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Abstract

:

Understanding the transmission pathways of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) will aid in developing effective therapies directed at the virus’s life cycle or its side effects. While severe respiratory distress is the most common symptom of a coronavirus 2019 (COVID-19) infection, the virus is also known to cause damage to almost every major organ and system in the body. However, it is not obvious whether pathological changes in extra-respiratory organs are caused by direct infection, indirect, or combination of these effects. In this narrative review, we first elaborate on the characteristics of SARS-CoV-2, followed by the mechanisms of this virus on various organs such as brain, eye, and olfactory nerve and different systems such as the endocrine and gastrointestinal systems.
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1. Introduction


The first case of SARS-CoV-2 was officially reported in Wuhan, China, in 2019 [1]. SARS-CoV-2 is a member of the family Coronaviridae, and its RNA is encapsulated and enveloped [2]. Fusion and attachment of the virus to the cell surface are facilitated by the spike (S) glycoprotein [3]. The receptors for the virus to invade are Angiotensin-converting enzyme 2 (ACE-2) receptors. Furthermore, the host cell’s transmembrane serine protease 2 (TMPRSS2) is essential for priming the viral S protein [4].



Besides lung infection, most of the vital organs can be infected by SARS-CoV-2, for instance, the brain, olfactory nerve, eye, and endocrine and gastrointestinal systems [5]. In addition to respiratory distress, the most prominent symptom of COVID-19 that patients often experience are nausea, vertigo, and headache, which implies a possible involvement of the neurological system [6]. Also, post-COVID-19 symptoms include fatigue and cognitive impairment [7,8]. Evidence from the acute infection and the long-term effects of COVID-19 show a role for the senses of smell and taste. Mainly, they include a complete or partial lack of smell (anosmia/hyposmia) and taste (ageusia/hypogeusia) or a distorted perception of smell/taste (parosmia/parageusia) or the sense of an odor or a taste without any concomitant stimulus (phantosmia, also known as olfactory hallucination, and phantogeusia, also known as a gustatory hallucination) [8,9]. Furthermore, patients experience digestive symptoms such as vomiting, diarrhea, nausea, and abdominal discomfort [10]. In addition, recent developments suggest that COVID-19 individuals’ endocrine systems may be affected [11].



Identifying, treating, and managing COVID-19 cases effectively require knowledge of the most up-to-date cellular and molecular processes. These mechanisms identified in this literature review suggest possible links between SARS-CoV-2 infection and organs dysfunction.




2. SARS-CoV-2 Characteristics


The SARS-CoV-2 is a single-stranded RNA virus that is encapsulated [2]. It belongs to the genus Betacoronavirus, the family Coronaviridae, the subfamily Coronavirinae, and the order Nidovirales [12]. The genome size of the virus, which is 29.99 kB, is significant [13]. As with other coronavirus genomes, the SARS-CoV-2 genome contains open reading frames (ORF). Approximately 67% of the genome is encoded by ORF1ab. This coding may allow infected cells to create polyproteins. Both nsp3 and nsp5 are proteases that break down polyproteins into 16 different nonstructural proteins: nsp1–11 from the ORF1a segment and nsp12–16 from the ORFb segment [14]. The other 33% of the genome is comprised of supplementary and structural (additional) protein genes (ORF3a, 3b, 6, 7a, 7b, 8, 9b, and 10) [13,14]. The virulence, replication, and structure of SARS-CoV-2 are all dependent on the proteins S glycoprotein, small envelope (E) glycoprotein, membrane (M), and nucleocapsid (N) (Figure 1) [15,16]. After being delivered to the host cell membrane via vesicles, viral assemblies are exocytosed. S-proteins enable the fusion of infected and healthy cells when delivered to the cell surface. Enormous, multinucleated cells are produced, spreading the virus throughout the host [17].



Multiple resuscitation syndromes are characterized by systemic inflammation. They are associated with viral replication, cellular breakdown products entering the circulation, hypoxia, pathologically enhanced macrophage and T-cell activity, complement systems, leukocyte activation inside the vasculature, and hemostasis [18].



Viruses are distinguished by the fact that they suppress the receptor signaling pathways that initiate antiviral immunity. These conserved molecular structures are pattern recognition receptors (PRRs), which identify pathogen-associated molecular patterns and damage-associated molecular patterns (PAMP and DAMP). DAMPs are produced by host cells that are injured or dying, while PAMPs originate from pathogens. Toll-like receptors (TLR) are the most prominent family of PRRs that detect endosomal viral RNA, whereas RIG-I-like receptors (RLR) detect cytoplasmic viral RNA [19]. When these receptors are engaged, protection against viruses triggered by innate immunity, predominantly related to the generation of interferons (IFNs), is induced. Scavenger receptors (SR) are a unique family of molecules that may interact with viruses in a non-specific way [20]. This vast family of receptors is at the crossroads of metabolism and immunology. Typically, they are located on dendritic cells and stromal macrophages [21]. SRs can be cofactors of TLRs in innate immune cells’ identification and neutralization of viruses. Nevertheless, they may also act as an entrance site for virus [22].



Coronavirus S-glycoproteins, which facilitate membrane fusion and viral penetration, bind to host receptors [23]. Membrane ACE-2 is the most important receptor for viruses, of which one of the two ACE-2 isoforms is unable to bind [24]. On the surface of the virus, S-glycoprotein forms trimers. Following receptor-binding domain (RBD) receptor contact, the S-protein is proteolytically cleaved by the host proteases into the N-terminal S1 subunit and the C-terminal S2 subunit. TMPRSS2 SRs are the catalyst for this partial proteolysis, which can be initiated by furin or furin-like proteases (like plasmin) or by cathepsins B/L following endocytosis (Figure 1) [25]. Direct interactions between the S1 subunit and ACE-2 occur at its RBD. It is possible that one of the three RBDs in the S-protein trimer may be twisted into a conformation that permits its connection to the receptor. The S-glycoprotein carbohydrate component protects the RBD against antibodies [26]. Thus, SARS-CoV-2 remains in a state of low binding activity with ACE-2 for a considerable time. Consequently, receptor-binding determinants undergo a conformational hinge movement that momentarily conceals or reveals them [27]. Antibodies and medications that target RBD binding cannot completely eradicate SARS-CoV-2 due to this property.



