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Abstract

Currently, the third and fourth waves of the coronavirus disease -19 (COVID-19) pandemic are creating havoc in many parts
of the world. Although vaccination programs have been launched in most countries, emerging new strains of the virus along
with geographical variations are leading to varying success rates of the available vaccines. The presence of comorbidities
such as diabetes, cardiovascular diseases and hypertension is responsible for increasing the severity of COVID-19 and, thus,
the COVID-19 mortality rate. Angiotensin-converting enzyme 2 (ACE2), which is utilized by SARS-CoV-2 for entry into
host cells, is widely expressed in the lungs, kidneys, testes, gut, adipose tissue, and brain. Infection within host cells mediates
RAS overactivation, which leads to a decrease in the ACE2/ACE ratio, AT2R/ATIR ratio, and MasR/ATIR ratio. Such
imbalances lead to the development of heightened inflammatory responses, such as cytokine storms, leading to post-COVID-
19 complications and mortality. As the association of SARS-CoV-2 infection and hypertension remains unclear, this report
provides an overview of the effects of SARS-CoV-2 infection on patients with hypertension. We discuss here the interaction
of ACE2 with SARS-CoV-2, focusing on neuronal ACE2 (nACE2), and further shed light on the possible involvement of
nACE2 in hypertension. SARS-CoV-2 enters the brain through neuronal ACE2 and spreads in various regions of the brain.
The effect of viral binding to neuronal ACE2 in areas of the brain that regulate salt/water balance and blood pressure is also
discussed in light of the neural regulation of hypertension in COVID-19.

Keywords SARS-CoV-2: - COVID-19 - Renin-Angiotensin System * Hypertension - Neuronal Angiotensin-Converting
Enzyme 2 - Brain.

Introduction

The COVID-19 causative agent SARS-CoV-2 not only
infects the upper respiratory tract but also spreads to the
brain in many patients [1]. Recently, several clinical studies
have shown that the presence of one or more comorbidities
is associated with the severity of COVID-19 symptoms.
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Hypertension is recognized as one of the most fatal
comorbidities, such as diabetes, cardiovascular diseases,
and kidney failure [2—4].

The binding of SARS-CoV-2 spike proteins to
angiotensin-converting enzyme 2 (ACE2) facilitates its
transmission into host cells [S]. These ACE2 proteins are
the master regulators of the local and central renin-
angiotensin system (RAS). ACE2 catalyzes the conversion
of angiotensin I to angiotensin-(1-9) and angiotensin II
(Ang II) to angiotensin-(1-7) [6-9]. An imbalance in the
ACE2/ACE ratio can occur due to reduced activity of ACE2
or increased activity of ACE. Consequently, increased
Angll induces the production of reactive oxygen species
(ROS) and increases the expression of cyclooxygenase
enzymes. The increased activity of the ACE/Angll/ATIR
axis or the decreased activity of the ACE2/Ang-(1-7)/MasR
axis generates pulmonary and neurogenic hypertension and
therefore may lead to thrombosis, causing cardiovascular
complications culminating in lung damage, heart failure,
multiorgan failure and hemorrhage [10, 11]. Recently,
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Fig. 1 Schematic representation of the effect of SARS-CoV-2 infec-
tion on the generation of neurogenic hypertension. A Neuronal ACE2
expression in different parts of the brain, such as the subfornical organ
(SFO), area postrema (AP), paraventricular nucleus (PVN), dorsal motor
nucleus of the vagus (DMNX), nucleus of tractus solitarius (NTS), and
rostroventrolateral medulla (RVLM). B SARS-CoV-2 neuroinvasion is

clinical studies reported the dissemination of SARS-CoV-2
to other organ systems, including the brain. Clinicians
raised concerns that neuropathology inflicted by the virus
may also contribute to peripheral effects.

The mechanisms of neuroinvasion by SARS-CoV-2 were
obscure until Moriguchi et al. reported the presence of
SARS-CoV-2 in the cerebrospinal fluid (CSF) of COVID-19
patients [12]. Neuronal ACE2 (nACE2) is present in different
parts of the brain, such as the subfornical organ (SFO), area
postrema (AP), paraventricular nucleus (PVN), the dorsal
motor nucleus of the vagus (DMNX), nucleus of tractus
solitarius (NTS) and rostroventrolateral medulla (RVLM)
(Fig. 1A) [13]. The possibility is raised that the presence of
nACE2 may play a facilitatory role in the neurotropism of
SARS-CoV-2 [14, 15]. However, whether the neuroinvasive
and neurotropic capabilities of SARS-CoV-2 owing to the
presence of nACE2 in certain parts of the brain contribute to
the neural control of hypertension remains to be determined.
The overwhelming morbidity due to COVID-19 in patients
suffering from heart diseases and hypertension warrants a
systematic discussion on the unusual nature of SARS-CoV-2
infection. The clarity in understanding the pathophysiology
of SARS-CoV-2-induced neurogenic hypertension is crucial
in the development of therapeutic strategies for COVID-19
patient management.
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facilitated by its binding to neuronal ACE2 present on neurons, that leads
to inflammatory response induction, such as increased secretion of
chemokines and cytokines, as well as increased ROS levels. This not
only can lead to alterations in neuronal function but also can alter bar-
oreceptor reflex activity, that in turn leads to the development of
hypertension

