oxide (NO), and bradykinin (Fig. 1) (Widdop et al.
2003; Siragy and Carey 1996). AT2R-mediated
vasodilatory effects have been linked to cross-talk be-
tween AT1Rs and AT2Rs, whereby NO/cGMP activa-
tion has been shown to decrease AT1R-mediated vaso-
constriction (Savoia et al. 2006), a mechanism associat-
ed with AT2R’s ability to regulate CBF (Fig. 1)
(Matavelli and Siragy 2015). Activation of AT2Rs by
the selective AT2R agonist compound 21 (C21) in-
creased CBF in mice injected with AP, 409 (Jing et al.
2012) and demonstrated anti-inflammatory and antiox-
idant properties (Fig. 1) (Sampson et al. 2016), likely by

reducing inflammation and reactive oxygen species
(ROS) production (Goel et al. 2018). AT2Rs have also
been suggested to play an important role in mediating
cognitive function since C21 administration prevented
cognitive deficits post-stroke (Ahmed et al. 2019), in
aged hypertensive mice (Ahmed et al. 2018) and in mice
injected with A3;_4¢ (Jing et al. 2012).

Angiotensin IV receptors

AnglV is distributed throughout the brain, predominate-
ly in structures important to cognitive function, includ-
ing the hippocampus, neocortex, basal ganglia, amyg-
dala, and blood vessels (Thomas and Mendelsohn
2003). AnglV has been shown to enhance cognition in
rodents (Braszko et al. 1988; Benoist et al. 2011; Paris
et al. 2013) and restore scopolamine-induced spatial
working memory deficits (Fig. 1) (McCoy et al. 2013).
Correspondingly, divalinal, an AT4R antagonist, pro-
duced deficits in spatial memory acquisition in rodents
(Wilson et al. 2009). The AnglIV peptide has also been
related to CBF regulation (Kramar et al. 1998; Naveri
et al. 1994) and vasodilatory responses (Fig. 1) (Kramar
et al. 1998). Intriguingly, chronic blockade of AT1Rs
has been suggested to favor conversion of Angll to
AnglV (Braszko et al. 2006), allowing AT4Rs to exert
positive effects on memory. The mechanism of AnglV
remains under debate, but it is known to bind to insulin-
regulated aminopeptidase (IRAP) (Albiston et al. 2003),
while not all researchers accept IRAP as the AT4R
(Benoist et al. 2014).

MAS receptors

A bifurcation to the classic RAS incorporates the pro-
duction of Ang(1-7) by ACE2 whereby Ang(1-7) me-
diates its action by binding to the G protein coupled
receptor MAS (Santos et al. 2003). Neuroprotective
effects mediated by enhancing the ACE2/Ang(1-7) axis
has been shown in various animal models of hyperten-
sive encephalopathy, ischemia and hemorrhagic stroke,
chronic hypoperfusion, and diabetes (Jiang et al. 2013;
Chen et al. 2014; Xie et al. 2014; Chen et al. 2017),
spurring interest for neuroprotective mechanisms of
MAS (Fig. 1). Infusions of Ang(1-7) were found to
induce cerebral ischemic tolerance by promoting brain
angiogenesis through an endothelial nitric oxide syn-
thase (eNOS)-dependent manner (Jiang et al. 2014).
Interestingly, enhancing systemic Ang(1-7) attenuated
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the development of HT, reduced the risk of ischemic
stroke and the size of cerebral infarct, and ameliorated
neurological outcome (Feng et al. 2010; Mecca et al.
2011), benefits attributed to MAS antioxidant and anti-
inflammatory effects (Fig. 1).

The renin angiotensin system and AD
Clinical studies

Hypertensive patients treated with ARBs over a 3-year
period exhibited superior memory performance com-
pared with hypertensive patients treated with other an-
tihypertensive medications, suggesting that this subset
of antihypertensive medication has neuroprotective
pleiotropic beneficial effects (Ho and Alzheimer’s Dis-
ease Neuroimaging Initiative 2017). Correspondingly,
antihypertensive medications specifically targeting the
RAS, such as ACEIs and ARBs, were not only shown to
preserve cognitive function but have been linked to a
significant reduction of AD progression, MCI onset, and
AD onset (Chiu et al. 2014; Li et al. 2010). This asso-
ciation was further supported by a recent meta-analysis
that found that ARB use was significantly associated
with a reduced risk of AD incidence (Oscanoa et al.