Thus, upon receptor binding, the virus undergoes proteolytic processing that activates the S-protein, bringing the viral and host membranes together and releasing RNA of virus into the host cell cytoplasm. The anchoring S2 subunit facilitates virus-host cell membrane fusion, whereas the distal S1 subunit recognizes and binds the receptor [28]. SARS-CoV-2 is very likely to take this route [29]. The endosomal pathway can be activated by many co-receptors collaborating with ACE-2 [26].



Recently, several membrane proteins capable of functioning as alternative receptors or ACE-2 cofactors have been identified. Therefore, the oligomannose and complex sugars in the carbohydrate component of the S-glycoprotein, which is made of N-glycans of the S1 subunit, may bind to lectin receptors and interact with them to shield the virus from antibodies [30,31]. Heparin binds to S1 sites that resemble lasting, perhaps preventing or slowing the viral invasion [32]. The glycocalyx of the infected cell provides a binding site for the virus due to the expression of co-receptor sugars for binding the virus (heparan sulfate and O-acetylated sialic acids) [33]. Invasion may be aided by lectin-like S1 sites attaching to the glycocalyx of the host cell. Evidence suggests that heparan sulfate facilitates the entry of many viral types [34]. The lectin-like S1 domain of the ACE-2 receptor may interact with the glycocalyx during infection of target cells, which may alter the receptor’s function [33,35]. The S protein binds to the RGD motif of the RBD S1 domain of integrin receptors (Arg-Gly-Asp). The role of these interactions in viral neutralization or invasion sometimes unclear [36].



Several RNA viruses use extracellular vesicles for transmission to new hosts [37]. Viruses can infect cells independently and through virus-specific receptors due to these vesicles. After treatment with antiviral drugs, infection recurrence has been linked to SARS-CoV-2 and the cellular transport pathway involved in generating extracellular vesicles carrying the virus [38]. COVID-19 transmission may include exosomes containing ACE-2, the cluster of differentiation (CD9), and other tetraspanins [39]. Because exosomes can transport particles of virus from infected to normal tissues and regulate the host immune system, they can also be employed to treat COVID-19 [40].



There was insufficient evidence to support the hypothesis that CD147 served as an ACE-2-independent SARS-CoV-2 receptor in the first investigations of this function. The CD147 mechanism is indirect and linked to membrane ACE-2 expression [41]. Simultaneously, it has been demonstrated that the scavenger receptor SR-B1, which identifies high-density lipoprotein (HDL), facilitates SARS-CoV-2 entry in an ACE2-dependent manner. The viral S1 subunit increases viral uptake by binding to HDL and cholesterol components. When SR-B1 was expressed, SARS-CoV-2 could enter cells expressing ACE-2 with greater ease due to the interaction between SR-B1 and these receptors. In human lung tissue and various extrapulmonary tissues, it has been reported that SR-B1 and ACE-2 are co-expressed [22]. SR-B1 is involved in COVID-19 due to its immunomodulatory, virus penetration intermediary, and viral scavenger activities [42].



C-type lectin CD209L (L-SIGN) could function as its own SARS-CoV-1 receptor on target cells [43]. Researchers were intrigued by the finding that CD209L and the similar protein CD209 (DC-SIGN) function as receptors that allow SARS-CoV-2 entering to the human cells [44].



People with severe COVID-19 infections had significantly elevated complement activation in their lung tissue, skin, and serum [45]. Multiple mechanisms contribute to the activation of COVID-19’s complement system. Most of these processes include vascular endothelial cell injury, activation of hemostasis systems, and kallikrein-kinins [46].



S-protein binds to TLR4 and activates it, which enhances ACE-2 on the cell surface, allowing the virus to enter type II alveolocytes. This disrupts the production of surfactant and destroys cells, all contributing to the onset of ARDS. The SARS-CoV-2 that causes myocarditis is linked to TLR4 activity and the resultant upregulation of the innate immune reaction [47]. Molecular docking experiments show that S-protein binds to TLR1 and TLR6 but not TLR4 [48].



Temporarily formed during single-stranded viral RNA production, double-stranded viral RNA may attach to macrophages and dendritic cells via TLR3, but TLR7 and TLR8 can bind to single-stranded RNA [49]. Endosomal TLRs produce IFN-I responses and cytokine production, suppressing viral infection [50].



The RLR/MAVS-mediated signaling system is important for the antiviral response in individuals with COVID-19, and its dysfunction may cause autoimmune disorders and a cytokine storm [51]. Furthermore, many cells undergo viral-vague cell stress pathways, including NF-B activation and NOD like-receptor protein (NLRP3) inflammasome association, resulting from SARS-CoV-2’s action on the NLR and potential modifications in intracellular homeostasis [52]. On the other hand, inflammasomes boost interleukin (IL)-1 and IL-18 production and cause the cell to undergo pyroptosis [53]. The inflammasome may have either protective or pathogenic effects, depending on the context [54].



