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ABSTRACT

Intracerebral hemorrhage (ICH) is associated with old age and underlying conditions such as hypertension and
diabetes. ICH patients are vulnerable to SARS-CoV-2 infection and develop serious complications as a result of
infection. The pathophysiology of ICH patients with SARS-CoV-2 infection includes viral invasion, dysfunction of
the ACE2-Ang (1-7)-MasR and ACE-Ang II-AT:R axes, overactive immune response, cytokine storm, and
excessive oxidative stress. These patients have high morbidity and mortality due to hyaline membrane
formation, respiratory failure, neurologic deficits, and multiple organ failure.

INTRODUCTION

Novel coronavirus (2019-nCoV)-associated pneumonia
cases first appeared in Wuhan, Hubei Province, China, in
December 2019 [1]. Whole-genome sequencing identified
a novel coronavirus—severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [2, 3]. In the following
months, SARS-CoV-2 rapidly spread throughout China
and the world. By May 26, 2020, SARS-CoV-2 had
resulted in 84,543 infections and 4,645 deaths in China, as
reported by National Health Commission of the People’s
Republic of China. In addition, other countries reported
5,468,627 confirmed cases and 345,544 deaths. The
World Health Organization declared SARS-CoV-2 a
public health emergency and named the virus Corona
Virus Disease 2019 (COVID-19).

Although the source of SARS-CoV-2 and its
pathogenesis are still being studied, COVID-19 is a
systemic disease that can lead to pneumonia, respiratory
failure, and acute respiratory distress syndrome (ARDS)
and has high morbidity and mortality. COVID-19 also
affects the cardiovascular, renal, cerebrovascular, and
blood coagulation systems. Genome sequencing of

patients’ cerebrospinal fluid has identified the presence
of SARS-CoV-2 in the brain, which is also seen in
SARS and Middle East respiratory syndrome (MERS)
infection [4]. Here, we review the pathophysiology of
SARS-CoV-2 infection in patients with intracerebral
hemorrhage (ICH).

Characteristics of SARS-CoV-2

Coronaviruses (CoVs), part of the subfamily
Orthocoronavirinae in the family Coronaviridae of the
order Nidovirales, are enveloped, nonsegmented,
positive-sense, single-stranded RNA viruses [5]. Some
CoVs are transmitted from animals to people and have
gradually developed as pathogens of the respiratory,
gastrointestinal, and central nervous systems in human.
Examples include SARS, which caused an outbreak in
2002, and MERS, which caused an outbreak in 2012,
both of which affect the lower respiratory tract [6, 7].
Genome sequencing has identified 2019-nCoV as a
Betacoronavirus. SARS-CoV-2 and two bat-derived
SARS-like strains, ZC45 and ZXC21, form an
independent clade within lineage B of the subgenus
Sarbecovirus [8, 9]. The two bat SARS-related
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coronaviruses closest to SARS-CoV-2, ZXC21 and
ZC45, can infect suckling rats and cause brain tissue
inflammation and pathological changes in the lung and
intestine [10].

SARS-CoV-2 contains a single positive-sense RNA
genome and is around 60 to 140 nm in diameter [5]. The
genome sequence of SARS-CoV-2 has 89% nucleotide
identity with the bat SARS-like CoV ZXC21, 86.9%
with the bat SARS-like CoV ZC45, and 82% with the
human SARS-CoV [10-12]. The phylogenetic trees of
SARS-CoV-2’s orfla/b, spike, envelope, membrane,
and nucleoprotein also cluster closely with those of the
bat, civet, and human SARS coronaviruses [10, 11, 13].
However, the external subdomain of spike’s receptor
binding domain in SARS-CoV-2 shares only 40%
amino acid identity with other SARS-related
coronaviruses [8, 10].

SARS-CoV-2, like SARS-CoV, manipulates angio-
tensin-converting enzyme 2 (ACE2) as the viral
receptor and invades type 2 alveolar epithelial cells in
the lower respiratory tract [11]. ACEZ2 inhibitors prevent
SARS coronavirus from constant viral replication in
Vero E6 cells [14]. The receptor binding domain on the
S1 subunit of the SARS-CoV-2 spike protein (S
glycoprotein) and the transmembrane domain of ACE2
are implicated in SARS-CoV-2 infection [2, 15].

A majority of the earliest confirmed patients infected
with SARS-CoV-2 were exposed to wild animals sold
in the Huanan Seafood Wholesale Market. Although it
is difficult to pinpoint the exact source or the
intermediate host of the novel coronavirus, the first
cluster of pneumonia cases suggests that person-to-
person transmission via the respiratory route occurred
[16]. The digestive system is also hypothesized to be a
route of SARS-CoV-2 transmission.

ICH patients are vulnerable to SARS-CoV-2
infection and develop serious complications as a
result of infection

The general population is susceptible to SARS-CoV-2
infection. As of February 11, 2020, the Chinese Center
for Disease Control and Prevention had identified
72,314 cases of COVID-19, including 55,239 confirmed
patients, 16,186 suspected infections, and 889 infections
without any symptoms [17]. 87% of the patients are
between 30 and 79 years old. Clinical symptoms at the
beginning of COVID-19 infection include chills, fever,
cough, fatigue, myalgia, dyspnea, and diarrhea. Chest
computed tomography (CT) images show ground-glass
opacity in both lungs and, in severe cases, progressive
consolidation of multiple lobular and subsegmental
tracts. However, many infected patients are asympto-

matic and have normal chest CT scans. Asymptomatic
patients with SARS-CoV-2 infection, as well as those
with atypical neurologic manifestations such as
headache, dizziness, nausea, and vomiting, contribute to
misdiagnosis and delayed treatment. According to the
Chinese Center for Disease Control and Prevention,
81% of the 72,341 patients diagnosed with COVID-19
had mild disease, and the mortality rate was
approximately 2.3%. However, the fatality rate
increased to 8.0% in people age 70 to 79 years old and
14.8% in those age 80 or older. Infected patients with
underlying diseases also had higher fatality rates: 10.5%
in patients with cardiovascular disease, 7.3% for
diabetes, 6.0% for hypertension, and 5.6% for cancer. A
review of the clinical features of 138 confirmed patients
in Zhongnan Hospital of Wuhan University confirmed
that ICU patients were obviously elder and were more
likely to have underlying diseases, as well as having
higher risk for poor outcome [18]. Therefore, the worst
complications and outcomes occur in older patients and
those with chronic diseases, such as pulmonary disease,
diabetes, hypertension, heart failure, atherosclerosis,
cerebrovascular disease, and cancer. Patients with
severe SARS-CoV-2 infection develop pneumonia and
extrapulmonary pathological changes. Complications in
patients with severe infection include hypoxemia,
pulmonary edema, ARDS, postviral bacterial super-
infection, septic shock, metabolic acidosis, blood
coagulation dysfunction, and multiple organ damage. A
retrospective, single-center study of 99 cases of
COVID-19 in Wuhan Jinyintan Hospital revealed that
severe patients had high levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
myocardial zymogram, blood urea nitrogen and serum
creatinine, all of which were implicated with multiple
organ damage. Biopsy samples of tissues from patients
with SARS-CoV-2 indicate impairment of alveolar
epithelial cells and pneumocytes in both lungs,
exudation of extracellular fluid in alveolus, infiltration
of lymphocytes and macrophages, and formation of
hyaline membrane, indicating ARDS, which also occurs
in SARS and MERS coronavirus infection [19, 20].

ICH accounts for 20% to 30% of strokes in China and is
associated with high mortality and morbidity, with most
survivors —experiencing neurologic and cognitive
impairment. The physiological status go to the bad with
age and elder persons have higher possibility to develop
underlying diseases, consisting of hypertension,
diabetes, and dysfunction of blood coagulation, all of
which are interact with the occurrence and development
of ICH [21]. Hypertension is the mainly risk factor of
ICH, as well as amyloid angiopathy, hemangioma,
arteriovenous  malformations,  coagulopathy, and
cerebroma [22]. Therefore, ICH is associated with old
age and underlying conditions such as hypertension and
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diabetes. ICH patients, susceptible to SARS-CoV-2
infection, are prone to develop serious complications
and need ICU admission.

