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COVID-19 (Corona Virus Disease-2019) is an infectious disease caused by a novel coronavirus, known as the
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This is a highly contagious disease that has already
affected more than 220 countries globally, infecting more than 212 million people and resulting in the death of
over 4.4 million people. This review aims to highlight the pertinent documentary evidence upon the adverse
effects of the SARS-CoV-2 infection on several vital human organs. SARS-CoV-2 primarily targets the lung tissue
by causing diffuse alveolar damage and may result in Acute Respiratory Distress Syndrome (ARDS). SARS-CoV-2
infects the cell via cell surface receptor, angiotensin-converting enzyme 2 (ACE2). Besides lungs, SARS-CoV-2
critically damage tissues in other vital human organs such as the heart, kidney, liver, brain, and gastrointes-
tinal tract. The effect on the heart includes muscle dysfunction (acute or protracted heart failure), myocarditis,
and cell necrosis. Within hepatic tissue, it alters serum aminotransferase, total bilirubin, and gamma-glutamyl
transferase levels. It contributes to acute kidney injury (AKI). Localized infection of the brain can lead to loss
or attenuation of olfaction, muscular pain, headaches, encephalopathy, dizziness, dysgeusia, psychomotor dis-
orders, and stroke; while the gastrointestinal symptoms include the disruption of the normal intestinal mucosa,
leading to diarrhea and abdominal pain. This review encompassed a topical streak of systemic malfunctions
caused by the SARS-CoV-2 infection. As the pandemic is still in progress, more studies will enrich our under-
standing and analysis of this disease.

1. Introduction

Corona Virus Disease-2019 is caused by a novel coronavirus, known
as acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in Wuhan,
Hubei province, China in Dec 2019 [1-3]. Corona indicates crown-like
spikes on the outer surface of the virus; thus, it is known as a corona-
virus [4-6]. The virus is 65-125 nm in diameter, enveloped positive
single-stranded RNA virus with a 5’ cap and 3’ poly-A tail (30-32 kb),
belongs to the Coronavirus family, resultant from a Beta coronavirus (a
novel strain) [4,7].

The primary modes of human to human transmission are respiratory
droplets and aerosols, touching face with contaminated hands, tears,
and semen [8]. Mother-to-fetus transmissions are not yet fully confirmed
while indirect contact, fecal-oral might be possible [9].

* Corresponding authors.

The response of the clinical spectrum of SARS-CoV-2 is quite broad
and ranges from being completely asymptomatic to succumbing to
sudden death. Most of the SARS-CoV-2 infected patients develop mild,
moderate, or no symptoms and recover within a period of 7-14 days. But
unfortunately, a subset of patients develop severe symptoms and many
of them end up in the intensive care unit [10]. The initial range of the
symptoms of COVID-19 patients is cough, low-grade hyperthermia,
shortness of breath, loss of smell and taste, nausea, and diarrhea while
the critically ill patients indicate severe symptoms and completions such
as venous and arterial thrombosis with pulmonary embolism, stroke and
myocardial infarction, acute kidney and liver damage, and neurological
manifestations [10-12].

So far, we have evidenced that SARS-CoV-2 primarily affects the lung
by causing diffuse alveolar damage with Acute Respiratory Distress
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Syndrome (ARDS) but the latest studies have shown that the virus also
has been associated with damaging impact on other vital organs and
tissue such as the heart, brain, large intestine, kidneys and spleen
[13-15].

Published data indicated that people with advanced age and
comorbidities are more severely affected [8]. The disease caused by the
virus is highly contagious that has affected more than 220 countries
globally, infecting more than 212 million people and resulting in a death
toll of over 4.4 million people. In the US alone, more than 38.5 million
people are infected, around 0.645 million deaths till 23 August 2021,
and these counts continue to increase on daily basis [16].

Currently, scientists are keenly working on resolving the challenge of
the novel human coronavirus infection. It is of utmost importance to
study the underlying mechanism of tissue injuries in COVID-19 patients
to know well the reasoning behind the grave outcomes in these patients.
Here, we reviewed the route of infection, mode of transmission, and
malfunction of the major human organs by SARS-CoV-2.