In this review, we summarize the status of knowledge on
SARS-CoV-2 infection and discuss the potential of the
clinical interplay between nACE2 and SARS-CoV-2
infection in the generation of neurogenic hypertension.

ACE2

In humans, the 40 kb ACE?2 gene is located on chromosome
Xp22, which comprises of 20 introns and 18 exons. ACE2
is a type I transmembrane protein composed of 805 amino
acids. At the N-terminus, ACE2 contains a peptidase
domain (PD), and at the C-terminus, a collectrin-like
domain is present. Structurally, ACE2 carries only a sin-
gle catalytic domain that possesses a zinc-binding metal-
lopeptidase motif (HEXXH). ACE2 catalyzes the
conversion of angiotensin I into angiotensin-(1-9) [8]. In
addition, ACE2 converts angiotensin II to angiotensin-(1-7)
[8]. Functionally, this enzyme may exist in two forms: a
membrane-bound form and a soluble form. These
membrane-bound ACE2 proteins are ubiquitous and are
distributed across organs and tissues such as the lung par-
enchyma, brain, nasal mucosa, lymphoid tissues, testes,
renal system and urinary tract [16]. The soluble form of
ACE2 is present in a small amount in the blood. This
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catalytically inactive soluble form of ACE2 is formed by the
cleavage of membrane-bound ACE2 by the enzyme disin-
tegrin and metalloproteinase 17 (ADAM17) [17].

ACE2, a receptor for SARS-CoV-2

SARS-CoV-2 is a spherical, crown-shaped, enveloped,
positive-sense single-stranded RNA virus 66—-100 nm in
diameter with a genome size of ~29kb [18]. For host
tropism, the S protein of SARS-CoV-2 binds to cell-surface
ACE2 proteins through their receptor-binding domain
(RBD). Other than ACE2, SARS-CoV-2 has been found to
interact with host proteases such as trypsin, factor X,
TMPRSS?2, furin, cathepsin L, and cathepsin B to facilitate
its entry following priming by S protein [5, 19]. It was
observed that SARS-CoV-2 RBD has a high binding affi-
nity with the ACE2 than for SARS-CoV [20]. Upon entry
into the host, the virus causes the downregulation of
membrane-bound ACE2 [21, 22]. This downregulation of
ACE?2 expression is associated with the elevation of circu-
lating Ang II levels and results in systemic RAS imbalance.
Such RAS imbalance is associated with the development of
multiple organ damage during SARS-CoV-2 infection [23].

Renin-angiotensin pathway

The renin-angiotensin system (RAS) is an endocrine
homeostatic regulator of vascular function that essentially
regulates blood volume, blood pressure, urine volume,
natriuresis, etc. The RAS is involved in cardiovascular
homeostasis owing to its critical role in the regulation of
water and electrolyte balance. RAS signaling mechanisms
in the vasculature are involved in the maintenance of blood
flow. Therefore, the RAS is an integral part of kidney
functions. The inactive form of prorenin present in the
juxtaglomerular (JG) cells of the kidney undergoes cleavage
to produce renin in response to different conditions, such as
a decrease in intratubular sodium levels and blood pressure
(Fig. 2). The release of renin into the blood causes its
reaction with angiotensinogen, a circulating protein.
Angiotensinogen, which is produced in the liver and
released in the blood, is acted upon by active renin. Free
circulating active renin catalyzes the cleavage of angio-
tensinogen into angiotensin I (Ang I). Furthermore, the
angiotensin-converting enzyme (ACE) facilitates the con-
version of angiotensin I to angiotensin II (Ang II). Ang II is
a biologically active peptide that acts on two types of
receptors: Ang II type 1 and type 2 receptors (AT1R and
AT2R, respectively). The activation of ATIR by Ang II
facilitates vasoconstriction, inflammation, salt and water
reabsorption [24]. This effect of Ang II is reduced by
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angiotensin-converting enzyme 2 (ACE2). ACE2 catalyzes
the conversion of Ang II into Ang-(1-7). The resultant
heptapeptide binds to G-protein coupled receptors called
Mas receptors (MasR). Furthermore, this ACE2/Ang-(1-7)/
MasR axis prevents the accumulation of Ang II, a vaso-
constrictor, and thus prevents the generation of hyperten-
sion [25]. In recent years, the discovery of RAS components
in different tissues put forward the concept of local RAS
[26]. The RAS components in several parts of the brain
serve as a local RAS. All components of the brain RAS,
including nACE2, have been identified in neuronal and
non neuronal cells, such as the neurons, astrocytes, and
microglia of the SFO, PVN, RVLM, AP, and NTS of the
brain [27].