SARS-CoV-2 target cells are found by cell antiviral defense sensors, and vice versa, at the earliest stage of the virus’s invasion. Since, the ACE-2 and coreceptors, as well as its other receptors, become active. This wide range of hosts means that viruses can infect cells in many different parts of the body. When viruses enter a cell, they turn on some stress signaling pathways, some of which are universal and some specific to the virus. Additionally, there is a rise in the reciprocal antagonism between immune systems, most of which are IFN-dependent, and the preexisting system of the virus’s critical components, both at the cellular and organismal levels (the virus and recruited proteins). The result of the conflict will determine how far the illness spreads.



There are several types of coronaviruses, and it is important to note that they vary from strain to strain. The SARS-CoV-2 main variants, B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), and B.1.617.2 (delta), have already spread to a wide range of populations around the world. However, certain novel variants are distinguished by newly mutated nucleotides with unknown influence on infectivity, mortality, and antigenicity [55]. Nevertheless, this study focuses primarily on COVID-19 and the chemical pathways that lead to its induction.




3. Investigating Neurological Disorders


3.1. Potential SARS-CoV-2-Mediated Brain Injury Mechanisms


The likely origins of neurodegeneration are illuminated by the pathophysiology of SARS-CoV-2 and other human coronaviruses (HCoV). The SARS-CoV-2 invasion hypothesis involves a cell protease-primed viral S protein and a cell surf-receptor. SARS-CoV-2 particularly employs TMPRSS2 cell protease for S protein priming and ACE-2 as its entrance receptor [56]. Oligodendrocytes, ciliated epithelial cells, and nasal goblet cells were shown to co-express ACE-2 and TMPRSS2 in cross-sectional analyses of human tissues [56]. One strategy for central nervous system (CNS) infiltration or proliferation in oligodendrocytes could be the co-expression of ACE-2/TMPRSS2. During the pandemic, cases of acute encephalitis were reported, and patients’ cerebrospinal fluid (CSF) contained the virus [57]. Pathological studies, in which both infectious viruses and viral RNA have been found in the brain, provide additional insight. Antigen and RNA of the virus were found in the cerebrums of the SARS-CoV-infected individuals in a postmortem examination of four SARS-CoV-related deaths and four controls [58]. Previous autopsy investigations have detected the following other human coronaviruses in the brain: 44 of 90 brain donors had the HCoV strains 229E and OC43, as identified by reverse transcription-polymerase chain reaction (RT-PCR) [59]. Notably, the prevalence of OC43 was significantly higher in multiple sclerosis (MS) patients compared to controls. Monocyte chemoattractant protein (MCP)-1 chemokine mRNA was also observed to be elevated in astrocyte cell lines after HCoV-OC43 infection [60]. The blood-brain barrier (BBB) has been shown to become more permeable when MCP-1 levels rise [61]. These results suggest that HCoV infection might enhance a tendency for MS neuropathology, and coronavirus infection can interact with underlying neuropathology to produce additive or permanent neurologic consequences.



The hematogenous and transneuronal pathways are viable entry points for coronaviruses into the CNS. Early onset of anosmia is a distinguishing feature of a virus that may be indicative of an early neuro-invasion via the olfactory bulb. On magnetic resonance imaging (MRI), atrophy of the olfactory bulb was associated with anosmia in a patient with COVID-19 [62]. Intriguingly, increased cytokine levels were detected in the olfactory epithelium of COVID-19 patients since this may indicate that direct inflammation of the olfactory tract may play a critical role in the onset of sensory loss [63]. Cases of encephalitis, neuronal ischemia, and SARS-CoV particles have all been related in clinical studies. During a human autopsy, researchers discovered genetic sequences in the brain [64]. Even though the genomes of SARS-CoV and SARS-CoV-2 are 82% identical to one another, SARS-CoV-2 contains distinct genetic traits such as the ability to encode proteins that can potentially influence viral replication and pathogenicity [65]. These genetic differences’ implications and significance are still unknown.



Coronaviruses may enter the CNS by several mechanisms, including inflammatory mediators, the transmigration of virus-carrying macrophages, direct infection of endothelial cells, and a BBB weakened by endothelial injury or endothelitis [59]. In transgenic mice models expressing human ACE-2 receptors, the SARS-CoV was found to rapidly transmit infection throughout the CNS and kill infected neurons after it had established itself in the nervous system [66]. Both infected and non-infected cells may perish by apoptosis after HCOV-OC43 infection of the hippocampus and cortical neural cells in tissue culture [67]. According to previous research, the infected cells released tumor necrosis factor (TNF-α), a known apoptotic cytokine, which may have contributed to apoptosis in uninfected cells as well as the infiltration and activation of microglia [68].



However, studies of evolutionary data imply that the new coronavirus may identify human ACE-2 more effectively [69]. SARS-CoV-2 and clinical-grade soluble human ACE-2 (hrsACE-2) were introduced into engineered human tissue in a study. The hrsACE-2 effectively scavenged the virus, blocking its cellular attachment [70].



Transgenic mice expressing human ACE-2 receptors were infected with SARS-CoV, and compared to wild-type mice, they developed more severe lung lesions, detectable viral antigens in the brain, inflammation in cerebral vessels, and hemorrhages. As a result, they were also more susceptible to contracting the virus [71].



In addition to acute lung damage, neurotoxicity may result from cytokine storms; Mice infected with the virus die within six days. Vascular hyperpermeability was seen in both the brain and lungs, and the cytokines IL-6, IL-1, and TNF- α were significantly elevated after infection with the virus [72]. Due to immune-mediated toxicity and cytokine-driven damage, the BBB’s integrity may be compromised even without viral invasion or dissemination [73]. Cytokines can also be directly neurotoxic, mediate of injury to CNS cells, or even prevent injury altogether [74]. It is unclear how the altered neuroinflammatory pathways following SARS-CoV-2 infection will highly activate the cytokine signaling that may affect neurologic outcomes.