1.1. Effects on the lungs

Lungs are the most affected organ in COVID-19 patients [17-19]. In
symptomatic patients, pneumonia occurs with obvious signs of viral
pneumonia such as decreased oxygen saturation, blood gas deviations,
changes visible through chest X-rays as well as Lymphopenia, and
elevation of inflammatory markers (C-reactive protein and proin-
flammatory cytokines) [20]. Clinical pathology of autopsy cases of SARS
aided in the substantial understanding of the nature of the disease
progression or disease outcome. The general pathological alteration in
the lungs was of diffuse alveolar injury-causing ARDS. Pathological
analysis of pulmonary injuries indicated widespread hemorrhage and
necrosis, desquamative pulmonary alveolitis and bronchitis, hemor-
rhagic infarction, hyaline membrane formation, exudation of protein
and monocytes, lymphocytes and plasma cells in alveoli and viral in-
clusion bodies in alveolar epithelial cells [21].

A retrospective study of 62 confirmed COVID-19 pneumonia patients
was done in Wuhan, China. Computerized tomographic examination of
COVID-19 pneumonia patients indicated lung parenchyma and the
interstitium involved [19]. Injuries presented with a characteristic
multifocal distribution in the posterior, middle and lower lung regions.
Low lymphocyte count and an elevated high-sensitivity C-reactive pro-
tein level (hs-CRP) were noticed [19]. Further pneumonia leads to Acute
Respiratory Distress Syndrome (ARDS) in critical illness [22,23]. The
most devastating complication caused by SARS-CoV-2 is ARDS with an
elevated death rate. In a study of 52 Covid 19 critically ill patients, 35
patients developed ARDS, out of which 32 patients died [24].

Pathological analysis of lung tissue samples from 38 Covid-19 fa-
talities in Italy showed massive alveolar injury, necrosis of pneumocytes,
interstitial and intra-alveolar edema, hyaline membranes, pneumocyte
hyperplasia, squamous metaplasia with atypia, and platelet—fibrin
thrombi. The immunohistochemical analysis identified macrophage
infiltration in the alveolar lumina, and lymphocytes in the interstitium.
Electron microscopy indicated virion localization in the pneumocytes
[25]. Similarly, the biopsy samples were taken from the lung of a
50-year-old patient who died from severe infection with SARS-COV-2
[26]. Histological examination indicated bilateral diffuse alveolar in-
juries with cellular fibromyxoid-organizing exudates. Obvious desqua-
mation of pneumocytes and hyaline membrane formation was noticed in
the right lung, indicating acute respiratory distress syndrome while
pulmonary edema with hyaline membrane formation was noticed in the
left lung, expressive of early-phase ARDS [26]. Interstitial mononuclear
inflammatory infiltrates, occupied by lymphocytes, was observed in
both lungs [26]. Multi nucleated syncytial cells with atypical enlarged
pneumocytes characterized by large nuclei, amphophilic granular
cytoplasm, and prominent nucleoli were recognized in the intra-alveolar
spaces, indicating viral cytopathic-like alterations [26].

According to the evidence, SARS-CoV2 and other viruses of the
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corona family enter the human body through the mucosa of the nose,
oropharynx and some eventually get deposited in the lungs, SARS-CoV-2
invades the lung cells, damages the cilia (hair-like projection that moves
around to keep the airways clear of any debris or mucus), and starts
replication. The virus uses angiotensin-converting enzyme 2 (ACE2) as
an entry receptor, present on the surface of the alveolar type II cells.
ACE2 is a transmural metalloprotein (extent from the outer to the inner
surface of the cell membrane), consists of zinc and protein base, and is
normally involved in the renin/angiotensin pathway by converting
angiotensin-2 to angiotensin 1-7 (a peptide with an antioxidant, anti-
inflammatory and vasodilator properties) [27,28]. ACE2 is the most
probable binding site of the SARS-CoV2 particles to the host cell to cause
final infection [17,29]. The peptides are highly expressed by the
epithelial cell of the lungs. This may explain the high incidence of
pneumonia and bronchitis in COVID-19 patients [29]. A recent study
showed that ACE2 is also highly expressed on the mucosa of the oral
cavity, particularly in epithelial cells of the tongue [30]. SARS-CoV2
propagates within type II cells, many viral particles are released, and
the cells undergo apoptosis and die.