A Schematic of Preclinical ARB effects in AD mouse models
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observations, few clinical trials have been conducted to
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(NCTO02085265; NCT02471833), losartan
(NCTO02913664), and candesartan (NCT01984164;
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Preclinical studies

Preclinical studies in AD mouse models generally
support the use of ARBs (Fig. 2) (Takeda et al.
2009; Liu et al. 2014; Wang et al. 2007; Mogi
et al. 2008; Tsukuda et al. 2009; Ongali et al.
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2010). Specifically, ARB treatment in AD mouse
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Fig. 2 Preclinical ARB effects on cerebrovascular, cognitive, and
pathological deficits in AD mouse models. Schematic representa-
tion of preclinical ARB interventions, including telmisartan,
losartan, olmesartan, valsartan, and candesartan, and their respec-
tive effects on cerebrovascular, cognitive, and pathological deficits
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pathology, actions independent of their intended
blood pressure-lowering effects (Fig. 3c¢) (Takeda
et al. 2009; Wang et al. 2007; Mogi et al. 2008;
Ongali et al. 2014; Ferrington et al. 2012). ARBs
were demonstrated to improve spatial learning and
memory, as well as working memory (Takeda
et al. 2009; Wang et al. 2007; Mogi et al. 2008;
Ongali et al. 2014; Trigiani et al. 2018; Royea
et al. 2020a), benefits associated with improved
long-term potentiation (LTP), increased
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associated increase in long-term potentiation in A f3-injected mice
(Takeda et al. 2009) is illustrated in (b). Despite the consistency
observed in preclinical cerebrovascular and cognitive benefits,
preclinical ARB interventions have exhibited discrepancies on
brain A levels and plaque load with various AD mouse models
(Tsukuda et al. 2009; Ongali et al. 2014), respectively, ranging
from significant reductions to no effect (c). *p <0.05; **p < 0.01;
*#%p <0.001. Reproduced with permission

neurogenesis, and elevated peroxisome
proliferator-activated receptor gamma (PPAR-y)
activity (Takeda et al. 2009; Trigiani et al. 2018).
ARBs also restored CBF (Takeda et al. 2009;
Tsukuda et al. 2009; Ongali et al. 2014), improved
autoregulation (Takeda et al. 2009), rescued EC-
and SMC-mediated vasodilatory function, and in-
creased NO bioavailability within the vessel wall
(Ongali et al. 2014; Trigiani et al. 2018), together
with potent anti-inflammatory and antioxidant
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properties (Ongali et al. 2014; Trigiani et al. 2018;
Torika et al. 2017).

To complicate the matter, ARBs may differ in their
therapeutic value as demonstrated by differences in each
ARB’s ability to restore cognitive and cerebrovascular
function in AD mouse models (Takeda et al. 2009; Mogi
et al. 2008; Ongali et al. 2014; Danielyan et al. 2010;
Trigiani et al. 2018). This could possibly explain why
some human cohorts demonstrated no significant differ-
ence in the age of AD onset while taking ARBs
(Anderson et al. 2011). ARBs being pharmacologically
heterogenous, their actions may not only be due to
ATIR blockade but also to additional mechanisms that
may be selective for specific compounds (Villapol and
Saavedra 2015). Whereas the complete pharmacological
profile and therapeutic efficacy of each ARB has yet to
be compared in controlled clinical studies; preclinical
evidence indicates that repurposing ARBs for the treat-
ment of AD possesses major translational value.

Losartan, a commonly prescribed ARB that readily
crosses the BBB (Culman et al. 1999), has been associ-
ated with reduced incidence of AD in humans (Li et al.
2010). Pharmacologically, losartan is metabolized to
form two active derivatives: EXP3174, which has a
higher affinity for AT1R than losartan (Michel et al.
2013), and EXP3179, which has no ATIR blocking
activity but inhibits endothelial cyclooxygenase
(COX)-2 and increases PPAR-y activity (Fig. 1)
(Rossi 2009). Losartan has also been recognized for its
memory-enhancing properties, ability to normalize CBF
and vasodilatory function, as well as possessing anti-
inflammatory and antioxidant properties in various
mouse models of AD, benefits unrelated to its blood
pressure-reducing effects (Ongali et al. 2014; Danielyan
etal. 2010; Royea et al. 2017, 2020a). Knowing that AD
mouse models based on familial AD mutations of the
amyloid precursor protein (APP) are not hypertensive,
they provide a suitable model to explore pleiotropic
effects of ARBs that are independent of blood
pressure-lowering effects, and for deciphering the un-
derlying mechanism(s) depicting how ARB treatment
functions in AD pathology.

Overall, the convergence of clinical and preclinical
epidemiological and molecular data and the availability
of drugs to effectively inactivate ACE or antagonize
RAS receptors provides valuable information on chron-
ic ARB use that is thought to increase endogenous
Angll that can either (i) increase its binding to AT2R
or (ii) be converted to AnglV, leading to increased
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ATA4R activation. It is thus most pertinent to understand
the underlying mechanism(s) of action mediating ARB
losartan’s reported multifaceted beneficial effects to bet-
ter prevent or treat AD, hence opening opportunity to
investigate whether AT2Rs and AT4Rs mediate
losartan’s beneficial effects in well-characterized AD
mouse models, like the APP J20 mice that overexpress
a mutated form of the human amyloid precursor protein
(APPSwe/Ind) (Mucke et al. 2000).