ICH exerts mass effect and causes primary physical
damage that is dependent on the location, volume, and
expansion of the hematoma. Secondary injury is caused
by brain edema, the inflammatory cascade, and hematoma
decomposition products. After the interaction between
SARS-CoV-2 and the ACE2 receptor, some infected
patients rapidly develop elevated blood pressure, which
brings about severe cerebral changes, including activated
microglia, accumulated ferritin, damaged neurons, and
impaired neurologic function [23]. One report describing
41 cases of COVID-19 indicated that prolonged
prothrombin time, elevated D-dimer, and severe platelet
reduction occur in ICU patients with SARS-CoV-2
infection [24]. Then ICH patients may develop blood
coagulation dysfunction as a result of infection. The high
levels of thrombin is a trigger of early perihematomal
brain edema; thrombin affects a variety of cells, including
microglia, neurons, and brain endothelial cells, and
destroys the blood—brain barrier (BBB) [25]. Low platelet
activity is a marker of severe ICH, and platelet transfusion
in the acute phase can limit hemorrhage volume and
attenuate poor outcomes [26]. The BBB inhibits cerebrum
invasion, regulates substantial exchange, and maintains
homeostasis in the center nervous system. The viral
invasion and breakdown of the BBB results in
immunocyte recruitment in the central nervous system.
Overactivation of the immune response and pro-
inflammatory factors can lead to cellular apoptosis and
necrosis, endothelial impairment, brain edema, and
neuronal loss. In detail, the pathophysiology of ICH
patients with SARS-CoV-2 infection includes viral
invasion, dysfunction of the ACE2-Ang (1-7)-MasR and
ACE-ANng II-AT:R axes, overactive immune response,
cytokine storm, and excessive oxidative stress.

SARS-CoV-2 brain invasion and ACE2

The renin-angiotensin system (RAS) consists of the
protease renin, angiotensinogen, angiotensin-converting
enzyme (ACE), and angiotensin Il. The local brain RAS
includes angiotensinogen, peptidases, angiotensins, and
specific receptor proteins that play specific roles in
development of cerebrovascular disease [27, 28].
ACE2, a homologous enzyme of ACE, is secreted by
endothelia and smooth muscle cells. A study pointed
that SARS-CoV-2 can manipulate all but mouse ACE2
as the entry receptor in the ACE2-expressing cells,
which might permit the viral invasion and replication in
multiple organs. ACE2 is found in arterial and venous
endothelial cells and arterial smooth muscle cells in
most organs, including oral and nasal mucosa, naso-
pharynx, lung, stomach, small intestine, colon, skin,

lymph nodes, thymus, bone marrow, spleen, liver,
kidney, and brain [14, 29].

Pathologists obtained human brain tissue from autopsies
and research on the staining for ACE2; endothelial and
smooth muscle cells of cerebrum were stained [14]. The
barrier between plasma and brain cells is formed by
brain capillary walls and glial cells and the barrier
between plasma and cerebrospinal fluid is formed by
choroid plexus. The expression of ACE2 in endothelial
and smooth muscle cells allow viral invasion and
replication in the blood-brain barrier. The BBB
breakdown includes swelling of endothelial cells,
necrosis, apoptosis, inflammatory injury and systemic
vasculitis. Genome sequencing of patients’ cerebro-
spinal fluid confirmed SARS-CoV-2 infection in the
brain [17]. The infected patients with atypical
neurologic manifestations such as headache, dizziness,
nausea, and vomiting are important signs for SARS-
CoV-2 brain invasion. In addition, autopsies from
patients with SARS infection have detected SARS-CoV
particles and genomic sequence in cerebral neurons, as
well as in T lymphocytes and monocytes in the
circulating blood of multiple organs [30]. After
intranasal inoculation of MERS-CoV in transgenic
mice, study of brain tissues indicated viral invasion.
Mice infected with the JHM and A59 strains of murine
hepatitis virus (MHV) manifest an acute encephalo-
myelitis and gradually develop demyelinating disease as
a result of persistent viral stimulation. In addition to
pulmonary disease, coronaviruses also cause patho-
logical changes in the cerebrum due to their
neuroinvasive and neurotropic properties [31].

SARS-CoV-2 and the dysfunction of the ACE2—
Ang (1-7)-MasR and ACE-Ang II-AT;R axes

Angiotensin 1-7, which is transferred by endopeptidases,
ACE2, and ACE from angiotensin I, binds to the Mas
receptor and is an effective and protective vasodilator
[32]. Mas receptors are distributed throughout the brain,
including the medulla and forebrain, which are associated
with cardiovascular regulation, and the hippocampus,
amygdala, anterodorsal thalamic nucleus, cortex, and
hypoglossal nucleus [33]. In contrast to the effects of Ang
Il in the brain, Ang-(1-7) regulates the cardiovascular
reflex and mediates blood pressure by releasing nitric
oxide (NO) and activating the PI3K-Akt-PKB pathway
[34]. The interaction between Ang-(1-7) and the Mas
receptor decreases reactive oxygen species (ROS)
production by cleaving Ang Il or inhibiting AT receptors
[35]. Ang-(1-7) and the G-protein-coupled receptor Mas,
which initiate the release of cytokines and activate and
recruit leukomonocytes, reduce inflammation by the
restraining Des-Arg9 bradykinin (DABK)-mediated
pathway [36, 37]. The ACE2-Ang-(1-7)-Mas axis is a
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protective regulator in the center nervous system; it
regulates blood pressure and inhibits inflammatory injury,
oxidative stress, fibrosis, and cellular apoptosis [38, 39].
Injection of Ang-(1-7) in the ventricle of rats reduces
ICH-induced injury, resulting in limited hematoma
expansion, decreased microglia, and neuronal recovery
[40]. In addition, administration of Ang-(1-7) in mice with
aneurysmal rupture inhibits the production of TNF-a and
IL-13 and attenuates pathological damage [41]. The
ACE2-Ang (1-7)-MasR axis and ACE-Ang II-AT:R
axis counterbalance each other to maintain cerebral
homeostasis [42]. Thus, pathological disruption of ACE2
and Ang Il can result in neurologic damage [43].

Infection and endocytosis of SARS-CoV-2 particles
downregulate active ACE2 and Ang-(1-7) and increase
Ang Il. The subsequent inhibition of the ACE2-Ang (1-
7)-MasR axis and overactivation of the ACE-Ang Il-
ATiR axis underlie the progressive pathological
deterioration in the cerebrum seen in patients with SARS-
CoV-2. Disruption of the ACE-Ang II-AT:R axis
contributes to rapidly elevated blood pressure [44].
Stimulation and production of Ang Il in local brain, which
binds to AT; receptors, activates the inflammatory NF-xB
pathway and superoxide production by activating
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase [45]. Increased ROS production damages brain
tissue, which is full of polyunsaturated fatty acid. In
addition, overactivation of ACE-Ang II-ATR is partly
responsible for brain inflammation and cellular apoptosis
and necrosis, leading to endothelial impairment, brain
edema, and neuronal injury. Administration of brainc Ang
Il receptor inhibitor attenuated acute inflammatory
responses in an animal model with bacterial infection
[46]. The brain inflammation with positive feedback seen
in ICH patients with SARS-CoV-2 infection, which is
postulated to be a result of dysfunction of the ACE2-Ang
(1-7)-MasR and ACE-Ang II-ATiR axes, results in
excessive oxidative stress and elevated cytokines,
chemokines, and toxic substances, which lead to neuronal
injury, cell death, brain edema, and neurologic deficits.
Hematoma expansion and brain edema contribute to
physical pressure on neighboring structures, such as
arterial vessels, the aqueduct of Sylvius, and the
brainstem, leading to cerebral ischemia, obstructive
hydrocephalus, cardiorespiratory dysfunction, intracranial
hypertension, and even cerebral hernia.

SARS-CoV-2, immune evasion and over-
activated immune responses

Among hospitalized patients with SARS-CoV-2
infection, general laboratory abnormalities include
leukopenia and lymphopenia. These abnormalities
indicate that both the viral burden and the reaction of
immune system play a critical role in SARS-CoV-2

invasion and replication. The immune system can
inhibit coronavirus, clean up apoptotic cells, and
promote tissue recovery in the cerebrum. Chemotactic
factors help leukocytes migrate to the correct position to
fight infection, and abnormal secretion can aggravate
the cerebral immunopathology. Conversely, weak
immune systems and insufficient immune responses are
associated with viral survivors and rapid coronavirus
invasion. Therefore, the relationship between SARS-
CoV-2 infection and the immune response needs to be
investigated, with potential measures provided to
interfere with viral dissemination, clear the virus, and
reduce tissue impairment.

