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Abstract

To date, the coronavirus disease 2019 (COVID-19) outbreak has become a
global pandemic and public health disaster. In addition to acute respiratory
manifestations, patients with COVID-19 exhibit other non-respiratory manife-
stations, particularly in those with severe underlying disease. Few specific the-
rapeutics are effective for COVID-19, and supportive care is the primary re-
medy. Here, we comprehensively surveyed the most recent reports on extra-
pulmonary complications of COVID-19 and their corresponding treatments, as
well as the comparison of different clinical symptoms and complications of
COVID-19, severe acute respiratory syndrome (SARS), and the Middle East
respiratory syndrome (MERS) patients. We wish to provide a molecular and
cellular understanding of the complications of COVID-19 and provide guid-
ance for future diagnostics, therapeutics, and prognostics of COVID-19.
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1. Introduction

COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) and has now become a global pandemic with a widespread im-

pact on the health and economic sectors worldwide. SARS-CoV-2 belongs to

the S-coronavirus genus and is structurally similar to SARS coronavirus 1

(SARS-CoV-1), which caused the SARS outbreak in 2003. The host entry receptor
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Neurological System
Central Nervous System(CNS)
Peripheral Nervous System(PNS)

for both SARS-CoV-1 and SARS-CoV-2 is angiotensin-converting enzyme 2
(ACE2) [1]. The viral Spike (S) protein binds to ACE2, leading to entry of
the viral replication complex into the cytoplasm of the host cell [2]. All
ACE2-expressing cells are susceptible to SARS-CoV-2 infection. In addition to
the lungs, ACE2 receptors are highly expressed in the kidneys, heart, liver, ga-
strointestinal (GI) tract, neural cells and vascular epithelial cells. SARS-CoV-2
RNA was detected in the lungs, trachea, subcarinal lymph nodes, kidneys, large
intestine and spleen (Figure 1). Therefore, besides the common respiratory
symptoms such as severe shortness of breath, labored and abnormally rapid
breathing, low blood pressure, and tiredness, patients with COVID-19 have
symptoms in other organs and systems. Patients infected with COVID-19 have a
lower mortality rate than SARS and MERS, and pulmonary and extrapulmonary
complications can induce subsequent deterioration, possibly leading to a “cyto-
kine storm” and causing multiple organ failure. People with underlying medical
problems are more likely to develop serious complications. This review summa-
rizes and distills current knowledge and understanding about the mechanism of
pulmonary and extrapulmonary complications and their treatments as well as
the differences among COVID-19, SARS and MERS.

2. Complications in the Neurological System

SARS-CoV-2 invades host cells, resulting in an inflammatory response and the

pathophysiology of COVID-19. The various pathophysiological mechanisms
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Figure 1. Classification of pulmonary and extrapulmonary complication. COVID-19 complica-
tions are related to multiple organs such neural system, kidney, liver, heart, GI system, blood
vessel and nervous system.
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associated with the neurological complications of SARS-CoV-2 are based on the
previous epidemic coronavirus. SARS-CoV-2 is neurotropic and neuroinvasive.
The virus takes a direct trans-synaptic route via the olfactory bulb upon inhala-
tion [3]. Subsequently, the virus causes reactive astrogliosis and activation of
microglia (MG), which leads to a massive neuroinflammatory cascade. Systemic
inflammation associated with SARS-CoV-2 infection, especially platelets release
interleukin-14 (IL-1/) in microparticles, compromises the permeability of the
blood brain barrier (BBB) in the central nervous system (CNS), thereby severely
disrupting brain homeostasis and leading to neuronal cell death. Chemosensory
neural cells associated with respiratory and cardiovascular regulation might be
affected by infection of the brainstem. The autonomic nervous system requires
that the afferent and efferent limbs be in optimal hemostasis, the perturbation of
which via COVID-19 damages the pulmonary ventilatory function, exacerbates
respiratory failure, and eventually leads to profound hypoxia. Hypoxia, as well as
existent neuro-inflammation, damages the hippocampal and cortical areas, in-
ducing neuropsychiatric effects.

The neurogenic pathway for SARS-CoV-2 consists of the olfactory nerve
(CNI), the trigeminal nerve (CNV), and the brainstem nuclei. Perivascular and
interstitial encephalitis with neuronal cell loss and axon degeneration occurs in
the dorsal motor nucleus of the vagus nerve, CNV, nucleus tractus solitarii, dor-
sal raphe nuclei, and medial longitudinal fasciculus [4]. The observed neuritis is
most likely associated with axonal damage because olfactory fila lack myelin.
Sustentacular cells maintain the integrity of olfactory sensory neurons, which
express ACE2 and transmembrane protease, serine type 2 (TMPRSS2). Olfactory
epithelial cells express neuropilin-1 (NRP1), which provides a direct route to the
brain and binds spike (S) protein of SARS-CoV-2. TMPRSS2 participates in the
priming of the S proteins on the cell surface, enabling entry of the viral genome
[5]. The stimulation of nicotinic acetylcholine receptor by nicotine increases
ACE2 expression in neural cells and alveolar epithelial cells, which may also in-
crease mucus-secreting goblet cells and put smokers at higher risk of neurologi-
cal complications [6].