3.2. COVID-19 Associated Neurological Symptoms


In contrast to recognized pulmonary symptoms, numerous neurological complications have been discovered following COVID-19 infection. Acute necrotizing encephalopathy, encephalitis, epilepsy/seizures, and ataxia are among the neurological manifestations are highly linked with COVID-19 acuity and mortality in intensive care unit patients [75]. Hypogeusia, hyposmia, Guillain-Barré syndrome (GBS), and skeletal muscle damage are all peripheral nervous system (PNS) consequences that have been reported [76].



3.2.1. Cerebrovascular Diseases


Among the COVID-19 population, five percent had experienced cerebrovascular events, sixty percent of which were acute ischemic strokes [77]. The increased risk of these events has been associated with viral infection, which has been connected to a hyperinflammatory and hypercoagulable state and altered endothelial cell function [78]. The neutrophil-to-lymphocyte ratio (NLR), C-reactive protein (CRP), and serum ferritin have all been found to significantly rise in patients with ischemic stroke, suggesting that these patients’ mortality may be predicted [79]. These individuals have elevated neutrophils, leading to an overproduction of neutrophil extracellular traps (NETs), increasing thrombus development [80]. The SARS-CoV-2 mediated endothelial damage leads to nitric oxide synthase (NOS) consumption and a deficiency in nitric oxide (NO), promoting thrombus formation. The NO deficiency elevates the risk of stroke because it acts as a potent vasodilator and inhibits platelet and leukocyte adhesion to the endothelium [81].



In addition, as SARS-CoV-2 internalizes ACE-2 after binding, ACE-2 depletion on the surface of endothelial cells may enhance the risk of ischemic stroke [82]. SARS-CoV-2 patients have significantly lower levels of ACE-2 expression [83].



Since the current inpatient guidelines for managing and treating ischemic or hemorrhagic stroke are being reviewed, it is agreed that all COVID-19 patients in intensive care units (ICUs) should be assessed for thromboprophylaxis owing to the increased risk of stasis [84].




3.2.2. Encephalitis


Meningitis and encephalitis both involve inflammation of the meninges and parenchyma of the brain [85]. The patient complains of a head pain, fever, vomiting, seizures, and reduced sensibility. Patients with COVID-19 who later experienced meningitis or encephalitis had SARS-CoV-2 in their CSF and brain tissues, suggesting that the virus itself may cause these complications by infecting and damaging the brain tissue [86].



Patients with COVID-19 may develop acute meningoencephalitis even if no detectable SARS-CoV-2 or other viruses are present in the CSF [87]. Meningoencephalitis in COVID-19 patients may be caused by other mechanisms, such as severe inflammation. In the treatment of COVID-19 patients, it ought to be taken into consideration as a potential complication due to the fatal effects of encephalitis and meningoencephalitis. Early diagnosis and treatment of meningoencephalitis are crucial for preventing deadly hemorrhagic encephalopathy.



After a patient has been diagnosed with encephalitis, meningoencephalitis, or acute neurological event (ANE), CSF PCR should be conducted to check for the presence of SARS-CoV-2 or other possible contributory viral diseases, such as herpes simplex virus (HSV). In addition, combining MRI and electroencephalography (EEG) is very important for the detection of these cases [88].




3.2.3. Seizures


Some coronavirus patients will develop seizures due to hypoxia, metabolic disturbances, serious irritation, and organ disappointment. Seizures in patients have been associated with SARS-CoV-2-induced brain injury, elevated inflammatory mediator levels, and viral-induced encephalitis or meningitis [89]. In order to improve the diagnosis, treatment, and prevention of long-term problems with seizures in COVID-19 individuals, it is crucial to distinguish between the usual and atypical appearance of seizures [90].




3.2.4. Guillain–Barré Syndrome (GBS)


The molecular resemblance between peripheral nerve antigens and pathogen antigens may lead to GBS after infections with Campylobacter jejuni, Epstein-Barr virus, or cytomegalovirus (CMV). Afterwards, neuronal injury and inflammation might occur due to antipathogen antibodies cross-reacting with peripheral nerve antigens [91]. Multiple cases of GBS in COVID-19 patients have been reported, characterized by paresthesia, weakness of the lower limbs, and the potential for tetraparesis [92]. Typically, nerve roots are involved, as evidenced by a normal white blood cell count and an elevated protein concentration in the CSF (cytoalbuminologic dissociation) [93]. Axonal injury and demyelinating polyradiculoneuropathy are classic features of GBS in COVID-19 patients [94].




3.2.5. Neurodegenerative and Demyelinating Disorders


Multiple sclerosis (MS), Alzheimer’s disease (AD), and Parkinson’s disease (PD) are just a few of the neurodegenerative conditions that have been linked to SARS-CoV-2 infection. There is likewise no proof that these illnesses are accelerated in coronavirus patients [95]. However, the brain damage caused by the virus and the high expression of ACE-2 in the CNS may result in long-term neurodegenerative diseases or complications [96]. Demyelination of both gray and white matter as well as neurodegeneration in the brain’s periphery are related to the MS [97]. Based on what we know today, the neurological alterations brought on by SARS-CoV-2 have certain characteristics with MS. The first factor in neuroinflammatory injury is the pro-inflammatory ’cytokine storm’ brought on by SARS-CoV-2 infection [98]. The second issue is that SARS-CoV-2 might lead to demyelination in the CNS [99]. When immunotherapy is employed to treat demyelinating neurological illnesses like MS, the possibility of a link between SARS-CoV-2 infection and these diseases presents a difficult therapeutic conundrum [100]. However, no evidence exists to back up the allegations that viruses cause MS or that SARS-CoV-2-mediated immune dysregulation makes MS patients more vulnerable to COVID-19, its CNS involvement, or the return of MS symptoms [101,102]. In a 67-year-old MS patient who passed away from COVID-19, neither neuronal nor glial cells acquired the virus, and infection did not worsen or reactivate the patient’s symptoms [102]. The results of the preceding example are consistent with those of earlier research, which showed that COVID-19 had no impact on developing autoimmune illnesses [101].