The SARS-CoV-2 must infect living cells to replicate. The genetic
material of the virus carries information to make a copy of its self. The
exact mechanism of fusion is not known but it is believed that the spike
protein (S-protein) or glycoprotein of SARS-CoV-2 attaches to the
cellular ACE2 receptor of the host cell via receptor-binding domain
(RBD). The S-protein act as a key to enter the host cell. The S-protein can
be divided into two domains, S1 and S2. The first one is responsible for
(ACE2) recognition while the second one mediates membrane fusion
[31]. After attachment of the S1 domain within the spike (S) protein to
the cellular ACE2 receptor, induces conformational changes in the S2
domain that facilitates the fusion of the viral envelope with the cell
membrane of the host cell by the activation of host cell proteases
(TMPRSS2). and make the entry of the virus possible inside the cell
through endocytosis. The entered-SARS-CoV-2 will subsequently release
its genomic material, single-stranded positive-sense RNA (30,000 bp) in
the cytoplasm. Positive sense RNA mimics the mRNA of the host cell and
can be directly translated into protein by the host ribosome. The first 20,
000 bases are translated into RNA dependant RNA polymerase or RNA
replicase (The protein molecules are involved in multiple steps of viral
replication). RNA replicase can read viral RNA and make a comple-
mentary RNA strand. The new RNA strand is a matching template of
original positive sense RNA thus it is known as negative-sense RNA. The
negative-sense RNA strand cannot be read by the host ribosome to make
protein but can be used as a template by the newly assembled RNA
replicase to make new viral positive-sense RNA (Replicating the original
RNA). The RNA replicase reads the negative-sense RNA for the second
time and produce positive sense RNA fragments (subgenomic) which are
translated by the host ribosome into viral structural proteins which
include the spike (S), nucleocapsid (N), membrane (M) and envelope
(E). The new structural and surface protein assembled in a new viral
particle along with a copy of genomic RNA, encapsulated with a mem-
brane within the cytoplasm and released outside of the cell by budding
or exocytosis (Figs. 1 and 2) [32,33].

Finally, the lung cells die and shed off adding in the debris and
hindering the body ability to keep staff out of the lung and trachea.
Inflammation is triggered, the fluid leak into alveolar spaces and as a
result no exchange of gases takes place, and the patient is having diffi-
culty breathing along with a dry cough. Other symptoms included fa-
tigue, headache, muscle pain and runny nose. Mild cases will recover
within a week while moderate, severe, or critical cases will develop
pneumonia which can range from non-threatening to severe. For some
severe and critical cases, the symptoms could escalate into ARDS. Due to
viral pneumonia and/or ARDS, around 5% of patients usually require
critical care and mechanical ventilation. Even the patients who have
survived this phase could be left with permanent lung injuries including
punching holes in the lungs and giving the honeycomb effect [22, 23].

SARS-CoV-2 has been reported to cause a heightened response in the
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Fig. 1. Various parts of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The virus consists of structural proteins which include the spike (S),

nucleocapsid (N), membrane (M) and envelope (E) and genomic RNA.
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Fig. 2. Hypothetical mechanisms underlying the invasion and replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in a host cell. The virus
enters the host cell via ACE2 (Angiotensin Converting Enzyme 2) receptor and releases RNA into the cytoplasm. Host ribosomes translate two-thirds of viral RNA
(2000 bp) into RNA replicase protein. The RNA replicase acts on viral positive sense-RNA to produce a negative-sense RNA. The RNA replicase reads the negative-
sense RNA for the second time and produces positive sense RNA fragments (subgenomic) which are translated by the host ribosome into viral structural proteins.
Finally, the new structural and surface protein is assembled in a new viral particle along with a copy of genomic RNA and delivered outside of the cell through

exocytosis. Once outside the cell, the process takes place again.