Once the virus enters the CNS through the BBB, clearance is challenging be-
cause the nervous system lacks the major histocompatibility antigens and the
immune response is restricted to cytotoxic T lymphocytes. The mechanism of
simultaneous immune and hypoxic injury is responsible for neuropathology.
Eventually, the patient develops either acute encephalitis, infectious toxic ence-
phalopathy, or acute cerebrovascular attacks (CV As).

Neurological symptoms due to SARS-CoV-2 infection are demonstrated by
CNS, peripheral nervous system (PNS), and skeletal muscle injury [7]. A cohort
study [8] with 214 hospitalized COVID-19 patients showed that 78 patients
(36.4%) had nervous system manifestations: CNS (53, 24.8%), PNS (19, 8.9%)
and skeletal muscle injury (23, 10.7%). The most common CNS complications
are dizziness (6.7% - 16.8%) and headache (8% - 27.6%). Other CNS symptoms
include altered mental status (AMS), acute encephalitis, impaired consciousness,
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infectious toxic encephalopathy, acute cerebrovascular disease (CVA), ataxia,
seizures, and epilepsy [9]. SARS-CoV-2 appears in the cerebrospinal fluid of pa-
tients with COVID-19. Acute encephalitis is an inflammatory lesion in the brain
parenchyma due to systemic symptoms of toxemia, metabolic disorders, cerebral
edema and hypoxia, which may result in delirium and coma. Severe patients
show CNS complications such as disorientation, loss of consciousness, coma and
paralysis in the early stage of infection, with the exception of AMS and CVA
[10], which also show lower lymphocyte counts, lower platelets count, and high-
er blood urea nitrogen in their laboratory test than those without CNS symp-
toms. The virus-mediated cytokine storm and coagulation abnormalities, as evi-
denced by abnormal d-dimer and platelets, increase the likelihood of acute CVA
occurrence after SARS-CoV-2 infection [11]. Both ischemic and hemorrhagic
CVA exist, with the former being more common. Clinical or subclinical acute
and epileptic seizures occurred in severely ill patients [12].

PNS symptoms include dysgeusia, dysosmia, visual disturbances, neuralgia,
anosmia, and ageusia (Table 1). A report [13] showed that the PNS of dysgeusia
(5.6%), dysosmia (5.1%), visual disturbances (1.4%), and neuralgia (2.3%) with
biochemical assays were indistinguishable between patients with or without PNS
symptoms. A cross-sectional study [14] found that 33.9% of patients had taste or
olfactory disorder, and 18.6% of patients had both anosmia and ageusia. Females
showed a higher percentage of taste or smell loss (52.6% vs 25%) [15]. Patients

Table 1. Observational case series, retrospective studies and systemic reviews related to neurologic complications.

Reference Sample Size CNS PNS Skeletal Muscle Injury
Total: 8.9%
Total: 24.8% Dysgeusia: 5.6%
Mao L et al [18] 214 Dizziness: 16.8% Dysosmia: 5.1% Total: 10.7%
Headache: 13.1% Visual disturbances: 1.4%
Neuralgia: 2.3%
Acute ischaemic stroke: 4.6%
LiY etal [19] 219 cute ischaemic stroke o NA NA
Intracerebral haemorrhage: 0.5%
Huang C et al. [20] 42 Headache: 8% Myalgia or Fatigue: 44% NA
Chen N et al. [21] 99 Headache: 8% Confusion: 9% Muscle ache: 11%
Seizures: 39%
Hypoxia: 25%
E halopathy: 2.6%
LuL etal [22] 304 neephaiopatuy: 2.57 NA NA
Hypokalemia: 13%
Hyponatremia: 11%
Hypocalcemia: 7%
A ia or Ageusia: 33.9%
Giacomelli A et al. [14] 59 NA NA nosn?1a o geus1ja °
Anosmia and Ageusia: 18.6%
N Vomiting: 5%
Guan W et al, [23] 1099 NA ansea or VOriting: 54 NA
Diarrhea: 3.8%
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with anosmia are more likely to have dysgeusia but without symptoms of fev-
er/cough/dyspnea [16].

Musculoskeletal symptoms vary from paresis to atonia. Patients with muscle
injury have higher levels of creatine kinase regardless of its severity. They also
have higher neutrophil counts, lower lymphocyte counts, higher levels of C-reactive
protein and higher D-dimer levels, which indicates an increased inflammatory
response and blood coagulation. In addition, patients with muscle injury also
suffer from multi-organ damage, including liver (elevated levels of lactate dehy-
drogenase, alanine aminotransferase, and aspartate aminotransferase levels) and

kidney (elevated blood urea nitrogen and creatinine levels) abnormalities [17].

3. Cardiac Complications

SARS-CoV-1, MERS-CoV, and influenza viruses all cause cardiovascular com-
plications, including myocardial injury, cardiac arrhythmias and heart failure
and even sudden cardiac death (SCD) (Table 2). SARS-CoV-2 has a similar
structure to SARS-CoV-1 and similar pathogenicity to MERS-CoV [24]. Patients
with underlying cardiovascular diseases (CVDs) may experience higher mortali-
ty with a relatively unfavorable prognosis. Thus, cardiovascular protection is
critical for COVID-19 treatment [25].