PD patients, like those with AD, also have trouble remembering things [103]. Even though ACE-2 is extensively expressed in the CNS and SARS-CoV-2 infects and destroys various parts of the brain, there is no conclusive evidence that SARS-CoV-2 causes PD or that PD patients are more likely to receive SARS-CoV-2. There is also no evidence that PD worsens with COVID-19 disease [104].



Potential CNS damage that may lead to PD seems to be more restricted to the substantia nigra than in AD [105]. The pathophysiology of PD is similar to AD in that it involves neuroinflammation, synaptic pruning, and cell death [106,107]. Anosmia and hyposmia are also early clinical signs of PD [108]. Hence, further long-term studies are needed to discover the association between SARS-CoV-2 infection and PD, as well as for AD and other neurodegenerative disorders.






4. Complications of Skeletal Muscle and Neuromuscular Junction


COVID-19 patients’ reports show the involvement of PNS and its effect on neuromuscular deficiencies such as skeletal muscle injury and neuromuscular junction disorders. COVID-19 initiates impairment of the immune system, which contributes to PNS dysfunction [76]. Hypercatabolic situations associated with oxidative stress can lead to the extreme production of proinflammatory cytokines. Additionally, it can cause constructability enhancement of corrosive molecules, which gives rise to myocyte damage [109]. Myocytes exhibit the surface receptor ACE-2 that SARS-CoV-1 and SARS-CoV-2 use to enter the host cell. The connection between SARS-CoV-2 infection and the pathophysiologic processes that cause myopathy is not well understood, and additional study is required [110]. Demyelination caused by ischemia and inflammation after facial nerve paralysis may cause damage to the vasa nervorum [111].Studies illustrated that the invasion of the virus directly into the nerve could immune responses, nerve damage, and facial nerve paralysis [112].



Although myasthenia gravis patients have a higher sensitivity to getting infected by the virus, reports concluded that infection with SARS-Cov-2 can lead to an immune and inflammatory response, which can initiate a myasthenia crisis [112]. It has been reported that COVID-19 patients have a variety of neurological symptoms; however, further research is required to clarify the pathogenic mechanism/s behind each of these muscle disorders




5. Involvement of the Olfactory Nerve in SARS-CoV-2 Infection


This section discusses the correlation between COVID-19 and smell dysfunction (another nonspecific symptom) and its underlying mechanisms. Although the exact mechanisms are still unclear, it has been proposed that the involvement of the olfactory bulb or damage to the olfactory cells in the nasal cavity may be affected by COVID-19 [113].



Multiple reasons confirm the fact that the nasal cavity is vulnerable to infection by SARS-CoV-2 [114]. First, viral loads in an infected patient’s nasal cavity were much greater in the pharynx, indicating that the nasal cavity is the major entry site for infection [115]. Secondly, because the SARS-CoV-2 is spread by respiratory droplets, the nasal mucosa (particularly the goblet and ciliated cells) is the most common site of infection [116]. Thirdly, the nasolacrimal duct allows the virus to pass from the tears to the nasal cavity and cause infection [117]. Cathepsins are essential for COVID-19 virus entry via endocytosis [118]. The nasal cavity consists of two types of epithelium: 1) Respiratory epithelium and 2) Olfactory epithelium. The respiratory epithelium serves to humidify the air as the continuation of the respiratory tract [119]. Respiratory mucosa also allows for blocking air dust with muciparous goblet cells, preventing dehydration, and exchanging heat and moisture in the nose cavity. In contrast, the function of the olfactory epithelium is to detect odors via the olfactory sensory neurons and their receptors that are placed on their dendritic cilia [120]. It is worth mentioning that many cell types may be found in the olfactory epithelium. The olfactory receptor neuron is the most crucial of them. It is a bipolar cell that, at its basal surface, gives rise to a thin, unmyelinated axon that carries olfactory information to the brain’s center. Many microvilli, known as olfactory cilia, spread into a thick coating of mucus from a single operation that grows outward from the apical surface of the receptor neuron. Normal individual odors are recognized by olfactory receptor neurons (ORN), which are bipolar neurons in the nasal epithelium with a thin dendritic and 10–20 cilia at the end [121]. At the other end of these neurons, numerous unmyelinated axons penetrate the sub-mucosal lamina to link to the olfactory bulb.