Losartan’s cognitive and cerebrovascular benefits
in APP J20 mice: AT2Rs and AT4Rs as possible
contributors

Losartan intervention in adult, aged, and elderly APP
J20 mice completely restored the spatial learning and
memory dysfunction in adult and aged mice, while
improving memory for elderly mice (Ongali et al.
2014; Royea et al. 2017, 2020a), as also observed with
losartan or telmisartan in A3, 4o-injected mice (Mogi
et al. 2008; Tsukuda et al. 2009). Furthermore, losartan
rescued the cerebrovascular deficits (Ongali et al. 2014;
Royea et al. 2017) that occur early in APP J20 mice and
attributed mainly to Af3-induced oxidative stress with
increased ROS production by NADPH oxidase (Hamel
et al. 2008; Park et al. 2005). Specifically, losartan
rescued neurovascular coupling, EC- and SMC-
mediated dilatory responses in cerebral arteries, as well
as baseline NO bioavailability in the vessel wall of APP
J20 mice, a benefit equally effective regardless of age
and treatment duration (Ongali et al. 2014). Similar
neurovascular coupling benefits were found with other
sartans in transgenic APP23 or A3, 4o-injected mice
(Takeda et al. 2009; Tsukuda et al. 2009). In order to
assess whether AT2Rs or AT4Rs were involved in
mediating losartan’s cognitive and cerebrovascular ben-
efits, APP J20 mice were treated with losartan until
cognitive benefits appeared and then were concomitant-
ly administered the AT2R antagonist PD123319 or the
AT4R antagonist divalinal. Robust evidence implicated
AT4Rs (Fig. 4b) and, to a smaller extent, AT2Rs (Fig.
4a) in mediating spatial learning and memory beneficial
effects of losartan in APP J20 mice (Royea et al. 2017,
2020a, b). In relation to cerebrovascular function, AT2R
antagonism did not oppose losartan’s EC- and SMC-
mediated dilatory rescue but did block losartan’s bene-
fits on baseline NO bioavailability and neurovascular
coupling (Royea et al. 2020a). AT4R blockade, in
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a PD123319 partially counters losartan's spatial learning and memory benefits
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Fig. 4 Both AT2R and AT4R antagonists countered losartan’s
cognitive benefits in APP J20 mice. Losartan (L) treatment im-
proved spatial learning and memory retention in APP J20 mice, as
shown in both Morris water mazes following 5 (a) and 4 months
(b) of losartan treatment. AT2R J20 antagonism with PD123319
(PD) partially countered, while AT4R antagonism with divalinal
(d) prevented spatial learning and memory retention benefits in L-
treated APP J20 mice, as shown by a significantly longer escape

contrast, countered all losartan’s benefits on
neurovascular coupling, EC- and SMC-dependent
vasodilatory function, and NO bioavailability within
the vessel wall (Royea et al. 2017). The ARB’s positive
effects were independent of their intended blood
pressure-lowering effects and provided a rationale for
examining whether administration of a selective AT2R
or AT4R agonist, C21 or AnglV, could mimic the
benefits observed with losartan treatment.

Testing the efficacy of novel therapeutic targets for AD

Since AT2R and, more convincingly, AT4R blockade
in APP J20 mice identified these receptors as potential
targets for AD intervention following chronic ARB
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latency during the hidden platform test and reduced time and
distance swam within the target quadrant during the probe trial
in LPD- (a) and LD-treated (b) APP J20 mice compared with L-
treated APP mice. *p <0.05; **p<0.01; ***p <0.001 for com-
parisons with WT or *p < 0.05; **p < 0.01; ***p < 0.001 compar-
isons with APP-L treated mice. From Royea et al. (2017, 2020a),
reproduced with permission