Epidemiological findings on the association
between hypertension and SARS-CoV-2

During the first wave of the pandemic, it was found that
elderly people are at the highest risk of lower respiratory
tract infections (LRTIs). However, the new variants of the
virus are causing LRTIs in younger populations as well,
leading to an increased rate of complications and mortality.

Hypertension is one of the most common comorbidities
and is distinctly observed within adult patients. Several
clinical studies and epidemiological data from COVID-19
patients link the presence of comorbidities with increased
severity of COVID-19, and comorbidities enormously
contribute to COVID-19 morbidity. According to the
available COVID-19 epidemiological data, the prominent
comorbidities that aggravate morbidity include diabetes,
cardiovascular diseases (CVDs), cerebrovascular diseases,
and hypertension [2-4, 23, 28-38] (Table 1). Of these,
hypertension was indicated as the most prevalent comor-
bidity and was associated with an increased mortality rate
among COVID-19 patients (Table 1).

According to the available clinical data from COVID-19
patients, immune dysregulation is observed within patients
with COVID-19. It is well known that uncontrolled blood
pressure stimulates immune system dysregulation. More-
over, in humans, the deregulation of CD4 + and CDS8 +
T cells plays a causal role in the development of hyper-
tension [39]. In particular, immunosenescent CD8 + T cells
are unable to perform antiviral defense effectively and
hence lead to the overproduction of cytokines [40, 41]. This
cytokine overproduction results in the development of
hypertension-related complications such as organ damage
[42, 43]. In COVID-19 patients, the elevation of immuno-
modulatory proteins such as IL2, IL6, IL10, MCPI1, and
TNF-a in plasma has been observed [44]. Few of these
deregulated immunomodulatory proteins associated with
the development of hypertension were identified in some
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Fig. 2 Schematic representation of the renin-angiotensin system
(RAS). JG cells of the kidney mediate the release of renin. Released
renin acts on the liver, produces angiotensinogen, and catalyzes its
cleavage into decapeptide angiotensin I (Ang I). Ang I is converted
into Ang II through the action of ACE. This Ang II binds to AT1 and
AT?2 receptors. Ang II binds to AT1 receptors in blood vessels and
facilitates vasoconstriction, which increases blood pressure. Ang II
also facilitates the release of aldosterone from the adrenal gland, which
induces an increase in blood pressure through the retention of water in

experimental models [44]. In addition, immunomodulatory
proteins and high levels of plasma troponin T (TnT) and
D-dimers have been identified in most patients with severe
COVID-19 [30, 33]. Taken together, epidemiological and
clinical data from COVID-19 patients suggest that immune
dysregulation results in the development of cytokine-storm-
induced hypertension and directly correlates with progres-
sion to severe COVID-19 and mortality.

Brain, nACE2, and neurogenic hypertension

As recent as two decades ago, the RAS was believed to
function with renin, angiotensinogen, angiotensin-
converting enzyme (ACE), angiotensin peptides, and their
receptors. However, the discovery of ACE2 in 2000 chan-
ged the mechanistic understanding of the RAS [8]. Earlier,
it was known that Ang II, a vasoactive peptide, is generated

the kidney. Ang II-ATIR also mediates the secretion of ADH from the
pituitary gland, which helps in the absorption of water in collecting
ducts and thereby increases blood pressure. ACE2 breaks down Ang II
to Ang-(1-7), causing a reduction in Ang II levels and a reduction in
blood pressure. ACE Angiotensin-converting enzyme, ACE2
Angiotensin-converting enzyme 2, APA Aminopeptidase A, APN
Aminopeptidase N, JG Juxtaglomerular, ADH Antidiuretic hormone,
ACE Angiotensin-converting enzyme

through the action of ACE and mediates blood pressure
elevation by exerting its action through ATI1 receptors.
However, the discovery of ACE2 added a twist in the
function of the RAS, as it negatively regulates the RAS
through the generation of Ang-(1-7) from the degradation
of Ang II. ACE2 was identified to balance the vaso-
deleterious effect of ACE/Ang II/ATIR [6, 8]. The role of
the classical RAS system was found to be associated with
the regulation of blood pressure, fluid-electrolyte balance,
and systemic vascular resistance. In addition to the classical
systemic RAS, the local RAS in the brain also plays a
pivotal role in the neural regulation of blood pressure and
cardiovascular function. Interestingly, the elements present
in brain RAS processes are the same as those present in
systemic RAS processes. It has also been noted that brain
RAS overactivity, oxidative stress, and cyclooxygenase
(COX) are involved in the generation of neurogenic
hypertension (Fig. 1B).
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Reference