Additionally, non-neuronal cells, such as sustentacular cells and Bowman’s glandular cells, are involved in mucus secretion [122]. Which owns different functions but most important, olfactory mucus coats the sensory neurons that sense odorants [123]. RNA sequencing reveals that sustentacular cells, Bowman’s glandular cells, and a limited number of stem cells express ACE-2 and TMPRSS2 significantly, unlike ORN and olfactory bulb cells [122,124]. It is known that the main target of the SARS-CoV-2 is non-neuronal cells, and the reason is that the mean recovery time for smell dysfunction is around two weeks. This period is not compatible with the recovery time of the neuronal cells [124]. The perception of the odors is affected by the damage to the sustentacular and Bowman’s glandular cells via impairing some of the olfactory receptor neuron functions. Damage to the Bowman’s glandular cells may impair mucus production, which is necessary for the elimination of odorous particles, and damage to the sustentacular cells can impede the elimination of volatile compounds. This can interrupt the additional supply for the cilia of the ORN and electrolyte imbalance [122]. This is why damage to the sustentacular cells affects odor perception. In addition, infection of the sustentacular cells can cause ORN to lose their cilia, impairing the transmission of the odorous stimulus [125]. Chemo attractive proteins from IFN-γ, IL-6, and interferon-inducible protein 10 (IP-10) are proinflammatory cytokines that are increased due to entry of a pathogen and recruit monocytes and T-lymphocytes. This inflammatory response that leads to cell death is called pyroptosis [124,126]. Increasing in cytokines and acute-phase reactants can stimulate olfactory receptor neuron death [124,127]. The role of IL-6 in the pathophysiology of COVID-19-induced anosmia was discussed in a study by Netland and Collegues which pointed to encouragement in cytokines, especially IL-6, as a proinflammatory response in the brains of infected mice that changes neuronal signaling to cause anosmia (Figure 2) [128]. Another cause for smell dysfunction is olfactory bulb inflammation, caused by the SARS-CoV-2 using olfactory nerve afferents to reach the olfactory bulb [124]. Additionally, viruses can infect vascular pericytes that are expressing ACE-2, and this can cause inflammation and hypoperfusion [129]. SARS-CoV-2 causes the symptoms of anosmia and hyposmia by interacting with ACE-2 receptors in the nasal cavity with the help of TMPRSS2 and other proteases; the virus’s main targets are the cells that provide it with nutrients and oxygen.




6. Ophthalmic Manifestation in COVID-19


The SARS-CoV-2 has multiple non-specific signs and symptoms. One of its non-specific symptoms is ocular involvement. Many studies have been conducted to investigate whether SARS-CoV-2 has ocular involvement or not. ACE-2 and its aid for entry, TMPRSS2, are the main entry factors for this virus that are expressed in many human organs [110,116]. However, whether cells on the ocular surface express these crucial components for cellular vulnerability to viral infection is still unclear. Western blot analysis has recently revealed that the corneal epithelium expresses TMPRSS2 and ACE-2 during photorefractive keratectomy (PRK) [130]. They also indicated the expression of ACE-2 localization on the corneal epithelium in the most superficial layer, endothelium, and corneal limbus through immunohistochemical staining [131].



In contrast, the ACE-2 staining was negative on the corneal stroma. In some cases, the expression of ACE-2 was much higher in the limbus than in the superficial layer of the cornea. They also showed ACE-2 expression on the conjunctival epithelium, but the staining was negative for goblet cells in the epithelium and vascular endothelium [132]. This study proposed that the ocular surface is vulnerable to the SARS-CoV-2; however, conjunctivitis is rare in COVID-19 patients [133]. Lange and Collegues demonstrated that TMPRSS2, ACE-2, and other mediators were not considerably expressed in either healthy or diseased human conjunctival samples, making it unlikely that the SARS-CoV-2 could infect the conjunctiva through these routes [134]. Wu and Collegues conducted a study of 11 patients with ocular manifestations and positive nasopharyngeal RT-PCR and concluded that only 2 patients had positive PCR in the conjunctival swabs. This study proposed that even in patients with ocular manifestations, the positivity of conjunctival swabs is low [135]. Some hypotheses have been proposed as to how the SARS-CoV-2 gets into the ocular secretions; these include direct inoculation of the ocular surface from viral particles, emigration of the virus through the nasolacrimal duct from the pharynx, and hematogenous spread via the lacrimal gland, among others [136]. To clarify this issue, some studies have been conducted. For example, Azzolini and Collegues found SARS-CoV-2 RNA on the ocular surface even when the nasopharyngeal swab was negative [137]. Wang and Collegues demonstrated in a separate investigation that CD147 is a transmembrane glycoprotein that promotes the binding of SARS-CoV-2 to ACE-2. It facilitates the ability for the SARS-CoV-2 to enter the eye and conjunctiva [138]. It has been proposed that the retina has ACE-2 receptors. Twelve patients with positive nasopharyngeal RT-PCR for SARS-CoV-2 underwent optical coherence tomography to detect retinal alterations, and the researchers found hyper-reflective lesions at the level of the ganglion cells and the inner plexiform layer, but no vision loss. Researchers found evidence that SARS-CoV-2 might infect tissues deep inside the eye as well as those on its surface [139]. In the end, it is essential for healthcare workers to put on eye protection during contact with COVID-19 patients, as existing studies are controversial.




7. Taste Dysfunction in COVID-19


Taste dysfunction is another example of a non-specific symptom. First, the oral cavity is a crucial entry site for SARS-CoV-2 because multiple entry factors, including ACE-2, TMPRSS2 and furin, are expressed by the oral epithelial cells, taste buds, and salivary glands [140,141]. ACE-2 receptors are expressed all over the oral cavity [110]. Secondly, it has been revealed that the COVID-19 virus may attach to sialic acid receptors, an important component of the saliva, and protect glycoproteins that transport gustatory chemicals in the taste pores from early enzymatic breakdown [142]. Reduced sialylation may affect mucin function by increasing the gustatory threshold and viruses can occupy sialic acid’s binding sites, hence, accelerating the degradation of gustatory particles. Due to the strong association between smell and taste, it is also possible to have problems with both senses simultaneously [143]. However, it was reported that the frequencies of taste dysfunction are higher than olfactory dysfunction [144]. Taste bud cells are columnar sensory cells found in the tongue’s stratified epithelium and have an average life of ten days. They revive continuously from stem cells in the oral cavity [145]. Taste bud cells have receptors that can convert chemical energy into electrical energy [146]. Cranial nerves, such as the facial, glossopharyngeal, and vagus, transfer taste signals from the oral cavity to the brain stem [147]. Damage to any of these cranial nerves can cause gustatory dysfunction. The possible nerve whose damage causes dysgeusia is the chorda tympani [148]. In addition to the mechanisms discussed above, proinflammatory cytokines such as IFN- γ, and IL-6 can prevent stem cell proliferation and shorten the lifetime of taste bud cells (Figure 2) [149]. Another possibility is that the taste bud cells express ACE-2, and this leads to direct infection and cell death [150]. This results from the interaction between the virus and TLR, which induces the apoptotic process in taste bud cells [151]. Yet another possible mechanism is zinc homeostasis impairment of gustatory cells following SARS-CoV-2 infection, which can cause dysgeusia [152]. With all these COVID-19-induced taste dysfunction mechanisms described above, the exact pathophysiology of this disorder remains unknown.