The exact mechanism by which COVID-19 induces heart diseases remains
unknown. ACE2 is highly expressed in the heart, which is part of ren-
nin-aldosterone-angiotensin system (RAAS) and involved in the development of
diabetes, hypertension and heart failure. SARS-CoV-2 infection induces cyto-
toxic and proapoptotic effects associated with abolished cardiomyocyte beating in
an ACE2 and cathepsins-dependent manner [26]. SARS-CoV-2 infection could
result in the downregulation of ACE2, thereby leading to cardiac dysfunction and
progression of atherosclerosis, as well as exacerbated lung damage [27]. Cytokine

storms can play an important role in heart damage and increase vascular wall

Table 2. Observational case series, retrospective studies and systemic reviews related to
cardiac disease.

Sample Myocardial

Reference Size injury Arrhythmias Heart failure Virus

Huang C et al. [29] 41 12.2% n/a n/a SARS-CoV-2
Chen N et al. [53] 99 n/a n/a 11% SARS-CoV-2
Wang D et al. 138 n/a 16.7% n/a SARS-CoV-2
Shi S et al. [30] 460 19.7% n/a 4.1% SARS-CoV-2
SiDetal [17] 1159 14.7% 3.8% n/a SARS-CoV-2
Du et al. [33] 85 44.7% 60% n/a SARS-CoV-2

Pan SF et al. [54] 15 n/a 33.3% n/a SARS-CoV

Saad M et al. [55] 70 n/a 15.7% n/a MERS-Cov
Chen T et al [39] 113 63.7% n/a 36.3% SARS-CoV-2
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permeability and myocardial edema. The functions of vascular endothelial cells
include maintaining vascular integrity and barrier function, as well as preventing
inflammation by limiting their interactions with immune cells and platelets.
Endothelial dysfunction is emerging as an important pathological feature of
COVID-19. Endothelial dysfunction, leading to arteriopathy and thrombosis, is
a major contributor to the pathophysiology of thrombotic complications asso-
ciated with COVID-19, including myocardial infarction and stroke.

Myocardial injury caused by SARS-CoV-2 may directly damage cardiomyo-
cytes, myocardial interstitial fibrosis, interferon-mediated immune response, in-
creased cytokine response by Type 1 and 2 helper T cells, interferon-mediated
immunopathological events, and coronary plaque destabilization [28]. SARS-
CoV-2 infection may induce endoplasmic reticulum (ER) stress, leading to a
prolonged unfolded protein response and subsequent alterations in calcium ho-
meostasis and cardiomyocyte cell death. Myocardial injury seems to be largely
attributed to advanced systemic inflammation. Acute myocardial injury would
be one of the most severe complications of COVID-19 [29]. A study of 138 hos-
pitalized patients reported complications of acute cardiac injury (10 [7.2%]),
shock (12 [8.7%]), and arrhythmias (23 [16.7%]) [1]. Patients with underlying
CVD exhibited severe myocardial cell damage. Autopsies of post-COVID-19
heart tissue have revealed inflammation in the heart’s blood vessels rather than
its muscle cells. Pre-existing cardiovascular disease may be an important factor
for myocardial injury, as approximately 30% and 60% of patients with cardiac
injury have previously had coronary heart disease and hypertension [30]. Sys-
temic pro-inflammatory cytokine responses contribute to local inflammation,
which involves plaque rupture, induction of procoagulant factors, and formation
of ischaemia and thrombosis. In addition, pharmacologic interventions may lead
to cardiac issues, as antiviral drugs can cause cardiac insufficiency, arrhythmias
and other cardiovascular disorders [31].

Myocardial injury can lead to atrial or ventricular fibrosis, which may subse-
quently lead to cardiac arrhythmias. Cardiac arrhythmias in COVID-19 include
tachycardia, bradycardia, and asystole. The most observed symptom is palpita-
tions. Other symptoms may occur, such as weakness, shortness of breath, dizzi-
ness, lightheadedness, syncope and chest pain. Symptoms would be worse for
patients with tachycardia [32]. The most common factor triggering fatal arr-
hythmias is acute myocardial ischemia, which interacts with other stimulating
conditions (e.g., structural heart anomalies) to produce sudden arrhythmic death.
A study of 85 fatal cases of COVID-19 reported 51 (60%) patients had arrhyth-
mias, indicating that arrhythmias are an important marker that manifests the
deterioration [33]. Among 170 patients with COVID-19 and cardiac injury, 44
(25.9%) had arrhythmias, and 6 of them died of ventricular tachycardia or fibril-
lation [17]. Some patients showed arrhythmias with SARS-CoV and MERS-CoV
infections, but unlike COVID-19, arrhythmia was not a major complication in
these two coronaviruses [34]. A sufficiently rapid and long-lasting tachyarr-

hythmia can result in cardiomyopathy and congestive heart failure [32]. Acute
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ventricular tachyarrhythmias are present in the majority of sudden deaths due to
cardiac causes [35]. Awareness of this complication is vital, especially when the
patient has a history of ischemic heart disease or manifold high-risk factors that
trigger cardiovascular problems. Treatment options for cardiac arrhythmias in-
clude antiarrhythmic drugs, heart rate control drugs, anticoagulant or antiplate-
let therapy, and therapeutic devices, such as pacing, synchronised direct current
cardioversion, catheter ablation, implantable cardioverter-defibrillators (ICDs),
and cardiac resynchronisation therapy (CRT) [36].