After the internalization of coronavirus particles, host
cells recognize the coronavirus and initiate an innate
and adaptive immune response against the viral
infection; the complement system is also activated.
Interaction between cell-surface pattern recognition
receptors (PRRs) and pathogen-associated molecular
patterns (PAMPs), activation of proinflammatory
signaling proteins and pathways, production and release
of several inflammatory factors, and migration of
immunocytes occur in the immune and inflammatory
settings [36]. In addition, complementary autocrine and
paracrine signaling ensures that the infected cells and
surrounding uninfected cells express a series of
interferon-stimulated genes (ISGs), which establish an
antiviral microenvironment [47]. The PRRs in host cells
that detect pathogens contain toll-like receptor (TLR),
RIG-I-like receptors (RLRs), NOD-like receptors
(NLRs), C-type lectin-like receptor (CLR), cytoplasmic
DNA receptor (CDR), type | interferons (IFNs), and
dendritic cells (DCs) and restrict viral pervasion with
the help of macrophages, natural killer cells, T/B cells,
and immune molecules [48]. The main function of
macrophages is to phagocytose and digest cell debris
and pathogens and activate lymphocytes or other
immune cells in response to pathogens. Macrophages
and DCs infected with feline infectious peritonitis virus
(FIPV) inhibited the protective Thl cell response by
promoting the signaling pathway of IL-10 expression
[49]. Natural Killer cells are active in the response to
numerous infectious diseases and regulate immune
response by activating a series of cytokines including
IL-12, IL-1B, 1L-18, IL-23, and IFN-B, sometimes
resulting in hypersensitivity reactions and autoimmune
diseases [50]. B cell, CD4* T cells, and CD8* T cells,
with migration and secretion features, exert important
protective functions during adaptive immune responses
in organisms. CD4" helper T cells fight pathogens by
activating T-cell-dependent B cells and supporting
humoral and cellular immunity. Cytotoxic CD8* T cells
kill infected cells using a specific antigen response that
corresponds with tissue damage [51]. Due to the
antigenic  stimulation and activation of antigen-
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presenting cells and Th cells, activated B cells
differentiate into plasma cells and secrete pathogen-
specific antibodies to inhibit the effects of pathogens.

Although SARS-CoV-2 is sensitive to cell-surface
PRRs, immune evasion is achieved by defending
intermediate products of viral replication from immune
recognition, resulting in spread of SARS-CoV-2 and
restricted immune responses, which are associated with
lymphopenia [47, 52]. However, although immune
evasion of SARS-CoV-2 temporarily restricts the innate
immune response, subsequent overactivation or eruptive
initiation of the immune system can occur, leading to
multiple organ damage [53]. A hyperactivated immune
response contributes to immunopathogenesis, tissue
damage, and severe complications. The presence of
lymphopenia in 2019-nCoV infection indicates that
SARS-CoV-2 affects lymphocytes. Although the CD4*
and CD8* T cell levels in peripheral blood are largely
decreased, the function of lymphocytes is overactivated.
Flow cytometric analysis has indicated high levels of
proinflammatory CCR4*CCR6* Th17 in CD4" T cells
and cytotoxic granules in CD8* T cells, which are
associated with systemic inflammatory responses and
toxic reactions [54, 55]. In addition, the depressed
immune response also indicates the mechanism of
immune evasion in SARS-CoV infection [56]. CD3",
CD4*, and CD8* T lymphocytes were shown to be
decreased in the acute phase of SARS-CoV infection,
indicating lymphocyte deterioration and a suppressed
immune system. Nine hours after the cellular infection
of SARS-CoV in vitro, the incomplete viral replication
of SARS-CoV led to low production of antiviral
cytokines (IFN-a, IFN-B, IFN-y, and 1L-12p40), mild
generation of proinflammatory cytokines (TNF-o and
IL-6), and significantly elevated inflammatory chemo-
kines (MIP-1a, IP-10, and MCP-1) [57].

Activation of the immune system in response SARS-
CoV-2 and subsequent signaling cascades lead to innate
and adaptive immunity and proliferation of
proinflammatory cytokines, neutralizing antibodies, and
recruited lymphocytes, such as neutrophils and
macrophages. However, surviving virus excessively
stimulates immune cells with positive feedback and
causes an inflammatory factor storm. A recent report of
138 patients with SARS-CoV-2 at Zhongnan Hospital
of Wuhan University indicated that adverse reactions in
severe cases included neutrophilia, coagulation
activation, and acute multiple organ injury and that
these reactions were associated with higher con-
centrations of white blood cells and neutrophils, D-
dimer, creatine, aspartate aminotransferase, and high-
sensitivity troponin | [18]. Another report from Wuhan
demonstrated that, compared with healthy people, 44
patients with SARS-CoV-2 had higher immune

cytokine counts, including IL-1b, 1L-6, IL-12, IFN-y,
IP10, and MCP-1, resulting in systematic toxic organ
changes and severe tissue damage [24]. Moreover,
patients admitted to the ICU presented with higher
levels of GCSF, IP10, MCP-1, MIP1A, and TNF-o [58].

It is believed that the immune response that aims to Kill
SARS-CoV-2 also disrupts tissue homeostasis and
induces immunopathological changes, which is similar
to MERS-CoV and SARS-CoV infection [49]. In an
analysis of 128 serum samples of SARS patients, T cell
responses, especially CD8" T cell responses, and
antibody production were found to be major
components of the immune response to SARS-CoV
infection. The serological manifestation of memory
phenotype (CD27*/CD45R0O*) CD4* T cells producing
IFN-y, TNF-a, and IL-2 and CD8* T cells producing
IFN-y, TNF-a, and CD107a was correlated with severe
disease. High concentrations of plasma IFN-y, IL-1p,
IL-6, IL-8, IL-12, IP-10, MCP-1, CXCL8, CXCL10,
and CCL2 granules are a result of hyperactivated
inflammatory signaling cascades and cytokine storm
and are associated with the immunopathological
changes and severity of SARS-CoV infection [59]. In
SARS-CoV infection, neutrophils and chemokines such
as IL-8 infiltrate the respiratory tract and generate
myeloperoxidase and  elastase, which  causes
deterioration of pulmonary tissue and function and leads
to ARDS, respiratory failure, and admission to the ICU.
A research investigated 27 serum samples of MERS-
CoV from patients from South Korea in 2015 [60].
They found that the CD8* T cell response and
proinflammatory factors are associated with severe
disease, whereas CD4" T cell response is associated
with less severe disease. CD8* T cells act on viral S
protein in the early phase of MERS-CoV infection,
whereas CD4* T cells interact with E/M/N proteins in
the later phase. The invasion of MERS-CoV in host
cells triggers the Thl and Th17 proinflammatory
response and stimulates monocytes and lymphocytes,
resulting in high levels of IFN-y, TNF-a, IL-15, and IL-
17 and promoting activation of the MAPK, STATS3, and
NF-kB signaling pathways. The downstream signaling
protein and secreted inflammatory factors fight against
the virus, even leading to tissue damage, via the
production of IL-6, IL-1B, TGF-B, TNF-qa, IL-8, and
MCP-1. In addition, an elevated IL-10 level correlates
with activated JAK-STAT pathway and indicates an
anti-inflammatory effect [61].

Therefore, decreased lymphocytes and the induction of
cytokine storm are potent indicators of severe COVID-
19 infection. In a study of 228 patients with SARS,
patients with severe disease had high levels of IL-6 and
reduced concentrations of IL-8 and TGF- in the acute
phase, which correlated with disease severity [62]. The
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cytokine profiles caused by excessive immune response
lead to ARDS and multiple organ failure, contributing
to the mortality of patients with COVID-19 [63].
Plasma exchange can clear inflammatory factors, block
cytokine storms, and reduce the damage caused by the
inflammatory response.