cell associated with the immune system which encompasses mast cells
(MCs) and macrophages that are induced by viruses. The inflammatory
response in lung tissue is driven by a complex interaction between
networks which include structural cells including fibroblasts, bronchial
cells, and both epithelial and endothelian cells. The process of activation
involves the induction of MC differentiation as well as the upregulation
of pro-inflammatory cytokinins. Leukocyte activation is facilitated by
endothelian cells via the secretion of interleukins (IL) IL-1 and IL-6 as
well as chemokines. The MC, in turn, releases inflammatory compounds
which include prostaglandins, proteases, arachidonic acid compounds
and leukotrienes. Stimulation of the Toll Like Receptors (TLR) by SARS-
CoV-2 induced production of IL-1 which in turn induced inflammatory
interleukins (IL1 and IL6) which lead to life-threatening inflammation.
The release of histamine by MCs in combination with IL-1 has been
proposed to be the causative process in lung inflammation [34]. IL-1 has
been documented to perturb the hematological and metabolic

equilibrium in experimental animals. This is characterized by hypoten-
sion and attenuation of systemic blood pressure and vascular resistance.
IL-1 has also been associated with increased heart rate and the aggre-
gation of leukocytes. The pathogenic infection triggers IL-1 which in
turn cause endothelial dysfunction that manifests as increased protein
permeability and macrophage intervention. The activation of macro-
phages by the virus leads to the release of thrombi forming metal-
loproteinases and proteolytic enzymes which contribute to respiratory
dysfunction. This is presented in the lungs as an increase in the products
of proteolytic cleavage of fibrinogen, fibrin and D-dimer. The resulting
lesions lead to respiratory failure. IL-1 in conjunction with TNF cause
thrombosis and pulmonary edema as well as the reduction in blood
pressure and bleeding [35]. IL-1 also induced the production of
thromboxane B2 which is responsible for systemic inflammation and
aggregation of leukocytes which leads to the formation of thrombi and
the subsequent failure of organs.
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1.2. Effects on the heart

The recent SARS-CoV-2 has been associated with heart abnormalities
as compared to the seven-known strain of human coronaviruses,
recognized for their impact on the respiratory tract but not on the heart
[36]. The complications include muscle dysfunction (acute or protracted
heart failure), heart inflammation (myocarditis), cell necrosis and ar-
rhythmias [36]. Besides, some patients, with underlying cardiovascular
diseases (CVDs), might have an elevated risk of mortality [36,37]. The
complications were even noticed in the people with mild as well as no
symptoms [36,37].

Recent data from Wuhan, Italy and the United States of America have
suggested that CVD is one of the most common comorbidities associated
with COVID-19 [38-40]. Also, the mortality rate of COVID-19 patients
with CVD is higher by 10.5% in comparison with diabetes (7.3%),
chronic respiratory disease (6.3%) and hypertension (6%) [41].

In a study of 2736 Covid-19 patients admitted to the Mount Sinai
Health System in New York between 27 February and 12 April 2020 the
plasma troponin I level was measured and 36% of patients were reported
with an elevated level of troponin I, compared to normal level (elevated
troponin I levels were associated with a higher prevalence of cardio-
vascular disease) [42]. In another study, 101 patients in Sichuan
(admitted in designated COVID-19 treatment centers) between 16
January and 10 March 2020, 15.8% had a plasma troponin I level
greater than the normal [43].

Although the specific mechanisms of the myocardial injury induced
by SARS-CoV-2 infection are uncertain. It is posited that SARS- CoV-2
can affect the heart in two ways. First, the virus may directly invade
the myocardial tissue and cause damage via ACE2 receptors which are
widely expressed in the lungs and cardiovascular system [2,44]. Second,
the virus may be eliciting an uncontrolled cytokine storm, resulting in
systemic injuries, including the cardiac [37,45].