treatment (Royea et al. 2017, 2020b), we investigated
the efficacy of ATR2 and AT4R respective selective
agonists, C21 (Royea et al. 2020a) and AnglV (Royea
et al. 2020b). Short (1 month, 1.6 nmol day_l) intra-
cerebroventricular (icv) or 7-month-long oral C21
(10 mg kg ' day ') C21 intervention failed to restore
cognitive (Fig. 5a) and vasodilatory deficits in APP J20
mice (Fig. 6) (Royea et al. 2020a), indicating that, at the
selected doses, C21 was incapable of mediating the
same benefits as losartan treatment. The lack of benefits
following C21 intervention may be due to the absence of
ATIR antagonism. Indeed, our findings suggest that the
benefits obtained following losartan treatment may only
be mitigated through AT2Rs when ATIRs are antago-
nized as supported by our findings since AT2R
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antagonism countered losartan’s beneficial effects,
whereas AT2R agonism exerted limited benefits regard-
less of treatment administration or duration (Royea et al.
2020a). However, previous studies with intraperitoneal
C21 (1, 3, and 10 pg kg™ ' day ') or oral C21
(0.12 mg kg " day™") implicated AT2Rs in preserving
cognitive function in Af3;_4-injected mice (Jing et al.
2012) and in rats post-stroke (Ahmed et al. 2019). These
findings indicated that solely targeting AT2Rs is insuf-
ficient to restore cognitive deficits in APP J20 mice,
memory impairments being the main hallmark of AD
(Fig. 5a) (Royea et al. 2020a). Further studies should
investigate whether combined losartan and C21 thera-
peutic intervention could exhibit a greater therapeutic
outcome than losartan alone.

Contrary with C21 interventions, AngIV’s ability to
fully restore cognitive (Fig. 5b) and cerebrovascular
pathology in APP J20 mice strongly supports targeting

AT4Rs as a promising therapeutic target to combat AD
(Royea et al. 2020b). At the selected dose
(1.3 nmol day "), AnglV was capable of producing
cognitive, neurogenic, vascular, and antioxidant bene-
fits (Royea et al. 2020b). A major caveat for AnglV
treatment, however, remains the inability of AnglV
analogs to readily cross the BBB, identifying an impor-
tant future research endeavor for AD intervention. De-
spite this caveat, developing new AnglV analogs as a
promising AD treatment has been considered (Wright
etal. 2015) and may be more potent than losartan due to
its capability of manifesting similar pleiotropic benefits
within a shorter treatment duration, 1 vs. 4 months,
respectively (Royea et al. 2017, 2020b). Intriguingly,
AnglV treatment normalized AT1R expression in APP
mice, confirming a mechanism that may play a funda-
mental role in mediating AD recovery following ARB
use.

a C21 had no effect on spatial learning b AnglV rescued spatial learning CAngIV restored Hi AT4R levels
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AT4R agonism rescued spatial learning, elevated AT4R expres-
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no effect on spatial learning (a), as shown by a similar escape
latency to APP J20 controls in the Morris water maze (from Royea
et al. 2020a). AT4R agonist, AnglV improved spatial learning in
APP J20 mice (b), as shown by a significantly reduced escape
latency compared with APP J20 controls in the Morris water maze.
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Cognitive function, RAS agonism, and AD

When looking for potential mechanisms of action that
could depict how the centrally acting ARB losartan
exerts blood pressure-independent neuroprotective ef-
fects; both AT2Rs and AT4Rs were identified as medi-
ating losartan’s cognitive benefits based on their respec-
tive ability to counteract losartan’s spatial learning and
memory benefits when co-administered in APP J20
mice (Fig. 4a, b) ( Royea et al. 2017, 2020a). Yet, the
complete failure of AT2R agonist C21 to rescue spatial
learning and memory in APP J20 mice (Fig. 5b) (Royea
et al. 2020a) as opposed to the high efficacy of AT4R
agonist AnglV (Royea et al. 2020b), strongly identified
AnglV intervention as a most exciting research avenue.
Such conclusion further supports prior research identi-
fying AnglV as facilitating memory performance in
various paradigms (Braszko et al. 1988; Paris et al.
2013). The cognitive benefits of AngIV further provide
urgency for the development of BBB penetrant new
analogs (Wright et al. 2015).

Since the hippocampus is rich in AT4Rs, and APP
J20 mice have reduced AT4R expression (Ongali et al.
2014; Royea et al. 2020b), the ability of both losartan
and AnglIV to restore AT4R expression supports a com-
monality among these two therapies (Fig. 5¢) (Royea
et al. 2017, 2020b). Enhanced cognitive function by
ATA4R activation has been imputed to benefits on syn-
aptic transmission, LTP (Kramar et al. 2001), and hip-
pocampal spinogenesis and synaptogenesis (McCoy
et al. 2013). One possible mechanism of action for
AnglV’s beneficial effects relates to neurogenesis. In-
deed, dysfunctional neurogenesis may exacerbate neu-
ronal vulnerability and contribute to memory impair-
ment during AD (Chevallier et al. 2005; Verret et al.
2007). The majority of AD transgenic animal models
expressing a mutated form of human APP or presenilin
(PST or PS2) have diminished neurogenesis in the den-
tate gyrus (DG) or both the DG and subventricular zone
(SVZ) (Chevallier et al. 2005; Verret et al. 2007). Like-
wise, post-mortem examinations of AD patients have
revealed reductions in the number of neurons within the
hippocampal formation compared with healthy elderly
individuals (Simic et al. 1997), suggesting that impaired
neuronal proliferation or its deregulation is a likely
consequence of AD and may represent a causative factor
for the observed cognitive alterations associated with
AD; thereby, offering a target site for therapeutic inter-
vention. In this regard, underlying cognitive benefits