Overexpression of ACE2 reduces DOCA salt-induced hypertension. Sriramula S et al.
However, the increase in RAS activity increases the Ang II-mediated [11]

ADAM17 expression which causes ACE shedding and generates

neurogenic hypertension.

Outcomes

ACE2 Overexpression/ reduction and tissue system

hACE2 overexpression in neurons

Table 2 List of model systems used to study the role of neuronal ACE2 in brain regions

Syn-hACE2 (SA) transgenic mice

Model System

SPRINGER NATURE

Sriramula S et al.

[47]

Overexpression of ACE2 in PVN reduces the Ang II-mediated

expression of Proinflammatory cytokines.

Human ACE2 overexpression in the paraventricular

nucleus (PVN)

DOCA salt model in non-transgenic mice and Human ACE?2 overexpression in the neurons

Syn-hACE2 (SA) transgenic mice

Male Sprague-Dawley rats

Xia H et al. [59]

RAS overactivity induces ADAM17-mediated ACE2 shedding

which creates neurogenic hypertension

Yamazato M et al.

[56]

This study compares the effect of lenti-ACE2 expression in the

Lenti-ACE2 overexpression in rostral ventrolateral

medulla (RVLM)

Wistar—Kyoto rats and spontaneously

hypertensive rats

RVLM of Wistar—Kyoto rats and spontaneously hypertensive rats

(SHR) and observed a decrease in mean arterial pressure and heart

rate SHR rats than Wistar—Kyoto rats.

Overexpression of lenti-ACE2 in RVLM reduces the blood pressure Wang Y et al. [57]

and heart rate in SHR rats.

Lenti-ACE2 overexpression in rostral ventrolateral

medulla (RVLM)

Wistar—Kyoto rats and spontaneously

hypertensive rats

Feng Y et al. [61]

Overexpression of hACE2 attenuates neurogenic hypertension. An

increase in brain NOS and NO levels also observed.

hACE2 overexpression in brain

Syn-hACE2 (SA) transgenic mice

Xia H et al. [60]

transgenic mice with floxed neuronal hACE2 hACE2 overexpression and knockdown carried out in SFO and PVN regions are involved in the regulation of blood

transgene (SL)

pressure.

subfornical organ and paraventricular nucleus (PVN)

ACE?2 expression is also ubiquitous in various organ
systems, including the brain. Doobay et al. (2007) reported
the presence of ACE2 proteins and mRNA in the brains of
NSE-ATI1A transgenic mice [13]. The isoform of ACE2 in
the brain is also identified as neuronal ACE2 (nACE2), that
is widely distributed within the brain. Hamming and col-
leagues observed ACE2 expression within endothelial and
smooth muscle cells of the brain [45]. Recently, mouse and
human brain transcriptomic analyses revealed a spatial and
cell-type distribution of ACE2, calling it nACE2. Excitatory
and inhibitory neurons as well as astrocytes and oligoden-
drocytes also express nACE2 [46]. Of note, mouse dopa-
minergic neurons and cerebellar cells are nACE2 positives
[46]. Notably, the distribution pattern of nACE2 is similar
in both mouse and human brains. High nACE2 expression
has been found in the substantia nigra and brain vesicles
[46].

To understand the role of nACE2 in the brain, different
animal model systems have been used (Table 2). Several
brain regions were found to be involved in the regulation of
BP. Among a few, the prominent area wherein nACE2 was
expressed was the hypothalamic paraventricular nucleus
(PVN), thereby leading to further speculation on the role of
the PVN in the neural control of blood pressure and body
fluid homeostasis [13]. In the PVN, nACE2 was particularly
detected within presynaptic and vasopressinergic neurons.
Ang II infusion in the PVN resulted in the upregulation of
ATIR and ACE levels with a subsequent reduction in
ACE2 and MAS, leading to hypertension. Proinflammatory
cytokines such as TNF-a, IL-6, and IL-1p were also found
to be increased in the PVN upon Ang II infusion (Fig. 1B).
Sriramula et al. reported that nACE2 overexpression in the
PVN of male Sprague-Dawley rats was capable of con-
trolling neurogenic hypertension [47].