1.3. Effects on the liver

Liver impairment has been described as a non-pulmonary manifes-
tation of COVID-19, the level of liver associated enzymes such as alanine
aminotransferase (ALT), aspartate aminotransferase (AST), total bili-
rubin (TBIL), gamma-glutamyl transferase (GGT) albumin and alkaline
phosphatase [ALP] alters to various degrees in COVID-19 patients
[46-48]. However, the exact mechanisms involved in liver damage in
COVID-19 patients are not well known. It is hypothesized that liver
impairment may be directly caused by the virus since ACE2 receptors are
noticed in the hepatocytes and cholangiocytes, thus it leads to the
involvement of the liver in SARS- CoV-2 infection [49]. In a study,
SARS-CoV-2 RNA has been identified in the stool samples of COVID19
patients with diarrhea [50]. This data indicates the possibility of virus
exposure to the liver.

Liver toxicity may indirectly be caused by the use of various medi-
cations [47,48]. In a study, the administration of lopinavir, hydroxy-
chloroquine, redeliver, and tocilizumab increased the odds of liver
injury by more than 4-fold [47,48]. Besides, immune-mediated inflam-
mation including cytokine storm and pneumonia-associated hypoxia
may also contribute to a liver impairment or underlying liver ailments
such as chronic viral hepatitis, non-alcoholic fatty liver disease in
COVID-19 patients. Further, alcohol-related liver disease could also
have been responsible for high liver enzyme abnormalities [46,51].

Patients with abnormal liver tests are at higher risk of progressing to
severe disease. In a study of 417 COVID-19 patients, 76.3% had
abnormal liver test results and 21.5% had a liver injury during hospi-
talization. The presence of abnormal liver tests became more noticeable
during hospitalization within 2 weeks, with ALT (23.4%), AST (14.8%),
TBIL (11.5%) and GGT (24.4%) levels elevated to more than 3x the
upper limit of normal, respectively [48]. A study was conducted of 1827
patients with confirmed COVID-19 in the Yale-New Haven Health Sys-
tem, United State between March - April 2020, Levels of AST, ALT, ALP,
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TBI, and albumin were analyzed. Abnormal liver tests were recorded at
admission (AST 66.9%, ALT 41.6%, ALP 13.5%, and TBIL 4.3%) and
peak hospitalization (AST 83.4%, ALT 61.6%, ALP 22.7%, and TBIL
16.1%) [47]. In another study, the level of GGT and ALP were elevated
in thirty (54%) and one (1-8%) of 56 COVID 19 patients during hospi-
talization [51]. In a small series of other studies, ALT and AST level
varies from 16% to 53% [37, 51, 52, 53, 54]. The elevation of liver
enzymatic levels in the above cases has indicated that liver morphology
is affected in COVID 19 patients.

1.4. Effects on the gastrointestinal tract

Evidence indicates that SARS-CoV-2 affects the digestive system of
the infected patient and presents with various symptoms including
diarrhea, anorexia, nausea, vomiting and abdominal pain [55]. The
gastrointestinal (GI) manifestations of COVID-19 create big challenges
in feeding the patients to obtain their nutrition needs [56]. The lack of
contact of the nutrients with the intestinal mucosa could result in at-
rophy of lymphoid tissue: a decline in the immune system function and
intensification in bacterial translocation [57]. In some cases, such as
diarrhea, the digestive symptoms, arise before respiratory symptoms,
and on rare occasions, maybe the only presenting symptom of COVID-19
[58,591.