8. COVID-19 and the Endocrine System


COVID-19 could exert adverse impacts on different organs, including endocrine dysfunction. The expression of the ACE-2 receptor is responsible for the cellular entrance of COVID-19 via interaction with the S protein. The TMPRSS 2 facilitates the binding of S protein and ACE-2 receptor. ACE-2 receptor expresses widely in the endocrine glands such as the thyroid, pancreas, adrenal glands, pituitary, and testis. Different mechanisms contribute to endocrine damage caused by COVID-19, which include direct viral injury, immune-mediated damage due to cytokine storm, endothelial injury, and the renin–angiotensin–aldosterone system (RAAS) dysfunction. ACE-2 negatively affect RAAS regulation by inactivation of angiotensin (Ang) 1 and 2. The efficacy of ACE-2 reduces during COVID-19 which leads to an elevated level of Ang2 and aldosterone. This RAAS over-activation induces insulin resistance and vascular damage [152,153].



In this step, the pathophysiological mechanisms of COVID-19 on the endocrine system are reviewed:



8.1. Hypothalamic-Pituitary Axis (HPA)


COVID-19 could damage HPA via direct or indirect injury. The expression of the ACE-2 receptor results in COVID-19 invasion into neurons and glial cells. A virus genome was detected in the autopsy samples which showed edema and neuronal degeneration of the hypothalamus [153,154]. Cytokine storms, including IL-11, IL-6, and TNF-α, cause indirect injury to the HPA. These cytokines increase the secretion of corticotroph-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) from the hypothalamus and pituitary, respectively, and affect the adrenal to release more cortisol. This neuroinflammation induces hemorrhage, necrosis, and edema in the hypothalamus and pituitary [155,156].



Moreover, it has been shown that the spike protein of COVID-19 binds to gonadotropin-releasing hormone receptor (GnRHR) and G-protein-coupled-receptor (GPCR) in the brain and blocks them. GPCRs and GnRHRs act by binding to G proteins. Activation of GPCRs and GNRHRs are responsible for cortisol levels and the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH), respectively. Inhibition of these receptors disrupts the neuroendocrine system and its effects on peripheral endocrine glands [157]. Furthermore, virus infiltration and cytokine effects impair the hormonal axis mentioned below.




8.2. Thyroid


The thyroid gland regulates metabolism by secreting triiodothyronine (T3) and thyroxine (T4). Studies showed that COVID-19 infects the thyroid and presents in different clinical manifestations such as sick euthyroid syndrome, Graves’ disease, Hashimoto’s syndrome, subacute thyroiditis, and silent thyroiditis. In addition to lymphocyte infiltration in thyroid tissue, ACE-2 receptor β expression provides a target for COVID-19 invasion [152]. Different mechanisms are suggested for thyroid changes in COVID-19 infection. Direct destruction of thyroid follicular and parafollicular cells could induce primary hypothyroidism with a high level of thyroid-stimulating hormone (TSH) and decrease free T4. However, there is no evidence of morphological changes in follicular cells.



On the other hand, the effects of COVID-19 on HPA imply a reduction in TSH level, which leads to a low level of total 3,5,3′-triiodothyronine (TT3) and low free T4. The severity of the infection correlates with the magnitude of the decline. Also, non-thyroidal illness syndrome (NTIS) in critical patients caused low free T3 with normal or low TSH. It is related to deiodinase activity changes due to systemic inflammation [158,159].




8.3. Pancreas


ACE-2 and TMPRSS2 are expressed in the pancreas, and its endocrine section can be a target for COVID-19. Studies demonstrated that injury of islet cells leads to diabetes and hyperglycemia. Several mechanisms have been proposed for blood glucose imbalance, including β cells cytotoxicity by COVID-19, systemic inflammation, and glucocorticoid drugs [152,153]. Production of inflammatory factors involving MCP-1, inducible protein-10, and interleukin-1β destruct β cells during COVID-19 infection [153,155].



More factors in β cells facilitate COVID-19 entry. NRP1 and high mobility group box 1 (HMGB1) help bind ACE-2 and COVID-19. HMGB1 is a chromatin regulator that controls ACE-2 expression. Moreover, other molecules similar to SMARCA4, a non-fermenting chromatin-remodeling complex, and RIPK3 as a necroptosis kinase interfere in COVID-19 entry via ACE-2 expression. It has been shown DPP-4, an amino peptide in glucose metabolism, is an alternative receptor for COVID-19 in the pancreas. Due to viral injury, hypoinsulinemia and hyperglycemia can be observed in COVID-19 patients [159]. Shaharuddin and Collegues investigated the expression of inflammatory genes in induced pluripotent stem cells (iPSC)-derived pancreatic cultures infected by COVID-19. Data showed inflammatory genes such as nuclear factor kappa B (NFKB)-1, C-X-C motif chemokine Ligand (CXCL)-12, and signal transducer and activator of transcription (STAT)-3 were upregulated in the infected cells. Additionally, infected endocrine cells of the pancreas showed dysfunction in insulin secretion [160].