Sympathoexcitation has been shown to be associated
with the development of hypertension [48]. The RVLM, the
vasomotor center, plays an important role in the regulation
of the sympathetic nervous system by determining basal
central sympathetic outflow. Several studies in stroke-prone
spontaneously hypertensive rats (SHRSP) showed that the
overexpression of endothelial NOS (eNOS) and neuronal
NOS (nNOS) in the RVLM facilitates sympathoinhibition
by restoring the impaired baroreflex function [49, 50].
However, it was observed that oxidative stress in the
RVLM was involved in the development of neurogenic
hypertension in different hypertensive models, such as
SHRSP, deoxycorticosterone acetate (DOCA) salt-induced
hypertensive models, dietary-induced models, and experi-
mental jet lag models [51-54]. The rostral ventrolateral
medulla (RVLM) is considered to be a relay point because
of its role in imparting Ang II signals from the brain to the
peripheral nervous system [55]. Yamazato et al. (2007)
showed that a spontaneously hypertensive rat (SHR) model



Understanding the role of nACE2 in neurogenic hypertension among COVID-19 patients 261

exhibited lower ACE2 expression and activity in the
RVLM. Lentiviral-mediated ACE2 overexpression within
the RVLM was shown to decrease BP in an SHR model
[56]. In SHRs, the overexpression of ACE2 in glutamatergic
neurons in the RVLM was associated with reduced BP. This
suggests that ACE2 per se may not regulate blood pressure.
The entire ACE2/Ang-(1-7)/Mas axis contributes to the
maintenance of blood pressure [57]. Moreover, nACE2
overexpression in the brain not only increases VEGF, FGF,
IFN-y, and IL6 gene expression but also upregulates eNOS/
NO expression, which subsequently decreases the incidence
of hypertension-mediated ischemic stroke [58].

The use of deoxycorticosterone acetate (DOCA) salt is
one of the most popular ways to induce hypertension in
animal models. DOCA induces elevated Ang II levels in
the brain without affecting Ang II systemic levels [59].
Increased expression of Nox-2, Nox-4, and nitrotyrosine
and reduced expression of SOD and catalases have been
observed in a DOCA model of hypertension, causing
oxidative stress. Oxidative stress exacerbates reactive
oxygen species (ROS) and decreases ACE2 activity
through Ang II-mediated stimulation of AT1R. Xia et al.
demonstrated that RAS overactivity in DOCA-salt-treated
transgenic syn-hACE2 mice increases ADAMI17-
mediated ACE2 shedding, which creates neurogenic
hypertension. ADAM17 knockdown and nACE2 over-
expression in transgenic syn-hACE2 mice re-establish
baroreflex and autonomic functions and reduce neuro-
genic hypertension and its associated inflammation
[59, 60]. Furthermore, nACE2 overexpression in trans-
genic syn-hACE2 mice upregulates the AT2 receptor and
MasR, thus facilitating a reduction in oxidative stress and
COX expression, that attenuates the development of
neurogenic hypertension [11]. Conditional overexpression
of hACE2 in the brains of syn-hACE2 mice prevented
neurogenic hypertension by increasing the AT2R/ATIR
and Mas/ATI1 receptor ratios [61]. DOCA treatment in
synapsin-LoxP-hACE2 (SL) transgenic mice demon-
strated brain regions involved in the generation of neu-
rogenic hypertension, and it was observed that the
overexpression of hACE2 in the SFO and PVN decreases
BP [60].

Effect of SARS-CoV-2 infection in the brain

The first report of the presence of SARS-CoV-2 in CSF
grabbed the attention of the scientific community and was a
first step toward understanding the neuroinvasive potential
and neurotropism mechanism of SARS-CoV-2. Initially,
there were several viewpoints on the possible neuroinvasive
route of SARS-CoV-2. However, due to the lack of evident
research in this area, the answer to this question remains

unknown. According to a few reports, SARS-CoV-2 might
use a direct or indirect neuroinvasion pathway. The indirect
pathway involves the release of the virus from the lungs into
the bloodstream, leading to the presentation of viral anti-
gens by antigen-presenting cells to the immune system.
These immune cells may cross the blood-brain barrier and
facilitate SARS-CoV-2 entry within the CNS through the
vagus nerve. A recent study by Rhea EM et al. identified
that intranasal administration of the S1 subunit of SARS-
CoV-2 into male CD-1 mice facilitated S1 subunit entry
within the brain by crossing the BBB [62]. It was also
observed that viral infection of endothelial cells in the CNS
caused immune system deregulation, which may account
for BBB disruption [63]. However, the direct pathway, that
is, the transneuronal pathway, involves neuroinvasion
through the olfactory nerves of the piriform cortex to the
CNS. This pathway permits SARS-CoV-2 entry through
primary sensory neuronal cells. After entry, these primary
sensory neurons communicate with the neurons of the
olfactory system, particularly mitral cells, and thus mediate
the transport of the virus from the CSF toward the lym-
phatic system of the CNS and PNS. An autopsy analysis of
COVID-19 patients identified the presence of SARS-CoV-2
in distinct regions of the brain, such as the medulla
oblongata, cerebellum, and nasopharynx. In addition, the
study suggested that this virus may enter the brain by
crossing the neural-mucosal interface [64].