SARS-CoV-2 and cytokine storms in ICH
patients

After mechanical injury by ICH, activated microglia
migrate to the position of damage. Although M1
microglia help clear necrotic substances, they also
generate inflammatory cytokines and contribute to BBB
breakdown and brain edema. Triggered inflammatory
cascades, including production of IL-1B, TNF-a, ROS,
chemokines, and prostaglandins, damage the BBB [64].
Due to increased BBB permeability, mobilized
neutrophils in the perihematomal region generate ROS
and release a series of granules, such as collagenase,
myeloperoxidase, and elastase. Neutrophils can
stimulate nearby microglia, regulate immune response,
and exaggerate adverse effects on brain tissue via
production of IL-8, IL-6, TNF-a, and IL-1p, resulting in
neuronal loss and brain edema. Persistently high
neutrophil levels in peripheral blood predict poor
prognosis in ICH patients. In addition, neutrophils are
important mediators in the recruitment of monocytes
[65]. The reactive astrocytes gather around the
hematoma and induce MMP-9 [66]. Elevated MMP-9
activity is associated with perinematomal edema, BBB
disruption, and neural loss [67]. CD8" cytotoxic T cells
and CD4" Th cells increase in the perihematomal region
and contribute to neuronal apoptosis and endothelial
injury. Due to physical damage and BBB impairment,
inflammatory cells infiltrate the hematoma, stimulate
the production of cytokines and chemotactic factor with
active feedback, and initiate cellular apoptosis via NF-
kB inflammatory signaling pathways and downstream
molecules [68]. Intercellular adhesion molecule-1, IL-
1B, TNF-a, chemokines, MMP-9, inducible nitric oxide
synthase, free radicals, COX-2, and PLA; participate in
NF-xB activation. Inflammatory cells contain recruited
neutrophils and monocytes and resident microglia and
astrocytes. Active cytokines can stimulate the
complement system to form the membrane attack
complex and generate C3a and Cb5a, resulting in direct
tissue injury and augmented immune response.
Infiltration of blood substances affects microcirculation,
contributing to hypoxia and producing ROS.
Hemoglobin and iron are cytotoxic and cause oxidative
and proinflammatory changes that further brain injury,
probably in conjunction with oxygen free radicals [69].
Oxidative stress, excitotoxicity, and cellular necrosis
and apoptosis result in neuronal injury, brain edema,
and cell death [70].

However, there is limited information about the innate
immune responses in the center nervous system after
SARS-CoV-2 brain invasion in ICH patients. In a lab
study, the serum samples of SARS-CoV-2 patients were
IgM positive in the early stage of infection and
subsequently became 1gG positive, indicating a humoral
response [11]. Because SARS-CoV-2 invades the brain
via ACE2 receptor in ICH patients, viral pathogenicity
and replication destroy the blood-brain barrier and
induce dynamic immune responses. SARS-CoV-2
infection may disturb the activation and inhibition of
related signaling cascades, leading to stimulation of the
innate immune system, recruitment of lymphocytes,
secretion of toxic substances, and cytokine storm with
positive feedback circulation.

Neurologic biopsies of patients with SARS-CoV-2
infection demonstrate congestion, brain edema, and
partial neuronal degeneration, similar to the effects
seen with SARS and MERS infection. ACE2 receptors
are distributed throughout the synaptic membrane of
the brain, and center nervous system autopsies of
SARS patients demonstrated infiltration of monocytes
and lymphocytes in blood vessels, hydrocephalus,
demyelination of the nerve myelin sheath, and neuronal
degeneration, which is associated with aggravation of
the pathological changes seen in ICH patients [19].
After SARS-CoV infection in K18-hACE2 mice, viral
particles and antigens were found in the neurons of the
brain. Upregulation of cytokines and chemokines con-
tributes to BBB impairment, gliocyte hyperplasia,
neuronal damage, and brain edema as a result of
cellular oxidative damage, necrosis, and apoptosis [71].
Some patients with severe MERS-CoV infection
manifested neurological symptoms, including epilepsy,
dystaxia, paralysis, and conscious disturbance.
Magnetic resonance imaging performed in hospitalized
patients with MERS indicated acute alterations in the
white matter and the subcortical areas of the frontal,
temporal, and parietal lobes [72]. In MERS, excessive
production of proinflammatory cytokines and
chemokines leads to rapid increases of RIG-I, MDAS,
PKR, MYD88, TNF-a, IL-1B, CCL2, CCLS5, and
CXCL10 in the brain [73]. MHV affects oligo-
dendrocytes and impairs the myelin sheath via
immunologic injury. Although MHV-JHM infection in
brain tissue initiates an immune response and activates
inflammatory signaling cascades to clear the virus,
MMP secretion, immunocyte migration, and increased
chemokines and cytokines are associated with BBB
breakdown and demyelination [49]. Impairment of
brain microvascular endothelial cells (BMECS) in vitro
by MHV3 infection is a result of downregulation of
zona occludens protein 1 (ZO-1), VE-cadherin, and
occludin, which leads to elevated BBB permeability
[74]. In addition, stimulation and recruitment of
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macrophages and/or microglia in the white matter
contributes to demyelination in MHV-JHM-infected
mice. Although immune responses help clear patho-
gens, excessively inflammatory signaling cascades,
influx of cytokines and chemokines, a large volume of
recruited immune cells, and toxic substances in the
center nervous system indicate a poor prognosis.

Whereas SARS-CoV-2 invasion and replication in brain
cause direct damage, indirect deterioration is associated
with the immune response. Immune mediator
dysfunction and autoimmune reactions prolong the
immune response and exacerbate tissue damage.
Neutrophils, natural Killer cells, macrophages, and
lymphocytes proliferate and produce IL-1a, IL-1p, IL-6,
IL-12, TNF-0, IFN-y, and CXCR2. Migrated
neutrophils swallow viral particles; generate a series of
antibacterial peptides, proteases, and ROS to kill the
virus; and introduce tissue damage. ROS, superoxide
anion, and NADPH oxidase cause excessive oxidative
stress. Elevated neutrophil-to-lymphocyte ratio (NLR)
has been shown to be a marker of severe SARS-CoV-2
infection in the early phase.

An overactivated immune system affects both virus and
host cells. As SARS-CoV-2 combines with ACE2
receptors, the immunopathological injury in center nerve
system is the result of the explosive cytokine storm [75].
ACE2 is highly expressed in arterial and venous
endothelial cells and arterial smooth muscle cells in
brain. The impairment and contraction of vascular
endothelial cells, due to the out of control inflammatory
response, lead to increased permeability of the capillary
wall and diffusion of substances from vessels into the
interstitial space. Brain tissues with ACE2 receptors are
attacked the extreme immune response, eventually
leading to neurologic deficits and bad outcomes.

CONCLUSIONS

Patients with COVID-19 who present with neurologic
symptoms need early diagnosis, isolation, and
treatment. When new neurologic symptoms occur in
hospitalized patients, such as ataxia, focal motor
deficits, and conscious disturbance, cerebrospinal fluid
examination and SARS-CoV-2 nucleic acid and gene
sequencing should be performed. ICH patients with
SARS-CoV-2 infection are prone to develop
neurological complications and have poor outcomes.
Because there is no specific treatment for the virus,
airborne precautions and isolation of identified and
suspected infected patients is crucial.

CONFLICTS OF INTEREST

The authors declare they have no conflicts of interest.

FUNDING

This work was supported by the “333 Project” science
program of Jiangsu Province (No. BRA2015187), the
fifteenth "Six Talent Peaks" project of Jiangsu Province
(No. WSW-246) and the "Thirteenth Five-Year" Special
Fund for Science, Education and Health of Yangzhou
(NO. LIJRC20187).

REFERENCES

1. lJin YH, Cai L, Cheng ZS, Cheng H, Deng T, Fan YP, Fang
C, Huang D, Huang LQ, Huang Q, Han Y, Hu B, Hu F, et
al, for the Zhongnan Hospital of Wuhan University
Novel Coronavirus Management and Research Team,
Evidence-Based  Medicine  Chapter of China
International Exchange and Promotive Association for
Medical and Health Care (CPAM). A rapid advice
guideline for the diagnosis and treatment of 2019
novel coronavirus (2019-nCoV) infected pneumonia
(standard version). Mil Med Res. 2020; 7:4.
https://doi.org/10.1186/s40779-020-0233-6
PMID:32029004

2. Habibzadeh P, Stoneman EK. The novel coronavirus: a
bird’s eye view. Int J Occup Environ Med. 2020;
11:65-71.
https://doi.org/10.15171/ijoem.2020.1921
PMID:32020915

3. Gorbalenya AE, Baker SC, Baric RS, de Groot RJ,
Drosten C, Gulyaeva AA, Haagmans BL, Lauber C,
Leontovich AM, Neuman BW, Penzar D, Perlman §,
Poon LLM, et al. 2020.