may be the ability of AnglIV to increase newborn cell
formation (Fig. 5d) and proliferation in APP J20 mice,
and normalize dendritic extension from remaining ma-
turing (doublecortin (DCX)-positive) neurons within the
DG (Fig. 5e) (Royea et al. 2020b). This would favor a
role for AnglV-mediated neuroprotection and
neurogenesis as contributing towards cognitive recov-
ery. Prior studies that showed the ability of AngIV to
enhance LTP in the CA1 region of the rat hippocampus
in vitro (Kramar et al. 2001) and DG in vivo (Wayner
et al. 2001) further support a role for neurogenesis in
AnglV-mediated cognitive recovery.

Another possible mechanism explaining AngIV’s
cognitive recovery could be its ability to potentiate
cholinergic transmission. Specifically, AT4Rs and cho-
linergic neurons have been closely linked within brain
regions involved in cognitive processing, including the
hippocampus and neocortex, and AT4R activation has
resulted in acetylcholine (ACh) release in hippocampal
slices (Lee et al. 2001). Despite APP J20 mice not
possessing a cholinergic deficit at 6 months of age
(Aucoin et al. 2005), the common mechanistic links
between the cholinergic system and AT4Rs, and the fact
that the majority of current AD therapies target the
cholinergic system, identify promise for AT4R interven-
tion in AD patients. Another pathway associating
AT4Rs with AD is the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway, whereby AnglV has been shown
to increase Akt phosphorylation in a rat model of ische-
mia, a pathway that could potentially mediate AT4R’s
neuroprotective effects in AD mouse models. It cannot
be excluded, however, that Ang(1-7) could be a target
for cognitive recovery in AD due to its neuroprotective
effects in animal models of hypertensive encephalopa-
thy, stroke, and chronic cerebral hypoperfusion (Jiang
et al. 2013; Chen et al. 2014; Xie et al. 2014), and
evidence of reduced Ang(1-7) levels in animal models
of AD during disease progression (Jiang et al. 2016).

Brain vasculature in RAS agonism and AD

The importance of a functional brain perfusion can be
highlighted from the fact that the brain is responsible for
20-25% of the body’s oxygen and glucose consump-
tion, despite representing only approximately 2% of the
body’s total mass (Iadecola 2013). Due to the high-
energy demand and lack of fuel reserves within the
brain, CBF interruption results in loss of brain function
within seconds and neuronal damage within minutes
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(Moskowitz et al. 2010). The brain requires a functional
cerebrovasculature to meet its metabolic demands for
proper functionality; hence, alterations within the
cerebrovasculature can alter brain integrity and have
detrimental consequences (Kisler et al. 2017), as ob-
served in AD.

Intriguingly, AT2R-dependent NO production was
previously observed following ATIR blockade with
losartan, suggesting an inhibitory effect of ATIRs on
AT2Rs. Since AT1Rs are upregulated in APP mice, it is
possible that AT2R-dependent NO production benefits
were not recovered following C21 intervention as
ATI1Rs were still functional (Fig. 6a, b). AT2Rs were
not identified as mediating losartan’s benefits on
vasodilatory recovery in pial arteries (Royea et al.
2020a). Yet, in vitro AT2R activation was previously
shown to induce vasodilation in preconstricted renal

arterioles and mesenteric arteries vessels via a NO/
cGMP signaling pathway and bradykinin release
(Carey 2017), or vasoconstriction in large renal arteries
(Hayashi et al. 1993). Since AT2R antagonism did not
counter losartan’s EC- or SMC-mediated vasodilatory
benefits and, similarly, AT2R agonist C21 had no ben-
efits on vasomotor function (Fig. 6a, b), AT2Rs were
not identified as key players in cerebral vasodilatory
dysfunction in APP mice, despite their capacity to dilate
brain arterioles and capillaries (Henrion et al. 2001). It is
thus possible that heterogeneity in AT2Rs in vessels
from different sizes and locations act differently as
supported by our findings in APP J20 mice of
PD123319 countering and C21 interventions recapitu-
lating losartan’s neurovascular coupling recovery
(Royea et al. 2020a), a response initiated in the micro-
vascular bed. Future studies should elucidate the roles of

a Schematic of C21 and AnglV effects on vasodilation, NO bioavailability, neurovascular coupling, and