An ultrastructural analysis of autopsy samples from
COVID-19 patients confirmed the presence of SARS-CoV-
2 in different areas of the CNS, such as the olfactory nerve,
gyrus rectus, medulla oblongata, and trigeminal ganglions
[65-67]. Moreover, a few autopsy studies of COVID-19
patients have shown a loss of neuronal cells and glial cells
along with axonal degeneration in the nucleus tractus soli-
tarii, vagus nerve, and dorsal raphe nuclei [65, 67]. Such
autopsy analyses in COVID-19 patients confirm the invol-
vement of SARS-CoV-2 in the CNS.

To confirm the pathophysiology of COVID-19, Sun et al.
developed a SARS-CoV-2 mouse model in both wild-type
C57BL/6 mice and both young and aged hACE2 mice. They
injected virus intranasally into transgenic SARS-CoV-2
hACE2 mice and reported the presence of viral S protein
expression in neurons, microglial cells, and astrocytes [68].
However, several other studies using K18-hACE2 trans-
genic SARS-CoV-2 mice identified the presence of the virus
in different parts of the brain, such as the thalamus, amyg-
dala, cerebral cortex, hippocampus, medulla, area postrema,
hypoglossal nucleus, and midbrain [69-72]. Altogether, both
autopsy studies and experimental analyses support the neu-
roinvasion and neurotropism of SARS-CoV-2.

Despite neuroinvasion and neurotropism mechanisms,
several clinical studies and case report data from COVID-19
patients have revealed the occurrence of neurological
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manifestations. One such clinical study categorized neuro-
logical symptoms into three different categories to under-
stand the neuroinvasive nature of SARS-CoV-2 in patients
suffering from [1] CNS symptoms such as headache, diz-
ziness, impaired consciousness, ataxia, epilepsy, and acute
cerebrovascular disease; [2] PNS symptoms such as hypo-
geusia, hyposmia, hypoplasia, and neuralgia; and [3] ske-
letal muscular symptoms. They identified that ~36.4% of
patients were found to manifest neurological symptoms.
Among these patients, 25% had CNS symptoms, while the
percentages of patients with PNS and skeletal muscle
symptoms were 8.9% and 10.7%, respectively. Most of the
patients with CNS symptoms had dizziness and headache,
whereas hypogeusia was the most common PNS symptom
[73]. In a cross-sectional study, the headache was observed
to be the most common CNS symptom in COVID-19
patients. Furthermore, in certain patients, the headache was
found to be associated with intracranial hypertension [74].
The first case of benign intracranial hypertension (BIH) in a
patient with COVID-19 was reported in Brazil [75]. Pos-
terior reversible encephalopathy syndrome (PRES) is trig-
gered by the overactivation of the renin-angiotensin system,
which induces hypertension, causes renal injuries, etc. In a
case report by Kishfy L et al. in 2020, it was observed that
COVID-19 patients with blood pressure fluctuations
develop manifestations of hypertensive encephalopathy
such as PRES [76].

Another clinical survey found that olfactory taste dis-
order (OTD) is a clinical symptom of SARS-CoV-2 infec-
tion. It is noteworthy that female patients are more
susceptible to OTDs than male patients, providing a clue
toward sexual differences in the etiology of COVID-19
[77]. Multiple organ failure is another prominent clinical
reason for the severity of COVID-19 [78, 79]. In one such
report, it was noted that recovered COVID-19 patients were
more susceptible to depression, obsessive-compulsive dis-
order, Alzheimer’s disease, Parkinson’s disease, etc. [80]. In
a recent case report, a patient with a SARS-CoV-2 infection
also developed a rare type of acute transverse myelitis
(ATM) [81].