4. https://www.thepaper.cn/newsDetail forward
6319695.

5. ChenY, Liu Q, Guo D. Emerging coronaviruses: genome
structure, replication, and pathogenesis. J] Med Virol.
2020; 92:418-23.
https://doi.org/10.1002/imv.25681 PMID:31967327

6. Bleibtreu A, Bertine M, Bertin C, Houhou-Fidouh N,
Visseaux B. Focus on middle east respiratory syndrome
coronavirus (MERS-CoV). Med Mal Infect. 2020;
50:243-51.
https://doi.org/10.1016/j.medmal.2019.10.004
PMID:31727466

7. Hui DS, Zumla A. Severe acute respiratory syndrome:
historical, epidemiologic, and clinical features. Infect
Dis Clin North Am. 2019; 33:869-89.
https://doi.org/10.1016/j.idc.2019.07.001
PMID:31668196

8. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X,
Huang B, Shi W, Lu R, Niu P, Zhan F, Ma X, et al. China
Novel Coronavirus Investigating and Research Team. A
Novel Coronavirus from Patients with Pneumonia in

WWW.aging-us.com 13797

AGING


https://doi.org/10.1186/s40779-020-0233-6
https://pubmed.ncbi.nlm.nih.gov/32029004
https://doi.org/10.15171/ijoem.2020.1921
https://pubmed.ncbi.nlm.nih.gov/32020915
https://www.thepaper.cn/newsDetail_forward_6319695
https://www.thepaper.cn/newsDetail_forward_6319695
https://doi.org/10.1002/jmv.25681
https://pubmed.ncbi.nlm.nih.gov/31967327
https://doi.org/10.1016/j.medmal.2019.10.004
https://pubmed.ncbi.nlm.nih.gov/31727466
https://doi.org/10.1016/j.idc.2019.07.001
https://pubmed.ncbi.nlm.nih.gov/31668196

10.

11.

12.

13.

14.

15.

16.

China, 2019. N Engl J Med. 2020; 382:727-733.
https://doi.org/10.1056/NEJM0a2001017
PMID:31978945

Tian X, Li C, Huang A, Xia S, Lu S, Shi Z, Lu L, Jiang S,
Yang Z, Wu Y, Ying T. Potent binding of 2019 novel
coronavirus spike protein by a SARS coronavirus-
specific human monoclonal antibody. Emerg Microbes
Infect. 2020; 9:382-385.
https://doi.org/10.1080/22221751.2020.1729069
PMID:32065055

Chan JF, Kok KH, Zhu Z, Chu H, To KK, Yuan S, Yuen KY.
Genomic characterization of the 2019 novel human-
pathogenic coronavirus isolated from a patient with
atypical pneumonia after visiting Wuhan. Emerg
Microbes Infect. 2020; 9:221-36.
https://doi.org/10.1080/22221751.2020.1719902
PMID:31987001

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si
HR, Zhu Y, Li B, Huang CL, Chen HD, Chen J, Luo Y, et al.
A pneumonia outbreak associated with a new
coronavirus of probable bat origin. Nature. 2020;
579:270-73.
https://doi.org/10.1038/s41586-020-2012-7
PMID:32015507

Xu X, Chen P, Wang J, Feng J, Zhou H, Li X, Zhong W,
Hao P. Evolution of the novel coronavirus from the
ongoing Wuhan outbreak and modeling of its spike
protein for risk of human transmission. Sci China Life
Sci. 2020; 63:457-60.
https://doi.org/10.1007/s11427-020-1637-5
PMID:32009228

Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, Wang H,
Crameri G, Hu Z, Zhang H, Zhang J, McEachern J, Field
H, et al. Bats are natural reservoirs of SARS-like
coronaviruses. Science. 2005; 310:676-79.
https://doi.org/10.1126/science.1118391
PMID:16195424

Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G,
van Goor H. Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in
understanding SARS pathogenesis. J Pathol. 2004;
203:631-37.

https://doi.org/10.1002/path.1570

PMID:15141377

Kuhn JH, Li W, Choe H, Farzan M. Angiotensin-
converting enzyme 2: a functional receptor for SARS
coronavirus. Cell Mol Life Sci. 2004; 61:2738-43.
https://doi.org/10.1007/s00018-004-4242-5
PMID:15549175

Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R,
Leung KS, Lau EH, Wong JY, Xing X, Xiang N, Wu Y, et al.
Early transmission dynamics in Wuhan, China, of novel

17.

18.

19.

20.

21.

22.

23.

24,

coronavirus-infected pneumonia. N Engl J Med. 2020;
382:1199-207.
https://doi.org/10.1056/NEJM0a2001316
PMID:31995857

Wu Z, McGoogan JM. Characteristics of and Important
Lessons from the Coronavirus Disease 2019 (COVID-19)
Outbreak in China. JAMA, 2020; 323:1239-42.
https://doi.org/10.1001/jama.2020.2648

PMID: 32091533

Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B,
Xiang H, Cheng Z, Xiong Y, Zhao Y, Li Y, Wang X, Peng Z.
Clinical characteristics of 138 hospitalized patients with
2019 novel coronavirus-infected pneumonia in Wuhan,
China. JAMA. 2020; 323:1061-69.
https://doi.org/10.1001/jama.2020.1585
PMID:32031570

Ding Y, Wang H, Shen H, Li Z, Geng J, Han H, Cai J, Li X,
Kang W, Weng D, Lu Y, Wu D, He L, et al. The clinical
pathology of severe acute respiratory syndrome
(SARS): a report from China. J Pathol. 2003; 200:282-9.
https://doi.org/10.1002/path.1440

PMID:12845623

Ng DL, Al Hosani F, Keating MK, Gerber SI, Jones TL,
Metcalfe MG, Tong S, Tao Y, Alami NN, Haynes LM,
Mutei MA, Abdel-Wareth L, Uyeki TM, et al.
Clinicopathologic, immunohistochemical, and
ultrastructural findings of a fatal case of middle east
respiratory syndrome coronavirus infection in the
United Arab Emirates, april 2014. Am J Pathol. 2016;
186:652-58.
https://doi.org/10.1016/j.ajpath.2015.10.024
PMID:26857507

Camacho E, LoPresti MA, Bruce S, Lin D, Abraham M,
Appelboom G, Taylor B, McDowell M, DuBois B, Sathe
M, Sander Connolly E. The role of age in intracerebral
hemorrhages. J Clin Neurosci. 2015; 22:1867-70.
https://doi.org/10.1016/j.jocn.2015.04.020
PMID:26375325

Keep RF, Hua Y, Xi G. Intracerebral haemorrhage:
mechanisms of injury and therapeutic targets. Lancet
Neurol. 2012; 11:720-31.
https://doi.org/10.1016/51474-4422(12)70104-7
PMID:22698888

Wu G, Bao X, Xi G, Keep RF, Thompson BG, Hua Y. Brain
injury after intracerebral hemorrhage in spontaneously
hypertensive rats. J Neurosurg. 2011; 114:1805-11.
https://doi.org/10.3171/2011.1.JNS101530
PMID:21294617

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan
G, Xu J, Gu X, Cheng Z, Yu T, Xia J, et al. Clinical features
of patients infected with 2019 novel coronavirus in
Wuhan, China. Lancet. 2020; 395:497-506.