Cardiac dysfunction and heart failure (HF) are common cardiovascular com-
plications associated with COVID-19. Patients without chronic HF could devel-
op HF after SARS-CoV-2 infection and eventually die of sudden cardiac death
[37]. The HF complication may be due to lung disease, oxygen deficit, high
pulmonary vascular resistance, or pulmonary hypertension (PH), which causes
acute right ventricular (RV) overload and failure. Hypoxia can induce inchoate
and massive inflammatory responses and cell damage, which ultimately leads to
heart impairment [38]. In one study, HF was the most common cause of death,
with 113 deaths in patients with COVID-19 followed by acute respiratory dis-
tress syndrome (ARDS) and sepsis [39]. The pathology at this stage reflects an
uncontrolled feedforward loop, where inflammation causes tissue damage that
triggers more inflammation, and so on. This hyperinflammatory state known as
cytokine storm manifests itself as ARDS, sepsis and, eventually, organ failure,
triggering neutrophil and monocyte recruitment, vascular leakage and tissue
damage [40]. Myocarditis is an inflammation of cardiac muscle tissue, which is
caused by infiltration of immunocompetent cells following cardiac injuries.
COVID-19 patients with congestive heart failure, especially elderly patients with
cardiovascular disease, show a greater severity of the disease, and thus are more
likely to develop acute coronary syndromes, cardiac arrhythmias, and HF [41]
[38].

Thrombosis is one of the most common complications for COVID-19 pa-
tients, especially in critically ill patients [42]. The average occurrence rate of
both arterial and venous thromboembolic disease was 17.8% (9.9 - 27.4) [43].
D-dimer is a critical index of the coagulation pathway linked with thrombogene-
sis, which increases dramatically [44], especially in severely ill patients, and rises
with increasing inflammation factors [45]. Thrombus is intensely associated with
complex systemic inflammatory responses induced by virus infection. Inflam-
matory factors, such as IL-2R, IL-6, IL-10, and TNF-a are much higher in severe
cases [46]. The virus released from endothelial cells induces the accumulation of
inflammatory cells, leading to apoptosis and pyroptosis, which subsequently
cause endotheliitis and endothelial cell injury [47]. Cytokines produced by acti-
vated inflammatory pathway can cause endothelial activation and injury with a
higher risk of thrombogenesis [48]. Excessive release of inflammatory factors
may cause a cytokine storm, leading to thrombogenesis. Activated platelets lead
to thrombosis in the inflamed region and endothelial cell dysfunction. Activa-

tion of complement and neutrophils causes a poor inflammatory response,
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leading to hyper-inflammation and thrombotic microangiopathy [49]. In addi-
tion, obesity and smoking are highly pathogenic factors for thrombosis genera-
tion [50]. Prophylactic anticoagulation drugs ameliorate thromboembolic com-
plications in severe cases [51].

Patients are advised to undergo electrocardiography, imaging, and laboratory
tests for proper clinical diagnosis, as current biomarkers of myocardial injury
fail to identify myocardial impairment and acute coronary syndrome (ACS)
[52]. The mechanisms underlying COVID-19-induced ACS might involve pla-
que rupture, coronary spasm or microthrombi due to systemic inflammation or
cytokine storm. Activated macrophages secrete tissue factor, which triggers
thrombus formation when plaque rupture occurs.

Certain therapeutics for COVID-19 induce QT interval prolongation, accom-
panied by potential arrhythmic effects, such as chloroquine (CQ), hydroxychlo-
roquine (HCQ), azithromycin, and lopinavir/ritonavir. Patients receiving HCQ
+ azithromycin were more likely to experience cardiac arrest and abnormal ECG
compared to the group receiving HCQ and azithromycin alone [44]. Arrhyth-
mias patients with COVID-19 should be placed on bed rest to maintain water
and electrolyte balance, febrile patients should be kept cool, and patients with
hypoxia or dyspnea should receive supplemental oxygen. Diltiazem or ivabra-
dine can be used for patients with sinus tachycardia, and it is recommended not

to use B-blockers when experiencing sinus or atrial tachycardia.

4. Vascular and Pulmonary Complications

SARS-CoV-2 can attack pulmonary capillary endothelial cells, resulting in the
exudation of a large amount of plasma components in the alveolar cavity. Al-
veolar epithelial type II cells produce surfactant proteins, which can reduce sur-
face tension and prevent the alveoli from collapsing. Alveolar macrophages or
epithelial cells can produce various proinflammatory cytokines and chemokines.
The monocytes and neutrophils are then chemotactic at the infection site to
clear these exudates with viral particles and infected cells, resulting in uncon-
trolled inflammation, which further leads to acute respiratory distress syndrome
(ARDS). Pulmonary pathology in severe disease differs from previous pneumo-
nitis, with progressive loss of epithelial-endothelial integrity, septal capillary in-
jury, and marked neutrophil infiltration through complement deposition, intra-
vascular viral antigen deposition, and localized intravascular coagulation.
SARS-CoV-2 undergoes haematogenous dissemination via infected pulmonary
epithelium and then pulmonary endothelium. During this process, endothelial
injury, inducing the coagulation cascade, and subsequent microvascular per-
meability occur [56] (Table 3).