Most importantly, it is also evident that patients with
severe CNS symptoms have low lymphocyte counts, which
suggests the presence of immunosuppression. Additionally,
the presence of high D-dimer levels is indicative of the
development of cerebrovascular disease [73]. It is well
known that a lower CD4:CDS ratio is an indication of a
progressive decrease in immunity [82]. However, in a study
of COVID-19 patients, the CD4:CD8 ratio was unaltered,
but CD8 overexpression was observed, and the number of
CDS8 + cytotoxic T cells (CTLs) was significantly increased
[83]. Cytokine storms are also observed in patients with
severe SARS-CoV-2 infections. Such cytokine storms are
associated with an impairment of the nicotinic cholinergic
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neuronal system [84]. CT and MRI studies of patients with
SARS-CoV-2 infections suggest the occurrence of a rare
complication of acute necrotizing encephalopathy (ANE)
[85]. Diffusion tensor imaging (DTI) and 3D TIW1 MRI
analyses of recovered COVID-19 patients showed an
enlargement of the hippocampus, olfactory cortex, Heschl’s
gyrus, and rolandic operculum; a reduction in the mean
diffusivity (MD), axial diffusivity (AD), and radial diffu-
sivity (RD); and an increase in fractional anisotropy (FA) in
white matter [86]. All these findings suggest that SARS-
CoV-2 infection leads to a disruption in the microstructural
and functional integrity of the brain [86]. In a recent clinical
study, it was observed that some COVID-19 patients
without a prior history of hypertension develop hyperten-
sion after postinfection. Critical analysis of these data
identified elevated levels of cardiac troponin I (cTnl), pro-
lactin, and Ang II in COVID-19 patients [87]. In yet another
study, hypertension was identified as the second most pre-
valent consequence of COVID-19 [88]. Both CNS and PNS
symptoms continue to persist even after the infection is
cured [89].

Overall, from the critical analysis of published data on
COVID-19 patients, one may conclude that neuroinvasion
by SARS-CoV-2 causes neuronal degeneration and sub-
sequently activates astrocytes and microglial cells, which
generate dysfunction within the cardiovascular center in
the brain. Such dysfunction induces RAS imbalance,
which in turn results in immune dysregulation. These
abnormalities within the CNS after SARS-CoV-2 infec-
tion are linked to cellular immune deficiency, which leads
to the development of hypertension, cerebrovascular dis-
eases, and coagulopathies.

Treatment strategies to counter SARS-CoV-
2-mediated hypertension

SARS-CoV-2 infection in host cells results in RAS
overactivation due to the loss of ACE2 either by
ADAM17-mediated ACE2 shedding or by increased viral
load. Increased Ang II levels lead to increased ATI1R
activation, which indicates decreases in the ACE2/ACE
ratio, AT2R/ATIR ratio, and MasR/ATIR ratio. Such
imbalances result in heightened inflammatory responses,
such as cytokine storms, leading to post-COVID-19
complications and mortality (Fig. 3A and B). A new
line of diagnostics needs to be developed to monitor the
inflammatory response and coagulopathy, even in reco-
vering patients, to reduce post-COVID-19 deaths due to
cardiac arrest, neuronal hemorrhage, and multiorgan fail-
ure. Some of the existing strategies to combat comorbid
SARS-CoV-2 infection and hypertension are discussed
below.
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Fig. 3 Effect of SARS-CoV-2 infection on the brain RAS pathway.
A In healthy individuals, the brain renin-angiotensin system (RAS)
system is well balanced, as blood pressure is well maintained. B
However, SARS-CoV-2 infection in patients results in the generation
of neurogenic hypertension through the downregulation of the neu-
ronal ACE2/Ang-(1-7)/MasR vasoprotective axis. This down-
regulation of the vasoprotective axis results in decreases in the ACE2/

A. Recombinant hACE2

SARS-CoV-2 utilizes ACE2 for entry into host cells. Since
the use of rhACE2 treatment may sufficiently prevent the
priming of endogenous ACE2 by the S protein of SARS-
CoV-2, it may exert beneficial effects by restoring the
regulation of the RAS. However, the limitation of this
treatment lies in the high molecular size (89.6 kDa) of
rhACE2, that may exert lower activity against the tissue
RAS. Currently, the developed rhACE2 is in phase II
clinical trials [90, 91].

B. AT1 receptor blockers (ARBs) and angiotensin-
converting enzyme inhibitors (ACE-is)

ACE-is and ARBs are routinely used for the treatment of
hypertension, CVD, and heart failure. The use of an ACE-i
exerts a protective effect against high blood pressure by
inhibiting the production of Ang II. Several ACE-is, such as
lisinopril, captopril, benazepril, fosinopril, and enalapril, are
used to treat hypertension. The routine use of an ACE-i
causes several adverse side effects, such as dry cough,
dizziness, and hyperkalemia. Therefore, ARBs are preferred
over ACE-is because they provide excellent efficacy, fewer
adverse events, and no negative metabolic effects in patients
with hypertension, CVD, and heart failure [90]. From sev-
eral animal studies, it was evident that peripherally