WWW.aging-us.com

13798

AGING


https://doi.org/10.1056/NEJMoa2001017
https://pubmed.ncbi.nlm.nih.gov/31978945
https://doi.org/10.1080/22221751.2020.1729069
https://pubmed.ncbi.nlm.nih.gov/32065055
https://doi.org/10.1080/22221751.2020.1719902
https://pubmed.ncbi.nlm.nih.gov/31987001
https://doi.org/10.1038/s41586-020-2012-7
https://pubmed.ncbi.nlm.nih.gov/32015507
https://doi.org/10.1007/s11427-020-1637-5
https://pubmed.ncbi.nlm.nih.gov/32009228
https://doi.org/10.1126/science.1118391
https://pubmed.ncbi.nlm.nih.gov/16195424
https://doi.org/10.1002/path.1570
https://pubmed.ncbi.nlm.nih.gov/15141377
https://doi.org/10.1007/s00018-004-4242-5
https://pubmed.ncbi.nlm.nih.gov/15549175
https://doi.org/10.1056/NEJMoa2001316
https://pubmed.ncbi.nlm.nih.gov/31995857
https://doi.org/10.1001/jama.2020.2648
https://pubmed.ncbi.nlm.nih.gov/32091533/
https://doi.org/10.1001/jama.2020.1585
https://pubmed.ncbi.nlm.nih.gov/32031570
https://doi.org/10.1002/path.1440
https://pubmed.ncbi.nlm.nih.gov/12845623
https://doi.org/10.1016/j.ajpath.2015.10.024
https://pubmed.ncbi.nlm.nih.gov/26857507
https://doi.org/10.1016/j.jocn.2015.04.020
https://pubmed.ncbi.nlm.nih.gov/26375325
https://doi.org/10.1016/S1474-4422(12)70104-7
https://pubmed.ncbi.nlm.nih.gov/22698888
https://doi.org/10.3171/2011.1.JNS101530
https://pubmed.ncbi.nlm.nih.gov/21294617

25.

26.

27.

28.

29.

30.

31

32.

33.

https://doi.org/10.1016/50140-6736(20)30183-5
PMID:31986264

Hua Y, Keep RF, Hoff JT, Xi G. Brain injury after
intracerebral hemorrhage: the role of thrombin and
iron. Stroke. 2007; 38:759-62.
https://doi.org/10.1161/01.STR.0000247868.97078.10
PMID:17261733

Naidech AM, Liebling SM, Rosenberg NF, Lindholm PF,
Bernstein RA, Batjer HH, Alberts MJ, Kwaan HC. Early
platelet transfusion improves platelet activity and may
improve outcomes after intracerebral hemorrhage.
Neurocrit Care. 2012; 16:82-87.
https://doi.org/10.1007/s12028-011-9619-3
PMID:21837536

Wright JW, Harding JW. The brain renin-angiotensin
system: a diversity of functions and implications for
CNS diseases. Pflugers Arch. 2013; 465:133-51.
https://doi.org/10.1007/s00424-012-1102-2
PMID:22535332

Baltatu OC, Campos LA, Bader M. Local renin-
angiotensin system and the brain—a continuous quest
for knowledge. Peptides. 2011; 32:1083-86.
https://doi.org/10.1016/j.peptides.2011.02.008
PMID:21333703

Li F. Receptor recognition and cross-species infections
of SARS coronavirus. Antiviral Res. 2013; 100:246-54.
https://doi.org/10.1016/j.antiviral.2013.08.014
PMID:23994189

Gu J, Gong E, Zhang B, Zheng J, Gao Z, Zhong Y, Zou W,
Zhan J, Wang S, Xie Z, Zhuang H, Wu B, Zhong H, et al.
Multiple organ infection and the pathogenesis of SARS.
J Exp Med. 2005; 202:415-24.
https://doi.org/10.1084/jem.20050828
PMID:16043521

Desforges M, Le Coupanec A, Dubeau P, Bourgouin A,
Lajoie L, Dubé M, Talbot PJ. Human coronaviruses
and other respiratory viruses: underestimated
opportunistic pathogens of the central nervous
system? Viruses. 2019; 12:14.
https://doi.org/10.3390/v12010014

PMID:31861926

Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G,
Turner AJ. A human homolog of angiotensin-
converting enzyme. Cloning and functional expression
as a captopril-insensitive carboxypeptidase. J Biol
Chem. 2000; 275:33238-43.
https://doi.org/10.1074/jbc.M002615200
PMID:10924499

Regenhardt RW, Mecca AP, Desland F, Ritucci-Chinni
PF, Ludin JA, Greenstein D, Banuelos C, Bizon L,
Reinhard MK, Sumners C. Centrally administered
angiotensin-(1-7) increases the survival of stroke-prone

34,

35.

36.

37.

38.

39.

40.

41.

spontaneously hypertensive rats. Exp Physiol. 2014;
99:442-53.
https://doi.org/10.1113/expphysiol.2013.075242
PMID:24142453

Rabelo LA, Alenina N, Bader M. ACE2-angiotensin-(1-
7)-mas axis and oxidative stress in cardiovascular
disease. Hypertens Res. 2011; 34:154-60.
https://doi.org/10.1038/hr.2010.235 PMID:21124322

Xia H, Suda S, Bindom S, Feng Y, Gurley SB, Seth D,
Navar LG, Lazartigues E. ACE2-mediated reduction of
oxidative stress in the central nervous system is
associated with improvement of autonomic function.
PLoS One. 2011; 6:222682.
https://doi.org/10.1371/journal.pone.0022682
PMID:21818366

Mowry FE, Biancardi VC. Neuroinflammation in
hypertension: the renin-angiotensin system versus pro-
resolution pathways. Pharmacol Res. 2019; 144:279—
91.

https://doi.org/10.1016/j.phrs.2019.04.029
PMID:31039397

Kuba K, Imai Y, Ohto-Nakanishi T, Penninger JM. Trilogy
of ACE2: a peptidase in the renin-angiotensin system, a
SARS receptor, and a partner for amino acid
transporters. Pharmacol Ther. 2010; 128:119-28.
https://doi.org/10.1016/j.pharmthera.2010.06.003
PMID:20599443

Rocha NP, Simoes E Silva AC, Prestes TR, Feracin V,
Machado CA, Ferreira RN, Teixeira AL, de Miranda AS.
RAS in the central nervous system: potential role in
neuropsychiatric disorders. Curr Med Chem. 2018;
25:3333-52.
https://doi.org/10.2174/0929867325666180226102358
PMID:29484978

Kangussu LM, Marzano LA, Souza CF, Dantas CC,
Miranda AS, Simdes E Silva AC. The renin-angiotensin
system and the cerebrovascular diseases:
experimental and clinical evidence. Protein Pept Lett.
2020; 27:463-75.
https://doi.org/10.2174/0929866527666191218091823
PMID:31849284

Shimada K, Furukawa H, Wada K, Wei Y, Tada Y,
Kuwabara A, Shikata F, Kanematsu Y, Lawton MT,
Kitazato KT, Nagahiro S, Hashimoto T. Angiotensin-(1-
7) protects against the development of aneurysmal
subarachnoid hemorrhage in mice. J Cereb Blood Flow
Metab. 2015; 35:1163-68.
https://doi.org/10.1038/jcbfm.2015.30
PMID:25757758

Becker LK, Etelvino GM, Walther T, Santos RA,
Campagnole-Santos MJ. Immunofluorescence
localization of the receptor mas in cardiovascular-

WWW.aging-us.com

13799

AGING


https://doi.org/10.1016/S0140-6736(20)30183-5
https://pubmed.ncbi.nlm.nih.gov/31986264
https://doi.org/10.1161/01.STR.0000247868.97078.10
https://pubmed.ncbi.nlm.nih.gov/17261733
https://doi.org/10.1007/s12028-011-9619-3
https://pubmed.ncbi.nlm.nih.gov/21837536
https://doi.org/10.1007/s00424-012-1102-2
https://pubmed.ncbi.nlm.nih.gov/22535332
https://doi.org/10.1016/j.peptides.2011.02.008
https://pubmed.ncbi.nlm.nih.gov/21333703
https://doi.org/10.1016/j.antiviral.2013.08.014
https://pubmed.ncbi.nlm.nih.gov/23994189
https://doi.org/10.1084/jem.20050828
https://pubmed.ncbi.nlm.nih.gov/16043521
https://doi.org/10.3390/v12010014
https://pubmed.ncbi.nlm.nih.gov/31861926
https://doi.org/10.1074/jbc.M002615200
https://pubmed.ncbi.nlm.nih.gov/10924499
https://doi.org/10.1113/expphysiol.2013.075242
https://pubmed.ncbi.nlm.nih.gov/24142453
https://doi.org/10.1038/hr.2010.235
https://pubmed.ncbi.nlm.nih.gov/21124322
https://doi.org/10.1371/journal.pone.0022682
https://pubmed.ncbi.nlm.nih.gov/21818366
https://doi.org/10.1016/j.phrs.2019.04.029
https://pubmed.ncbi.nlm.nih.gov/31039397
https://doi.org/10.1016/j.pharmthera.2010.06.003
https://pubmed.ncbi.nlm.nih.gov/20599443
https://doi.org/10.2174/0929867325666180226102358
https://pubmed.ncbi.nlm.nih.gov/29484978
https://doi.org/10.2174/0929866527666191218091823
https://pubmed.ncbi.nlm.nih.gov/31849284
https://doi.org/10.1038/jcbfm.2015.30
https://pubmed.ncbi.nlm.nih.gov/25757758

42.