The probability of coincidence of venous thromboembolism (VTE) increases
with the hospitalization extension [57]. The occurrence rate of pulmonary em-
bolism (PE) is high among patients with VTE, which is more likely to occur in
critically ill patients [58]. An autopsy investigation of 12 cases demonstrated that
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Table 3. Observational case series, retrospective studies and systemic reviews related to thrombosis.

Microvascular

Reference Sample Size VTE PE DVT AE thrombosis Virus

Ding YQ et al. [67] na  onethirdoferiticallyill 0 NA NA NA SARS-CoV-1
SARS patients: VTE

Ren B et al [63] 48 NA NA 85.4% NA NA SARS-CoV-2
Zhang L et al. [74] 143 NA NA 46.1% NA NA SARS-CoV-2
Santoliquido et al. [75] 84 NA NA 11.9% NA NA SARS-CoV-2
Wichmann D etal [76] 12 (death) 58% 33% NA NA NA SARS-CoV-2
Fauvel C et al. [60] 1240 NA 8.3% NA NA NA SARS-CoV-2
Leonard-Lorant I et al. [77] 106 NA 30% NA NA NA SARS-CoV-2
Klok FA et al. [64] 184 NA NA NA 1.6% NA SARS-CoV-2
Marisa D et al [67] 10 (death) NA NA NA NA 80% SARS-CoV-2

one-third of patients died directly from PE with elevated D-dimer, lactate dehy-
drogenase, and C-reactive protein [39]. Therefore, risk stratification and under-
standing of PE development are helpful for its therapy. Low molecular weight
heparin (LMWH) and heparin are effective for antithrombotic therapy and he-
parin assists the surgical prognosis of revascularization, limb salvage, and overall
survival. PE patients receiving anticoagulation show better therapeutic effects
[60]. There are many other promising drugs that interfere with the coagulation
pathway directly or indirectly, including thrombolytic, antiplatelet, hemostatic
modulating, and anti-inflammatory agents [61].

The occurrence of deep vein thrombosis (DVT) is 11.9% for non-ICU pa-
tients, with distal DVT being more frequent than proximal DVT [62]. Medica-
tions should pay more attention to distal DV'T, although the risk of PE caused by
proximal DVT is higher because embolus loss may obstruct the pulmonary ves-
sel [63]. Therefore, DVT prophylaxis is vital to decrease mortality. Arterial Em-
bolism (AE) is rarely reported, being present in 3 (3.4%) patients among 184
ICU cases [64]. The formation of small-vessel pulmonary thrombi correlates
with the activation of megakaryocytes and neutrophil extracellular traps
(NETSs). Megakaryocytes and/or platelets may be able to take up intact virus
via ACE2-independent mechanisms, such as endocytosis. NETs are important
mediators of tissue damage in inflammatory diseases. SARS-CoV-2 could induce
the release of NETs by healthy neutrophils, thereby promoting lung epithelial
cell death in vitro [65]. The COVID-19 pathology found active endotheliitis and
endothelial cells containing coronavirus-like particles, which support the claim
of microvascular damage during infection. The presence of microvascular
thrombosis is often overlooked by physicians due to limited diagnostic tech-
niques and the lack of available cadavers during the early epidemic outbreak of
SRAS-CoV-1 [66]. An autopsy report has found a large number of small fibrin-
ous thrombi in the lungs rather than glomeruli and superficial dermal vessels
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[67].

Platelets and fibrin accumulate in blood capillaries with degraded neutrophils
and megakaryocytes [68]. Platelets form a bridge between the immune system
and thrombosis via platelet activation and the release of haemostatic and in-
flammatory mediators. Platelet dysfunction and apoptosis contribute to exces-
sive thrombosis and a dysfunctional immune response. Platelet apoptosis leads
to the release of a wide variety of pro-inflammatory and procoagulant factors
and highly thrombogenic apoptotic bodies. SARS-CoV-2-induced production of
autoantibodies targeting platelet surface antigens leads to increased platelet de-
struction. Activated platelets regulate leukocyte activity during infections and
allergic reactions, further contributing to the leukocyte cytokine release. Acti-
vated platelets express P-selectin and CD40L on the cell surface, can interact
with neutrophils, and can release a-granules and complement C3, as well as var-
ious cytokines, which are significantly increased in COVID-19 patients com-
pared to healthy individuals. The binding of activated platelets to neutrophils fa-
cilitates the transmigration of platelets to the alveolar lumen and contributes to
the formation of oedematous lungs, which in turn leads to further platelet acti-
vation [68]. Hypoxia, inflammation, immune system activation, and endothelial
activation and dysfunction can further induce platelet activation and apoptosis,
thereby leading to increased thrombosis.

Complement activation induces platelet activation and aggregation, which
may cause severe inflammation that destroys cells and tissues, leading to fibrin
deposition to promote thrombosis [69]. Blockade of the C5a-C5aR1 axis limits
the infiltration of myeloid cells in damaged organs and prevents the excessive
lung inflammation and endothelialitis that are associated with ARDS in patients
with COVID-19 [70]. Coronavirus N protein: Mannan-binding lectin-associated
serine protease-2 (MASP-2) interaction leads to uncontrolled activation of the
complement lectin pathway, which may be caused by antibody production, con-
tinuous viral load with subsequent endothelial, and tissue damage that keeps the
complement system activated and inflammation prolonged [71]. Endothelial
damage is a principal determinant of microvascular dysfunction due to shifting
of the vascular equilibrium towards more vasoconstriction with subsequent or-
gan ischaemia, inflammation with associated tissue oedema, and a pro-coagulant
state [72]. In severe or critical cases of COVID-19, the integrity of the epitheli-
al-endothelial (air-blood) barrier is disrupted. Uncontrolled viral infection leads
to more macrophage infiltration and further aggravates lung injury [73]. The
formation of immune complexes is another potential mechanism for platelet

hyperactivation and thrombocytopenia in COVID-19.