astrogliosis in APP J20 mice.
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Fig. 6 AT2R and AT4R effects on cerebrovascular vasodilation,
NO bioavailability, and neurovascular coupling in APP J20 mice.
a A schematic representation of the effects of both AT2R (com-
pound 21, C21) and AT4R (AnglV) agonism on elements regu-
lating cerebral blood flow (CBF). Endothelial-mediated
vasodilatory dysfunction was not altered following AT2R
agonism, as shown by similar ex vitro-isolated posterior cerebral
artery acetylcholine (ACh)-mediated dilatory responses in untreat-
ed APP J20 mice (b). The influence of NO on the vessel basal tone
was assessed by the administration of L-nitro-arginine (L-NNA), a
compound that inhibits endothelial NO synthesis, a response
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reduced in APP J20 mice. C21 normalized the reduced NO bio-
availability within the vessel wall in APP J20 mice (b). Intrigu-
ingly, the reduced whisker-evoked CBF response in APP J20 mice
was normalized to WT levels following C21 administration (b)
(from Royea et al. 2020a). AnglV treatment rescued endothelial-
mediated vasodilatory dysfunction and reduced the production of
baseline NO in APP J20 mice to WT levels (¢). Correspondingly,
AnglV treatment restored whisker-evoked CBF increases in APP
J20 mice (c¢) (from Royea et al. 2020b). *p <0.05; **p<0.01;
**%p <0.001 for comparisons with WT. Reproduced with
permission
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AT2Rs in brain arteries, arterioles, and capillaries to
determine whether such heterogeneity exists.

AT4Rs were identified as a key mediator of
losartan’s cerebrovascular benefits, restoring EC- and
SMC-mediated vasodilatory function and NO bioavail-
ability in APP J20 mice (Fig. 6a, c). These findings were
supported by divalinal’s ability to counter losartan-
mediated benefits of cerebrovascular reactivity and
neurovascular coupling and AngIV’s positive effects
on both EC function and neurovascular coupling (Fig.
6a, c). These findings coincide with several studies
demonstrating AnglV’s ability to dilate, via NO-
dependent mechanisms, rabbit pial arteries (Haberl
et al. 1991) and internal carotid arteries (Kramar et al.
1998). Likewise, AnglV induced EC-dependent dilation
and increased endothelial NO synthesis in porcine pul-
monary cells (Patel et al. 1998). Moreover, chronic
AnglV treatment also normalized diabetes-induced EC
dysfunction, vascular hypertrophy, and deficits in NO
bioavailability (Nasser et al. 2014) and reverse endothe-
lial dysfunction in ApoE-deficient mice fed a high-fat
diet (Vinh et al. 2008). These observations, together
with findings in APP J20 mice, identify AT4Rs as a
key therapeutic target for EC dysfunction and highlight
the need for developing new brain penetrant agonists to
improve AD-related cerebrovascular dysfunction.

It is important to emphasize, however, that only
restoring cerebrovascular function in APP mice is not
sufficient to restore memory. Specifically, adult APP
J20 mice treated with pioglitazone, a PPAR-y agonist,
or the statin simvastatin recovered vascular function
independent of cognitive benefits (Nicolakakis et al.
2008; Tong et al. 2009). Likewise, the potent ARB
candesartan failed to restore cognitive function in APP
J20 mice, while possessing the ability to recover EC and
SMC function, as well as reducing neuroinflammation
(Trigiani et al. 2018). In contrast, losartan exhibits po-
tent vascular, anti-inflammatory, and antioxidant prop-
erties and also countered Af-mediated cognitive defi-
cits in APP J20 mice (Ongali et al. 2014; Royea et al.
2017). This discrepancy could be attributed to different
pharmacological profiles among ARBs, but also high-
lights the ability of a compound to restore vascular
function independent of cognitive recovery. Corre-
spondingly, the inability of candesartan to recover cog-
nitive function coincided with the downregulation of
ATA4Rs in treated mice (Trigiani et al. 2018), further
identifying an important role for AT4Rs in memory
recovery. In this regard, therapeutic interventions need

to target more than just cardiovascular health but also
mediate neuronal benefits related to neuronal function
within the hippocampus.