43.

44,

45.

46.

47.

48.

49.

50.

related areas of the rat brain. Am J Physiol Heart Circ
Physiol. 2007; 293:H1416-24.
https://doi.org/10.1152/ajpheart.00141.2007
PMID:17496218

Ye R, Liu Z. ACE2 exhibits protective effects against LPS-
induced acute lung injury in mice by inhibiting the LPS-
TLR4 pathway. Exp Mol Pathol. 2020; 113:104350.
https://doi.org/10.1016/j.yexmp.2019.104350
PMID:31805278

Yagil Y, Yagil C. Hypothesis: ACE2 modulates blood
pressure in the mammalian organism. Hypertension.
2003; 41:871-73.
https://doi.org/10.1161/01.HYP.0000063886.71596.C8
PMID:12654716

Jiang T, Gao L, Lu J, Zhang YD. ACE2-ang-(1-7)-mas axis
in brain: a potential target for prevention and
treatment of ischemic stroke. Curr Neuropharmacol.
2013; 11:209-17.
https://doi.org/10.2174/1570159X11311020007
PMID:23997755

Pefia Silva RA, Chu Y, Miller JD, Mitchell 1J, Penninger
JM, Faraci FM, Heistad DD. Impact of ACE2 deficiency
and oxidative stress on cerebrovascular function with
aging. Stroke. 2012; 43:3358-63.
https://doi.org/10.1161/STROKEAHA.112.667063
PMID:23160880

Saavedra JM, Sanchez-Lemus E, Benicky J. Blockade
of brain angiotensin Il AT1 receptors ameliorates
stress, anxiety, brain inflammation and ischemia:
therapeutic implications. Psychoneuroendocrinology.
2011; 36:1-18.
https://doi.org/10.1016/j.psyneuen.2010.10.001
PMID:21035950

Kikkert M. Innate immune evasion by human
respiratory RNA viruses. J Innate Immun. 2020;
12:4-20.

https://doi.org/10.1159/000503030
PMID:31610541

Li G, FanY, Lai Y, Han T, Li Z, Zhou P, Pan P, Wang W,
Hu D, Liu X, Zhang Q, Wu J. Coronavirus infections and
immune responses. J Med Virol. 2020; 92:424-432.
https://doi.org/10.1002/jmv.25685

PMID:31981224

Perlman S, Dandekar AA. Immunopathogenesis of
coronavirus infections: implications for SARS. Nat Rev
Immunol. 2005; 5:917-27.
https://doi.org/10.1038/nri1732 PMID:16322745

Trottein F, Paget C. Natural killer T cells and mucosal-
associated invariant T cells in lung infections. Front
Immunol. 2018; 9:1750.
https://doi.org/10.3389/fimmu.2018.01750
PMID:30116242

51.

52.

53.

54.

55.

56.

57.

58.

Pascal KE, Coleman CM, Mujica AO, Kamat V, Badithe
A, Fairhurst J, Hunt C, Strein J, Berrebi A, Sisk JM,
Matthews KL, Babb R, Chen G, et al. Pre- and
postexposure efficacy of fully human antibodies
against spike protein in a novel humanized mouse
model of MERS-CoV infection. Proc Natl Acad Sci USA.
2015; 112:8738-43.
https://doi.org/10.1073/pnas.1510830112
PMID:26124093

Romero-Brey |, Bartenschlager R. Membranous
replication factories induced by plus-strand RNA
viruses. Viruses. 2014; 6:2826-57.
https://doi.org/10.3390/v6072826

PMID:25054883

Gralinski LE, Baric RS. Molecular pathology of emerging
coronavirus infections. J Pathol. 2015; 235:185-95.
https://doi.org/10.1002/path.4454

PMID:25270030

Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S,
Zhao P, Liu H, Zhu L, Tai Y, Bai C, Gao T, et al.
Pathological findings of COVID-19 associated with
acute respiratory distress syndrome. Lancet Respir
Med. 2020; 8:420-22.
https://doi.org/10.1016/52213-2600(20)30076-X
PMID:32085846

Zhao J, Zhao J, Mangalam AK, Channappanavar R,
Fett C, Meyerholz DK, Agnihothram S, Baric RS,
David CS, Perlman S. Airway Memory CD4(+) T Cells
Mediate Protective Immunity against Emerging
Respiratory Coronaviruses. Version 2. Immunity.
2016; 44:1379-91.
https://doi.org/10.1016/j.immuni.2016.05.006
PMID:27287409

Channappanavar R, Perlman S. Pathogenic human
coronavirus infections: causes and consequences of
cytokine storm and immunopathology. Semin
Immunopathol. 2017; 39:529-39.
https://doi.org/10.1007/s00281-017-0629-x
PMID:28466096

Law HK, Cheung CY, Ng HY, Sia SF, Chan YO, Luk W,
Nicholls JM, Peiris JS, Lau YL. Chemokine up-regulation
in SARS-coronavirus-infected, monocyte-derived
human dendritic cells. Blood. 2005; 106:2366—74.
https://doi.org/10.1182/blood-2004-10-4166
PMID:15860669

Liu J, Zheng X, Tong Q, Li W, Wang B, Sutter K, Trilling
M, Lu M, Dittmer U, Yang D. Overlapping and discrete
aspects of the pathology and pathogenesis of the
emerging human pathogenic coronaviruses SARS-
CoV, MERS-CoV, and 2019-nCoV. J Med Virol. 2020;
92:491-94.

https://doi.org/10.1002/jmv.25709

WWW.aging-us.com

13800

AGING


https://doi.org/10.1152/ajpheart.00141.2007
https://pubmed.ncbi.nlm.nih.gov/17496218
https://doi.org/10.1016/j.yexmp.2019.104350
https://pubmed.ncbi.nlm.nih.gov/31805278
https://doi.org/10.1161/01.HYP.0000063886.71596.C8
https://pubmed.ncbi.nlm.nih.gov/12654716
https://doi.org/10.2174/1570159X11311020007
https://pubmed.ncbi.nlm.nih.gov/23997755
https://doi.org/10.1161/STROKEAHA.112.667063
https://pubmed.ncbi.nlm.nih.gov/23160880
https://doi.org/10.1016/j.psyneuen.2010.10.001
https://pubmed.ncbi.nlm.nih.gov/21035950
https://doi.org/10.1159/000503030
https://pubmed.ncbi.nlm.nih.gov/31610541
https://doi.org/10.1002/jmv.25685
https://pubmed.ncbi.nlm.nih.gov/31981224
https://doi.org/10.1038/nri1732
https://pubmed.ncbi.nlm.nih.gov/16322745
https://doi.org/10.3389/fimmu.2018.01750
https://pubmed.ncbi.nlm.nih.gov/30116242
https://doi.org/10.1073/pnas.1510830112
https://pubmed.ncbi.nlm.nih.gov/26124093
https://doi.org/10.3390/v6072826
https://pubmed.ncbi.nlm.nih.gov/25054883
https://doi.org/10.1002/path.4454
https://pubmed.ncbi.nlm.nih.gov/25270030
https://doi.org/10.1016/S2213-2600(20)30076-X
https://pubmed.ncbi.nlm.nih.gov/32085846
https://doi.org/10.1016/j.immuni.2016.05.006
https://pubmed.ncbi.nlm.nih.gov/27287409
https://doi.org/10.1007/s00281-017-0629-x
https://pubmed.ncbi.nlm.nih.gov/28466096
https://doi.org/10.1182/blood-2004-10-4166
https://pubmed.ncbi.nlm.nih.gov/15860669
https://doi.org/10.1002/jmv.25709

59.