5. Liver and Kidney Dysfunction

Myocardial, lung and hepatorenal injury in COVID-19 patients can be due to
cytokine storm, hypoxic injury, or/and direct endothelial/vascular injury [78].

Viral infection increases C-reactive protein and procalcitonin levels in patients,
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which triggers an immune response to liver damage [79]. SARS-CoV-2 may in-
fect cholangiocytes directly due to ACE2 expression, but not hepatocytes due to
its low ACE2 expression [80] [81].

Patients with liver diseases are more likely to be infected with coronavirus and
develop severe hepatitis [82]. The biomarkers of liver dysfunction are alanine
aminotransferase (ALT), aspartate aminotransferase (AST), y-glutamyltransferase,
alkaline phosphatase, and bilirubin [83]. ALT and AST are abnormal in 18.2%/
19.8% of mild cases and 39.4%/28.1% of severe cases, indicating that severe pa-
tients are more likely to have liver dysfunction as an indicator for disease pro-
gression [84]. Antiviral and antipyretic drugs may have hepatotoxic effects, such
as acetaminophen, oseltamivir, lopinavir (LPV), and ritonavir (RPV) [85]. The
prevalence of hepatic injury in patients receiving LPV/r is four folds for patients
without LPV/r [86]. The plasma concentration of LPV/r positively correlated
with C-reaction protein and inflammatory response [87], thereby leading to
drug metabolism disorders and liver injury. RPV attacks liver cell directly by ac-
tivating pregnane X receptor and disturbing CYP3A metabolic pathways, leading
to hepatotoxicity. Gender, age and obesity are also potential pathogenic factors
associated with liver dysfunction [88]. Glycyrrhizin is a non-toxic Chinese herb
for the treatment of chronic hepatitis. However, the glycyrrhizin should be used
cautiously in patients with acute liver damage, where blood routine, liver func-
tion, and blood oxygen saturation need to be timely monitored to prevent liver
damage.

The kidney is one of the most frequently affected extrapulmonary organs in
COVID-19 patients, especially in critically ill patients [89]. The predominant
feature of kidney damage is tubular injury, which was known only after the SARS
outbreak [5]. Tubular epithelial cells, endothelial cells and podocytes express
ACE2, making the kidney a candidate target for SARS-CoV-2 infection [90]. The
kidneys show mild to severe arterionephrosclerosis and diabetic nephropathy.
SARS-CoV-2 immunohistochemical testing shows plaque-like renal tubular ep-
ithelial cells with granular cytoplasmic staining. Centrilobular necrosis is consis-
tent with hypoperfusion injury [91]. Acute kidney injury (AKI) can be an epi-
phenomenon of both the hypoxia induced by respiratory distress syndrome and
septic shock caused by SARS-CoV-2 infection. AKI is an important risk factor
for increased hospital mortality. Avoiding hypervolemia, which may alleviate the
patient’s respiratory status, can prevent prerenal AKI. The Surviving Sepsis
Campaign guidelines for critically ill patients with COVID-19 recommend a
conservative fluid resuscitation strategy [92].

Diabetes is a common comorbidity associated with poorer outcomes in
COVID-19 patients, and these patients often have hypertension. Diabetes is as-
sociated with immune dysregulation, which is potentially equivalent to accele-
rated aging and thus possibly explains the poor prognosis in patients with di-
abetes mellitus and COVID-19. The use of RAAS inhibitors halves the risk of
adverse outcomes in diabetic patients with COVID-19, which may confer pro-

tective effects against complications and death in patients with COVID-19 [93].
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ACE2 is involved in the association between COVID-19 and diabetes mellitus
due to correlation between ACE2 and glucose regulation. ACE2 is also an im-
portant regulator of blood pressure. High expression of ACE2 in the circulatory
system after SARS-CoV-2 infection could partly contribute to sepsis-induced
hypotension [73]. Microvascular and macrovascular complications of diabetes
mellitus are significantly associated with an increased risk of mortality in pa-
tients with COVID-19. The molecular pathogenesis of SARS-CoV-2 is related to
oxidative stress and inflammation, which can contribute to the progression of
sepsis. Thus, glycaemic deterioration is a typical complication of COVID-19 in
patients with impaired glucose regulation or diabetes mellitus. Elevated glucose
levels directly increase SARS-CoV-2 replication, whereas glycolysis sustains
SARS-CoV-2 replication by producing mitochondrial reactive oxygen species
and activating hypoxia-inducible factor 1a. In COVID-19 patients with or with-
out diabetes mellitus, optimal glucose control using insulin infusion statistically

significantly reduced IL-6 and D-dimer levels and improved severity [55].