Several studies have shown different GI symptoms induced by SARS-
CoV-2 infection [56,58]. A meta-analysis consisted of 60 studies (4243
patients) indicated a pooled prevalence of GI symptoms at 17.6%. In this
analysis, commonly reported symptoms were anorexia with 26.8%,
followed by diarrhea with 12.5%, nausea and vomiting with 10.2%, and
abdominal discomfort with 9.2% [60]. In Hubei, China, 204 patients
with COVID-19 were analyzed and 50.5% of patients have been reported
with GI symptoms including lack of appetite (78.6%), diarrhea (34%),
vomiting (3.9%), and abdominal pain (1.9%), the patient, presenting
digestive symptoms, have a longer time from onset to admission and a
worse prognosis, compared with patients without digestive symptoms
[58]. Similarly, in Humanities Research, Italy 292 patients COVID-19
patients had been analyzed from February 22 to March 30, 2020, diar-
rhea (27.1%) was the most frequent GI symptom [61].

It is believed that the effect of SARS-CoV-2 on the gastrointestinal
tract might be related to the abundance of the ACE2 receptor, located in
the ileum and colon [46,62]. ACE2 is highly expressed in the human
small intestine particularly in proximal and distal enterocytes [62].
Enterocytes are simple columnar epithelial cells found in the inner
surface of the small and large intestines. Thus, enterocytes are directly
exposed to foreign pathogens and food particles [62]. SARS-CoV-2 virus
attachment to the ACE2 receptors of the digestive system is thought to
disrupt the normal intestinal flora, resulting in various GI symptoms,
particularly diarrhea [58,63]. The presence of SARS-CoV-2 RNA in
human feces supports its pathological mechanism in the intestine [58,
63].

1.5. Effects on the kidneys

It has been reported that acute kidney injuries (AKI) are common in
patients with COVID-19, associated with increased mortality and most
of the patients that survive do not recover kidney function [64]. A
retrospective study was conducted of patients admitted to 2 hospitals in
Derby, United Kingdom and observed a high incidence of acute kidney
injury in patients with COVID-19 that was associated with a 3-fold
higher odds of death than COVID-19 without acute kidney injury and
a 4-fold higher odds of death than AKI due to other causes [65].

As far as the route of infection is concerned the expression of the
ACE2 gene has been reported in human kidneys and bladders [66]. The
result indicated that the urinary system is a potential route for
2019-SARCoV infection, along with the respiratory, hepatic and diges-
tion systems. It is also possible that the prescribed medicine (oseltami-
vir, lopinavir/ritonavir, ribavirin, and chloroquine phosphate or
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hydroxychloroquine sulfate) for the treatment of COVID 19 may indi-
rectly affect kidneys. As most of the metabolites derived from these
medicines are metabolized in the liver and excreted via the kidney.
Thus, the liver and kidneys are vulnerable to injuries and toxicity [67].

Primary evidence from Wuhan indicated that initially, the preva-
lence of AKI in COVID-19 patients was extremely low (3-9%) however,
the subsequent analyses indicated an elevation in AKI injuries (15%)
[68]. In a study at Tongji Hospital, Wuhan, China of 274 COVID-19
patients (113 dead and 161 fully recovered patients), 29 patients
developed AKI after the SARS-CoV 2 infection while four had chronic
kidney disease (CKD). High blood urea nitrogen (BUN) concentration
(median = 23.52 mg/dL) was noticed in the deceased patients as
compared to recovered patients (median = 13.72 mg/dL) Similarly
high creatinine concentration was recorded in deceased patients
(median = 0.99 mg/dL) compared to recovered  patients
(median = 0.86 mg/dL). Out of 274 patients, 100 patients (42
deceased, and 58 fully recovered patients) developed proteinuria and
urinary occult blood was positive in 84 patients (44 deceased, and 40
recovered patients) [8].

In an observational study of 3235 hospitalized COVID 19 patients in
New York City, it has been reported that AKI occurred in 46% of patients
and 20% of those patients required dialysis. AKI was associated with
elevated mortality and 44% of patients discharged alive had residual
acute kidney disease [64]. In another study conducted on 100 COVID 19
patients, admitted to the Ayatollah Alimoradiyan Hospital in Nahavand,
Hamadan Province, 35 patients were subsequently found to have
elevated plasma creatinine and BUN levels [69]. From these case
studies, it has been obvious that the virus is having an impact on the
kidney tissues of COVID 19 patients.