Cognitive benefits irrespective of changes
in amyloidosis

The amyloid cascade hypothesis of AD dominated
therapeutic research focus for several years. Yet,
clinical trials utilizing A3 aggregation inhibitors,
monoclonal anti-amyloid antibodies as targets for
AP clearance and aggregation, or y-secretase inhib-
itors to prevent the formation and aggregation of A3
peptides all failed to alter cognitive dysfunction and
prevent AD progression (De Strooper and Karran
2016). Immunotherapy utilizing synthetic Af3{_4,
held promise following successful elimination of
Af3 plaques within APP mice (Schenk et al. 1999);
yet, the amyloid peptide vaccine (AN1792) was un-
able to alter AD progression or cognitive dysfunc-
tions despite successful clearance of A3 peptides
(Holmes et al. 2008). Nevertheless, clinical trials
providing evidence for real benefits following Af3-
targeted immunotherapy have been very limited
(Wisniewski and Goni 2015). While next generations
of amyloid vaccines may show greater promise and
be more efficacious, it is possible that clearing A3
from brain tissue may not be required for cerebro-
vascular and cognitive recovery despite A3’s detri-
mental effects on the cerebrovasculature and cogni-
tive performance (Li et al. 2014). Particularly, dis-
crepancies on Af3 levels or plaque load have been
observed in various APP mouse models treated with
ARBs, findings having ranged from no effect
(Takeda et al. 2009; Ongali et al. 2014; Ferrington
et al. 2012; Royea et al. 2017, 2020a) to significant
reductions (Wang et al. 2007; Danielyan et al. 2010).
Correspondingly, the failure of C21 to normalize
cognitive function coincided with a significant re-
duction of dense core plaques within the cortex and
hippocampus in APP J20 mice (Fig. 7a) (Royea et al.
2020a). Contrarily, AnglV (Fig. 7b) and losartan
treatments restored cognitive deficits despite persis-
tent amyloidosis. Based on these results, the lack of
relationship between A3 plaque load and cognitive
recovery was sustained. These findings further sup-
port that reducing amyloidosis does not correlate
with improved cognitive function, as observed in
AD patients who received Af3;_4, immunization
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a C21 reduced cortical and hippocampal plaque load.

Fig. 7 AT2R activation decreased dense core A3 plaque load,
while AT4R agonism had no effect on A3 plaque load. Cortical
and hippocampal dense core AP plaque load measured by
thioflavin S was significantly reduced following AT2R agonism

(Holmes et al. 2008). In vitro studies have shown a
role of ACE in A peptide degradation (Oba et al.
2005). Interestingly, ACEIs promoted A3 aggrega-
tion and cognitive benefits in AD patients (Rygiel
2016), again stressing the lack of correlation between
amyloid pathology and cognitive dysfunction. To-
gether our results suggest that despite the ability of
some proponents of RAS to reduce AP plaque de-
position via the degradation of A3 species, Af3 re-
ductions are not linked to cognitive recovery.

Oxidative stress and neuroinflammation

Hyperactivation of ATI1Rs has been shown to induce
NADPH oxidase activity that leads to ROS production;
thereby, prompting oxidative stress, a pathway activated
by AR in AD (Park et al. 2005). Knowing that AT1Rs are
upregulated in AD patients and APP mice (Jackson et al.
2018), it is probable that AT1R elevation increases
NADPH oxidase activity in AD. Interestingly, AT2Rs
have been associated with antioxidant signaling through
their ability to inhibit NADPH oxidase and ROS genera-
tion (Lu et al. 2015) and downregulate p38 and p44/42
MAP kinase phosphorylation (Dandapat et al. 2008).
These findings were supported by the ability of AT2R
blockade to counteract losartan’s antioxidant benefits
since their blockade counteracted SOD2 downregulation
in losartan-treated APP J20 mice (Royea et al. 2020a).
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Yet, administration of the AT2R agonist C21 upregulated
brain SOD2 protein levels in treated APP J20 mice com-
pared with controls (Fig. 8a), supporting a potential role
for the ability of AT2Rs to increase superoxide production
through NADPH oxidase activation (Park et al. 2013).
Alternatively, it is possible that this pro-oxidant effect
relates to the persistent upregulation of ATIRs in C21-
treated APP J20 mice, whereby, the antioxidant benefits
of AT2Rs was negated by the ROS-generating action of
Angll through the activation of AT1Rs in brain tissue and
vasculature. Future studies should investigate whether
concomitant AT1R blockade and AT2R activation could
induce greater antioxidant benefits.

Contrary with AT2Rs, AT4R blockade failed to
prevent the antioxidant benefits of losartan treat-
ment as measured with brain and vascular SOD2
protein levels, whereas AnglV treatment demon-
strated potent antioxidant properties in APP J20
mice (Fig. 8b). AnglV was previously associated
with increased intracellular calcium shown to en-
hance NOS in order to modulate superoxide pro-
duction (Jackson et al. 2018). In this regard, dys-
functional AT4R signaling in APP J20 mice may
result in a shift towards ATIR mediated prooxi-
dant signaling since reduced AT4Rs would be
unable to possess antioxidant benefits. This could
explain why concomitant ATIR and AT4R antag-
onism failed to re-establish oxidative stress. AnglV
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Fig. 8 Effects of AT2R and AT4R agonism on oxidative stress
and astrogliosis. AT2R agonism exacerbated the cortical superox-
ide dismutase 2 (SOD2) upregulation in APP J20 mice (a) (from
Royea et al. 2020a), suggesting a pro-oxidant role for AT2R
activation. In this respect, the SOD2 upregulation by C21 may
represent an attempt to protect against both Af3- and AT2R-
generated free radicals. AT4R agonism reduced cortical SOD2,