6. Gastrointestinal (GI) Complications

COVID-19 patients have GI manifestations such as nausea, diarrhea, vomiting,
anorexia and abdominal discomfort. Gastrointestinal symptoms from 4243 pa-
tients with COVID-19 show the morbidity of nausea/vomiting (10.2%), diarrhea
(12.5%), and abdominal pain/discomfort (9.2%). Mechanisms that can cause GI
damage include direct infection of GI cells, indirect damage by lung infection,
and GI symptoms caused by drug side effects [94]. SARS-CoV-2 virus can be
detected in the stool of 30% COVID-19 patients. Lung-derived CD4+ T cells are
increased after infection and enter small intestine promoted by CCL25 [95],
which lead to intestinal immune damage and disrupt the homeostasis of the in-
testinal flora. Diarrhea is the most common gastrointestinal symptom, mani-
festing itself earlier than pyrexia or respiratory symptoms in some cases [96].
Diarrhea may be associated with the use of antibacterial and antiviral drugs,
which is shown from the previous experience of COVID1-9 treatment [36].
However, observations in a 22-year-old male showed complete disappearance of
diarrhea after antiviral therapy following mitigation [97]. Therefore, further stu-
dies are necessary to find out the correlation between diarrhea and the use of an-
tibacterial/antiviral drugs.

In comparison with SARS and MERS, GI symptoms in COVID-19 patients are
less common, which may manifest differences in viral tropism. Antiviral and
immunomodulatory drugs for COVID-19 patients can be the main treatment
currently, but other therapies for patients with GI symptoms are also important
to promote GI health, including performing microecological preparations and
maintaining intestinal microecological balance, using ACE2 Inhibitors and pay-
ing more attention to enteral nutrition and digestive tract function [47]. Since
the virus damages intestinal flora and gut function, probiotic treatment using

antiviral drugs or antibacterial drugs can maintain intestinal flora balance and
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prevent bacterial infections. In addition, enteral nutrition provides energy and
maintains the normal function of intestinal microecology and mucosal immuni-
ty. Gut microbial products leakage and subsequent inflammasome activation
may have an effect on cardiac involvement in COVID-19 patients [29], which

indicates a potential gut-heart axis in COVID-19.

7. Psychological Complications

During COVID-19 pandemic, people pay more attention on the physiological
illness, but few persons focus on their mental problems. Especially for the people
who are quarantined at home or in the hospital, they are more likely to occur
negative stress responses, such as increasing stress level, anxiety, depression
symptoms and unhappiness. Long-term stress is chronic that can influence the
release of glucocorticoid hormones and inflammatory response. When a person
is under high psychological pressure for a long period, the over-production of
glucocorticoid hormones will reduce the occurrence probability of hyperin-
flammation. The chronic psychological stress is a potential significant risk factor
for adverse COVID-19 related health outcomes.

10% hospital workers have high SARS-related posttraumatic stress (PTS)
symptoms since they may feel stigmatized and rejected in their neighborhood
because of their job nature. Although there are few reports about COVID-19
psychological trauma, it is absolutely worth intensive studies in the future. With
the help of tele-medicine, it is urgent to find the risky population with psycho-

logical trauma and give them appropriate intervention at early stage.

8. Conclusion and Perspective

Coronaviruses share comparable viral structures and routes of infection, such as
direct contact and respiratory droplets. With the successful replication and
spread of SARS-CoV-2, the disease transits from mild to moderate stage arising
from both virus-associated tissue damage in the respiratory tract and antiviral
activity of the adaptive immune system [40]. Viral infection develops a suite of
defense mechanisms, including memory B lymphocytes capable of producing
neutralizing antibodies directed at a particular pathogen, and memory T lym-
phocytes that regulate immune responses and induce death of infected cells [98].
SARS-CoV-2-specific CD4+ and CD8+ T cells are both associated with milder
disease [99]. yd T cells account for the majority of tissue-resident T cells and
participate in the front line of host immune defense [100]. SARS-CoV-2 may be
able to directly infect T cells. The pathogenesis of late severe COVID-19 pneu-
monia involves a dysregulated immune response, rather than direct viral dam-
age. The diagnosis and treatment of the disease was complicated by the variety of
symptoms and the severity of the disease.

The severe COVID-19 symptoms of hyperinflammation, catastrophic damage
to the vascular endothelium, thrombotic complications, septic shock, brain

damage, acute disseminated encephalomyelitis, and acute neurological and psy-
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chiatric complications are unprecedented for coronaviral infection. Many
COVID-19 deaths are a result of hyperinflammatory complications, termed “cy-
tokine storm”, endotheliitis and blood clotting, all with the potential to cause
multiple organ dysfunction and sudden death [101]. SARS-CoV-2 triggers im-
paired and dysregulated immune responses and elevates the inflammatory re-
sponse, which works in synergy with interferon production in the vicinity of in-
fected cells, thereby driving a feed-forward loop to up-regulate ACE2 and fur-
ther exacerbate infection [102]. Angiotensin II (Ang II) can promote immune
response and inflammatory damage, which play a role similar to cytokine storm.
ACE2 converts Ang I to Ang II, which is highly expressed in pulmonary vascular
endothelial cells [4]. Reactive oxygen species (ROS) will accumulate under the
cytokine storm, while elevated levels of Ang II lead to profound ROS produc-
tion, which worsens the cardiovascular outcomes in COVID-19 patients. It pro-
vides possible explanations as to why patients with underlying diseases involving
the RAAS system may have exacerbated the condition after COVID-19.