1.6. Effects on the brain

Increasing evidence has indicated that the COVID-19 patient exhibits
neurologic manifestations. In mild cases, the manifestations include
smell dysfunction, muscle pain, headaches, encephalopathy, dizziness
and dysgeusia while in severe cases, it is accompanied by seizures,
movement disorders, motor and sensory deficits, ataxia, and strokes.
Some of these symptoms persist even after treatment and recovery from
the infection [70,71].

The SARS-CoV-2 can reach the brain and utilized angiotensin-
converting enzyme-2 (ACE2) as the main entry receptor [33]. The
expression of ACE2 protein has been reported in the human brain [72].
ACE2 was highly expressed in some vital parts including the substantia
nigra, choroid plexus, middle temporal gyrus, posterior cingulate cortex,
olfactory bulb [73] and no expression in endothelial cells, microglia and
pericytes have been reported [73]. In addition to ACE2, SARS-CoV-2
may use CD147 (cluster of differentiation 147) also known as basigin
(BSG) and neuropilin-1 (NRP1) as entry receptors [74,75] and the viral
cell entry and replication has been facilitated by several proteases such
as TMPRSS11A/B, furin (FURIN) and cathepsin B and L [76].

As the exact mechanism of the virus entry from the respiratory tract
to the brain is not clear, however, based on other coronaviruses,
numerous potential routes of entry for SARS-CoV-2 have been antici-
pated [77]. The olfactory region (part of the nasal cavity) appears to
play a vital role in the neuroinvasion of SARS-CoV-2. Since olfactory
nerves are exposed to the outside environment, the associated neurons
may act as a carrier for the virus to the brain from the respiratory tract
which is also evident from the loss of smell and taste and increased MRI
signal in the olfactory cortex of COVID-19 patients. ACE2 and TMPRSS2
have been detected in the nasal mucosa at the RNA and protein levels
[78]. SARS-CoV-2 might also reach the brain through blood circulation
where the virus could attach to the endothelium via ACE2 receptors and
alter the Blood-Brain Barrier (BBB), inducing dispersion of the virus in
the central nervous system [73]. Besides SARS-CoV-2-associated cyto-
kines such as interleukin (IL), —1b, IL-17, IL-6 and tumor necrosis factor
(TNF) alter the BBB permeability and could enable the entrance of the
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virus [79,80].

1.7. Effects on the spleen

The spleen is associated with important physiological functions such
as immunological surveillance, removal of aged blood cells, hemato-
poiesis and the regulation of blood volume [81]. The spleen was re-
ported as a target for the Severe Acute Respiratory Syndrome (SARS)
virus in 2006 and it was posited that the collapse of the splenic immune
system played a key role in the clinical outcome of patients [82] splenic
abscesses were first reported in a patient during the current SARS-CoV-2
outbreak [83] and splenic infarction was also observed in Computed
tomography (CT) abdomen [84,85]. Pathological changes were detected
in the spleen where histopathological examination showed decreased
cell composition with atrophied cells which presented themselves as a
white pulp and a decrease or absence of lymphoid follicles as well as a
decrease in the red to white pulp to varying degrees [86]. SARS-CoV-2
was reported to directly neutralize human spleens and lymph nodes
through infecting tissue-resident CD169 + macrophages [87].

2. Conclusions

Emerging evidence about the route of entry and the distribution of
the SARS-CoV-2019 virus and the infective RNA contains across organs
is indicative of the ability of the virus to effectively propagate and
replicate in the lungs, brain, heart, spleen, liver and gastrointestinal
tract will necessitate looking beyond the paradigm of cellular entry via
the ACE2 receptor and investigating alternative mechanisms of cellular
entry which may include non-receptor mediated endocytosis. Devel-
oping experimental models to test these paradigms will serve as the way
forward for future research.
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