60.

61.

62.

63.

64.

65.

66.

PMID:32056249

Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, Chan IH, Lit
LC, Hui DS, Chan MH, Chung SS, Sung JJ. Plasma
inflammatory cytokines and chemokines in severe
acute respiratory syndrome. Clin Exp Immunol. 2004;
136:95-103.
https://doi.org/10.1111/j.1365-2249.2004.02415.x
PMID:15030519

Shin HS, Kim Y, Kim G, Lee JY, Jeong I, Joh JS, Kim H,
Chang E, Sim SY, Park JS, Lim DG. Immune responses to
middle east respiratory syndrome coronavirus during
the acute and convalescent phases of human infection.
Clin Infect Dis. 2019; 68:984-92.
https://doi.org/10.1093/cid/ciy595

PMID:30060038

Mahallawi WH, Khabour OF, Zhang Q, Makhdoum HM,
Suliman BA. MERS-CoV infection in humans is
associated with a pro-inflammatory Thl and Th17
cytokine profile. Cytokine. 2018; 104:8-13.
https://doi.org/10.1016/j.cyt0.2018.01.025
PMID:29414327

Zhang Y, LiJ, Zhan Y, Wu L, Yu X, Zhang W, Ye L, Xu S,
Sun R, Wang Y, Lou J. Analysis of serum cytokines in
patients with severe acute respiratory syndrome.
Infect Immun. 2004; 72:4410-5.
https://doi.org/10.1128/1A1.72.8.4410-4415.2004
PMID:15271897

Prompetchara E, Ketloy C, Palaga T. Immune responses
in COVID-19 and potential vaccines: lessons learned
from SARS and MERS epidemic. Asian Pac J Allergy
Immunol. 2020; 38:1-9.
https://doi.org/10.12932/AP-200220-0772
PMID:32105090

Tschoe C, Bushnell CD, Duncan PW, Alexander-Miller
MA, Wolfe SQ. Neuroinflammation after intracerebral
hemorrhage and potential therapeutic targets. J
Stroke. 2020; 22:29-46.
https://doi.org/10.5853/j0s.2019.02236
PMID:32027790

Sansing LH, Harris TH, Kasner SE, Hunter CA, Kariko K.
Neutrophil depletion diminishes monocyte infiltration
and improves functional outcome after experimental
intracerebral hemorrhage. Acta Neurochir Suppl. 2011;
111:173-78.
https://doi.org/10.1007/978-3-7091-0693-8 29
PMID:21725751

Tejima E, Zhao BQ, Tsuji K, Rosell A, van Leyen K,
Gonzalez RG, Montaner J, Wang X, Lo EH. Astrocytic
induction of matrix metalloproteinase-9 and edema in
brain hemorrhage. J Cereb Blood Flow Metab. 2007;
27:460-68.

https://doi.org/10.1038/s.jcbfm.9600354

67.

68.

69.

70.

71.

72.

73.

74.

PMID:16788715

Wang J. Preclinical and clinical research on
inflammation after intracerebral hemorrhage. Prog
Neurobiol. 2010; 92:463-77.
https://doi.org/10.1016/j.pneurobio.2010.08.001
PMID:20713126

Aronowski J, Zhao X. Molecular pathophysiology of

cerebral hemorrhage: secondary brain injury. Stroke.
2011; 42:1781-86.
https://doi.org/10.1161/STROKEAHA.110.596718
PMID:21527759

Wilkinson DA, Pandey AS, Thompson BG, Keep RF, Hua
Y, Xi G. Injury mechanisms in acute intracerebral
hemorrhage. Neuropharmacology. 2018; 134:240-48.
https://doi.org/10.1016/j.neuropharm.2017.09.033
PMID:28947377

Hwang BY, Appelboom G, Ayer A, Kellner CP,
Kotchetkov IS, Gigante PR, Haque R, Kellner M,
Connolly ES. Advances in neuroprotective strategies:
potential therapies for intracerebral hemorrhage.
Cerebrovasc Dis. 2011; 31:211-22.
https://doi.org/10.1159/000321870

PMID:21178344

McCray PB Jr, Pewe L, Wohlford-Lenane C, Hickey M,
Manzel L, Shi L, Netland J, Jia HP, Halabi C, Sigmund CD,
Meyerholz DK, Kirby P, Look DC, Perlman S. Lethal
infection of K18-hACE2 mice infected with severe
acute respiratory syndrome coronavirus. J Virol. 2007;
81:813-21.

https://doi.org/10.1128/JV1.02012-06

PMID:17079315

Arabi YM, Harthi A, Hussein J, Bouchama A, Johani S,
Hajeer AH, Saeed BT, Wahbi A, Saedy A, AlDabbagh T,
Okaili R, Sadat M, Balkhy H. Severe neurologic
syndrome associated with middle east respiratory
syndrome corona virus (MERS-CoV). Infection. 2015;
43:495-501.
https://doi.org/10.1007/s15010-015-0720-y
PMID:25600929

Li K, Wohlford-Lenane C, Perlman S, Zhao J, Jewell AK,
Reznikov LR, Gibson-Corley KN, Meyerholz DK, McCray
PB Jr. Middle east respiratory syndrome coronavirus
causes multiple organ damage and lethal disease in
mice transgenic for human dipeptidyl peptidase 4. J
Infect Dis. 2016; 213:712-22.
https://doi.org/10.1093/infdis/jiv499

PMID:26486634

Bleau C, Filliol A, Samson M, Lamontagne L. Brain
invasion by mouse hepatitis virus depends on
impairment of tight junctions and beta interferon
production in brain microvascular endothelial cells. J
Virol. 2015; 89:9896—908.

WWW.aging-us.com

13801

AGING


https://pubmed.ncbi.nlm.nih.gov/32056249
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://pubmed.ncbi.nlm.nih.gov/15030519
https://doi.org/10.1093/cid/ciy595
https://pubmed.ncbi.nlm.nih.gov/30060038
https://doi.org/10.1016/j.cyto.2018.01.025
https://pubmed.ncbi.nlm.nih.gov/29414327
https://doi.org/10.1128/IAI.72.8.4410-4415.2004
https://pubmed.ncbi.nlm.nih.gov/15271897
https://doi.org/10.12932/AP-200220-0772
https://pubmed.ncbi.nlm.nih.gov/32105090
https://doi.org/10.5853/jos.2019.02236
https://pubmed.ncbi.nlm.nih.gov/32027790
https://doi.org/10.1007/978-3-7091-0693-8_29
https://pubmed.ncbi.nlm.nih.gov/21725751
https://doi.org/10.1038/sj.jcbfm.9600354
https://pubmed.ncbi.nlm.nih.gov/16788715
https://doi.org/10.1016/j.pneurobio.2010.08.001
https://pubmed.ncbi.nlm.nih.gov/20713126
https://doi.org/10.1161/STROKEAHA.110.596718
https://pubmed.ncbi.nlm.nih.gov/21527759
https://doi.org/10.1016/j.neuropharm.2017.09.033
https://pubmed.ncbi.nlm.nih.gov/28947377
https://doi.org/10.1159/000321870
https://pubmed.ncbi.nlm.nih.gov/21178344
https://doi.org/10.1128/JVI.02012-06
https://pubmed.ncbi.nlm.nih.gov/17079315
https://doi.org/10.1007/s15010-015-0720-y
https://pubmed.ncbi.nlm.nih.gov/25600929
https://doi.org/10.1093/infdis/jiv499
https://pubmed.ncbi.nlm.nih.gov/26486634

https://doi.org/10.1128/JVI.01501-15
PMID:26202229

75. HuangKJ, Su lJ, Theron M, Wu YC, Lai SK, Liu CC, Lei HY.
An interferon-gamma-related cytokine storm in SARS
patients. J Med Virol. 2005; 75:185-94.
https://doi.org/10.1002/jmv.20255
PMID:15602737

www.aging-us.com 13802 AGING


https://doi.org/10.1128/JVI.01501-15
https://pubmed.ncbi.nlm.nih.gov/26202229
https://doi.org/10.1002/jmv.20255
https://pubmed.ncbi.nlm.nih.gov/15602737