COVID-19 causes pulmonary and extrapulmonary complications. ACE2 is
expressed in pancreatic islets, vascular endothelium and adipose tissue, and the
SARS-CoV-2-ACE2 interaction, along with other factors, governs the spectrum
and severity of clinical manifestations among COVID-19 patients. Splenic atro-
phy, hilar lymph node necrosis, focal haemorrhage in the kidney, enlarged liver
with inflammatory cell infiltration, oedema, and scattered degeneration of neu-
rons in the brain are present in COVID-19 patients. Ophthalmological changes
have recently been associated with COVID-19 infection in humans [103]. Viral
sepsis is crucial to the disease mechanism of COVID-19. Glomerular changes
and nephritis-like histology have been described in postmortem samples from
patients with COVID-19. Magnetic resonance imaging (MRI) showed symptoms
of myocarditis, such as subepicardial late gadolinium enhancement of the apex
and inferolateral wall.

Viral attack, host response and therapeutics interact and influence each other,
complicating the situation. The use of antiviral drug can cause cardiovascular
problems, such as arrhythmias, cardiac insufficiency, and cardiac arrest. The
IFN I response is vital for viral killing. However, IFN I stimulates the expression
of the ACE2 receptor. Children may benefit from a virtuous cycle with decreased
ACE2 leading to a reduced induction of the IFN response, which subsequently
further attenuates ACE2 expression [104]. IFN-I could play an important role in
exacerbating TNF- and IL-1-driven inflammation in the progression to severe
COVID-19 [100]. Suppression of the IFN response has recently emerged as a
major clinical determinant of COVID-19 severity, with almost complete loss of
secreted IFN being a feature of the most severe cases. TNF inhibition decreases
adhesion molecules and vascular endothelial growth factor, known as vascular
permeability factor. There is a concern that anti-TNF therapy might increase the
risk of viral infections. Early treatment after infection is more effective. There-
fore, it is essential to identify individuals with early SARS-CoV-2 infection to

prevent viral entry and replication.
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The impression that the COVID-19 is always mild in children is challenged by
the report of the rare multisystem inflammatory syndrome in children (MIS-C)
[4]. Children exhibit high fever and a variety of symptoms previously associated
with Kawasaki disease, such as conjunctivitis, lymphadenopathy, mucocutane-
ous rash, and coronary artery dilation, in the most severe cases, cardiovascular
shock, encephalitis, and multiple organ failure. Affected children were also di-
agnosed with Kawasaki disease at a mean age older than the normal age, and
functional deficits in IFN-I response may account for up to 14% of severe
COVID-19 cases [105]. Neutrophils infiltrate the arterial wall and, in severe cas-
es, develop necrotizing arteritis, leading to connective tissue destruction and ar-
terial dilation [106]. The pathogenesis suggests vasculitis and a possible au-
toimmune etiology, in which multiple autoantibodies may be involved in the
pathogenesis of MIS-C. Antibody-dependent enhancement (ADE) of disease is
an inducing mechanism in SARS-CoV-2-mediated immunopathogenesis of
MIS-C [107].

Furthermore, obesity and aging are comorbidities of severe disease in the
context of COVID-19. Obesity weakens immunity, chronic inflammation, blood
that is prone to clotting, all of which can worsen COVID-19. Fat in the abdomen
pushes up on the diaphragm, which impinges on the lungs and restricts airflow,
resulting in collapse of the airways in the lower lobes of the lungs. Obese patients
have weakened immunity, partly due to the infiltration of fat cells into the or-
gans where immune cells are produced and stored. Individuals with obesity suf-
fer from chronic low-grade inflammation [108]. Elderly people have a poorer
immune response. Aging is associated with endothelial dysfunction, which con-
tributes to vascular pathologies and cardiovascular diseases in the elderly. Se-
nescent cells accumulate during the aging process and lead to increased baseline
inflammation [109]. Senescent cells within adipose tissue or adipocytes them-
selves secrete pro-inflammatory mediators and amplify inflammatory events.

In summary, COVID-19 is a severe pulmonary disease, which not only causes
psychological trauma, but also damages multiple organs and tissues including
the brain, heart, liver, GI, kidneys, muscles, blood and bones. As the pandemic
continually destroys the global economy and claim millions of lives, therapeutics
and vaccines are vigorously being developed with unprecedented cooperation
and collaboration. Understanding the pathogenic mechanisms of pulmonary
and extrapulmonary complications of COVID-19 will facilitate the development
of potent therapeutics and vaccination. In addition, with the aid of deep learning
and wearable sensors, it is possible to detect the person’s psychological and phy-
siological complications accurately at earlier stage. We have significant progress
in understanding of COVID-19 complications. However, there is still a long way
to go. Viral pathogenesis, inflammation, glucotoxicity, inflammation-induced
endothelial dysfunction, oxidative stress, cytokine production, platelets, obesity,
aging, and gender all contribute to COVID-19 pulmonary and extrapulmonary
complications in a network and systematic manner. As new viral mutations be-

come more contagious and lethal, scientists from diverse discipline should col-
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laborate to investigate the mechanisms of viral pathogenesis and corresponding
diagnosis, therapeutics and vaccines, and to ensure that our cognition of viruses

is faster than the rate of their evolution.
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