ACE ratio, AT2R/ATIR ratio, and MasR/ATIR ratio. Vasoprotective
axis downregulation also increases cytokine production and neuroin-
flammation and activates microglial cells. The red arrow indicates the
downregulation of enzyme or peptide activity. ATIR Ang II type 1
receptor, AT2R Ang II type 2 receptor, Ang I Angiotensin I, Ang II
Angiotensin II, ACE2 Angiotensin-converting enzyme 2, ACE
Angiotensin-converting enzyme, MasR Mas receptor

administered ARBs were able to cross the blood-brain
barrier (BBB) and block ATI1 receptors within the brain,
thereby exerting positive effects by lowering blood pressure
[54, 92-96]. Although all ARBs are lipophilic to some
extent, the variation in their degree of lipophilicity and
pharmacokinetic properties, such as plasma half-life, oral
bioavailability, and the volume of distribution (Vd), leads to
different effects on hypertension. In addition, experimental
evidence has shown that ARB liposolubility leads to better
absorption and tissue penetration and facilitates sym-
pathoinhibition by strong binding to AT1 receptors [48, 97].

During the early onset of COVID-19, it was hypothe-
sized that ACE inhibitor (ACE-i)/AT1R blocker (ARB)
administration may result in the upregulation of ACE2
levels, which decreases Ang II levels and culminates in
ATIR response deactivation. This phenomenon might be
associated with an increased risk of SARS-CoV-2 infection
and disease-linked complications. However, several clinical
studies, meta-analyses, single-site cohort studies, and sys-
tematic review studies of COVID-19 patients from different
countries later reported that the use of ARBs and ACE-is
does not have any correlation with an increased risk of
SARS-CoV-2 infection. In contrast, the use of ARBs and
ACE-is provides beneficial effects, such as a reduction in
hospitalization stay and an improved survival rate [98—106].
Several societies are working toward the cause of hyper-
tension, such as the International Society of Hypertension,
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European Society of Hypertension, European Society of
Cardiology, Japanese Society of Hypertension, Japanese
Circulation Society, and American Heart Association,
which support the continuation of ARB/ACE-i treatment in
patients with hypertension and those who develop hyper-
tension during infection [107-111]. Currently, several
clinical trials on ARBs and ACE inhibitors suggest ARBs as
an alternative treatment option for SARS-CoV-2 infection
[112-127]. Several such ARBs are still under investigation
(Table 3).

From recently available knowledge, it is evident that the
progression of SARS-CoV-2 infection is associated with a
decrease in ACE2. The resultant increased level of Ang II
destabilizes the renin-angiotensin system, causing a
decrease in the ACE2/ACE ratio, AT2R/ATIR ratio, and
MasR/ATIR ratio, which aggravates the development of
cytokine-storm-induced hypertension. The use of ACE-is/
ARBs in COVID-19 patients proved to be beneficial and
lifesaving. ARBs block the AT1R-Ang II interaction and
thereby increase ACE2. However, ACE-is facilitate eleva-
tion in ACE2 by blocking the conversion of angiotensin I to
angiotensin II. The increase in ACE2 elevates the ACE2/
ACE ratio, AT2R/ATIR ratio, and MasR/ATI1R ratio and
restores the RAS. Overall, ARB/ACE-i treatment in patients
with SARS-CoV-2 infections proved to be lifesaving, as it
balanced the RAS and lowered the chances of immune
dysregulation, which accounted for lower susceptibility to
SARS-CoV-2 infection.

Conclusions

SARS-CoV-2 infiltration in the brain has been shown by
many clinical studies and supported by autopsy studies.
Changes in brain structure have also been shown through
CT and MRI. However, further research is warranted to link
the process of virus invasion in the brain with CNS
symptoms, such as the development of neurogenic hyper-
tension. Based on collective critical evaluation of various
scientific letters, viewpoints, discussions, and experimental
data, we speculate that, unlike SARS-CoV, SARS-CoV-2
invades the CNS through the blood-brain barrier and
through the olfactory nerves of the piriform cortex. In the
CNS, the binding of SARS-CoV-2 to ACE2 increases
ADAMI17, which mediates the shedding of nACE2, cul-
minating in the loss of nACE2; this further causes persistent
RAS activation through an increase in the AngII-AT1 axis
and generates neurogenic hypertension. As hypertension is
convincingly accepted as the most prevalent comorbidity in
deceased COVID-19 patients, the development of alter-
native strategies to maintain the physiological conditions of
the RAS to combat SARS-CoV-2 infection cannot be
undermined. These alternative strategies should be aimed at

preventing the entry of SARS-CoV-2 into host cells and
controlling ACE2 shedding and Ang II levels at an early
phase of infection. The potential effects of ATI receptor
blockers or soluble ACE2 treatments may be considered for
the management of COVID-19.
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