activation exerted antioxidant benefits comparable
with losartan, likely through inhibition of NADPH
activity by reducing NADPH oxidase cytosolic
component p67phox as found in AnglV-treated
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indicating an antioxidant for AT4R activation (b) (from Royea
et al. 2020b). AT2R agonism attenuated astrogliosis in APP J20
mice, as shown by a reduction in the surface area occupied by
GFAP immunopositive astrocytes (¢). AT4R agonism had no
effect on astrogliosis in APP mice (d), a finding consistent with
AT4Rs’ pro-inflammatory role. *p <0.05; **p<0.01;
*#%p < 0.001. Reproduced with permission

APP J20 mice (Royea et al. 2020b). A complex
balance among RAS receptors seems to exist in
order to maintain a synergistic oxidative environ-
ment within the brain milieu in AD pathology.
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Fig. 9 Schematic representation of AT2R and AT4R agonism on
cognitive and cerebrovascular function, amyloidosis, and gliosis in
APP J20 mice. AT2R agonism had no effect on spatial learning
and memory, vasodilatory function, or nitric oxide (NO) bioavail-
ability. AT2R agonism normalized neurovascular coupling, re-
duced dense core AP plaques, and reduced astrogliosis indepen-
dent of persisting microgliosis. AT4R agonism rescued spatial

Regardless of the initiator, increased oxidative stress
leads to the release of pro-inflammatory cytokines that
further exacerbate cell dysfunction and, eventually,
leads to cell death (Jackson et al. 2018). RAS modula-
tion has been associated with balancing prooxidant and
antioxidant states, inflammation, and modulating syn-
thesis of several molecules involved in inflammatory
pathways including cytokines, chemokines, and tran-
scription factors. Most of the pro-inflammatory effects
are mediated by AT1Rs through an upregulation of
different pathways such as nuclear factor kappa B
(NF-«kB), PPAR~y, endothelin-1, redox pathways, and
tumor necrosis factor-oc (TNFx) (Capettini et al. 2012).
Despite the role of AT2Rs in inflammation remaining
controversial, AT2R activation has been suggested to
play an anti-inflammatory role through its ability to
inhibit NF-kB activity (Rompe et al. 2010), reduce
TNF« expression (Sampson et al. 2016) and regulate
PPAR-y activity (Li et al. 2016). Losartan’s anti-
inflammatory benefits were found to be AT2R-
independent since concomitant AT2R antagonism failed
to counter these benefits in APP J20 mice. Intriguingly,
however, selective AT2R activation with C21 reduced
astrogliosis in APP J20 mice (Fig. 8c), independent of
persisting microgliosis, suggesting that C21 benefits on
astrogliosis may act through a separate mechanism. The
ability of AT4R antagonism to counter losartan’s anti-
inflammatory effects support prior work that demon-
strated an anti-inflammatory role for AT4Rs in rats with
chronic cerebral hypoperfusion (Wang et al. 2018) and
in a rat model of ischemia (Park et al. 2016). Unlike

@ Springer

learning and memory, vasodilatory function, NO bioavailability,
and neurovascular coupling. AT4R agonism benefits were inde-
pendent of persisting dense core A3 plaque load, astrogliosis, and
microgliosis. Overall, pharmacological manipulations of the RAS
identify the AnglV/AT4R cascade as a promising target for AD
intervention

these studies that infused AngIV centrally for 6 weeks,
1 month of similarly delivered AnglIV failed to reduce
astrogliosis (Fig. 8d) and microgliosis in APP J20 mice,
suggesting that the treatment regimen was ineffective at
altering gliosis in APP J20 mice.

Conclusions and implications for AD patients
and novel therapeutic targets

The ability to develop successful novel therapies re-
quires a greater understanding of the molecular and
cellular pathophysiology of AD. That is why investigat-
ing novel targets aimed to advance AD therapy to a level
whereby slowing, ending, or reversing the disease pro-
gression is a major research endeavor. The studies sum-
marized in this review suggest that identifying mecha-
nisms underlying the beneficial effects of ARBs in AD
patients may bear potential for new therapeutic targets.
Specifically, translating the benefits summarized here in
well-established AD mouse models to AD patients
strongly suggests that modulating the RAS may be
capable to restore cognitive and cerebrovascular bene-
fits independent of changes in amyloidosis or blood
pressure (Fig. 9). The reported studies further recognize
the potential for refining RAS pharmacological manip-
ulations in AD by making compounds capable of cross-
ing the BBB. Overall, despite mediating some ARB
benefits, we deemed solely targeting AT2Rs as an inef-
ficient pharmacological therapeutic target for AD.
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Rather, the AngIV/AT4R cascade appears to be a more
promising avenue.
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