8.4. Adrenal Gland


The expression of ACE-2 receptor and TMPRSS2 zona fasciculate and zona reticularis provides a target for COVID-19 invasion. Besides direct injury of the virus, CD3+ and CD8+ lymphocyte infiltration, acute fibrinoid necrosis in arterioles, and adrenal vein thrombosis damage the adrenal gland. SARS-COV produces molecules similar to ACTH, resulting in presenting auto-antibodies against host ACTH. These antibodies could destroy ACTH and cause adrenal insufficiency (AI). Also, different studies reported clinical manifestations of AI in COVID-19 patients [152,158].





9. Gastrointestinal (GI) Disorders of COVID19


One of the extrapulmonary manifestations of COVID-19 is GI symptoms. GI symptoms can be presented during different phases of the disease. Most clinical presentations of the disease are diarrhea, loss of appetite, nausea, vomiting, and abdominal pain. Stool examination of patients with GI symptoms demonstrated viral RNA. An autopsy from a patient with COVID-19 has shown necrosis and shedding of GI epithelium from the esophagus to the intestine. Moreover, stenosis of the small intestine has been reported [161]. In addition to GI organs, COVID-19 could lead to liver injury that presents by dysregulation of liver function tests, including aspartate transaminase (AST), alanine transaminase (ALT), gamma-glutamyl transferase (GGT), alkaline phosphatase (ALP), and elevation of bilirubin [162,163]. Different mechanisms are proposed for GI injury:



9.1. Direct Injury


ACE-2 and TMPRSS2 are presented on epithelial cells especially on type 2 epithelial cells in the duodenum, jejunum, ileum, cecum, and colon. ACE-2 on enterocytes preserves amino acid homeostasis and antimicrobial molecules. ACE-2 maintains the B0AT1, an amino acid transporter, and controls the uptake of tryptophan in the gut which interferes with immunity, including suppressing inflammatory cytokines, keeping the intestinal junction, and preventing dysbiosis. COVID-19 invasion of enterocytes leads to ACE-2 downregulation which causes RAAS inhibition, a decrease of the anti-inflammatory role of the intestinal mucosa, cellular metabolic condition, and cellular viability. The damage of enterocytes expressing ACE-2 and malabsorption may explain diarrhea in patients with COVID-19 [164]. Yamada and colleagues designed a model of iPSC-derived small intestinal epithelial cells (iPSC-SIECs) infected by COVID-19 and investigated the expression of pro-inflammatory genes electrical resistance (TEER). They demonstrated COVID-19 infection triggers the expression of various inflammatory genes, including CC motif chemokine ligand 2 (CCL2), CCL3, CCL5, CXCL10, IL-6, and IL-1β. Also, it has been reported that TEER was reduced, indicating disruption of tight junction between cells via downregulation of the expression of CLDN1 and ZO-3 genes. The impairment of the intestinal barrier leads to GI symptoms [165].




9.2. Enteric Nervous System (ENS) Dysfunction


Studies suggested the involvement of ENS in COVID-19 infection. This virus can enter the CNS via ENS with access to splanchnic and vagal nerves. ACE-2 and TMPRSS2 are expressed on the ENS in submucosal and myenteric plexus that can function as a target for COVID-19 invasion and GI damage. Moreover, the inflammation affects ENS, which induces GI symptoms such as nausea and vomiting [166].




9.3. Immune-Mediated Injury


In some patients with COVID-19 that presented digestive symptoms, the RNA of virus has not been detected. It may suggest the indirect injury of the GI system by COVID-19. Respiratory tract infection by COVID-19 causes intestinal injury through the gut-lung axis. CD4+ T cells derived lung entry small intestine by CC chemokine receptor 9 (CCR9+). CCL25 supports the recruitment of CD4+ T cells. Gut-lung axis impacts the intestinal immunity and disturbs the homeostasis of flora [164,167]. In addition, cytokine storms including IFN-γ, IL-2, IL-7, and ΤΝF-α, cause intestinal inflammation and diarrhea. The detection of fecal calprotectin indicates systemic inflammation in COVID-19, which involves the digestive system [166].




9.4. Liver Injury


The elevation of liver enzymes is reported in 7.6%–39% of patients with COVID-19 [168]. Histopathological study showed necrosis and degeneration of hepatic cells during COVID-19 infection [169]. The expression of ACE-2 and TMPRSS2 on hepatocytes, cholangiocytes, and sinusoidal epithelial cells provides a potential for direct injury by COVID-19. This viral invasion disturbs the transportation of bile acid and cholangiocytes barrier.



On the other hand, hypoxia due to pneumonia damages liver function. The increase of inflammatory cytokines such as ILs, IFN-γ, and ΤΝF-α involves in liver damage [162,163]. Table 1 summarizes different mechanisms involved in COVID-19 infection.





10. Conclusions


More than three years after the beginning of the pandemic, some of the defining characteristics of SARS-CoV-2 have been identified. The structural components responsible for the pathogenicity of SARS-CoV-2 include S glycoprotein, E glycoprotein, and M and N proteins. During infection, COVID-19 targets two receptors, ACE-2 and TMPRSS2. Viruses may enter cells through several different entry points. Every major body organ and system is vulnerable to the destructive effects of the virus. Anosmia is a characteristic of the virus, and its early onset may indicate a neuro-invasion via the olfactory bulb. The action of COVID-19 on certain organs, such as olfactory cells and taste buds, requires the presence of other molecules, such as cathepsins and sialic acid receptors.



COVID’s action is not directly on the olfactory nerve but it is known to increase the number of cytokines, which may consequently induce nerve damage. The researchers also discovered that CD147 strengthens the corneal binding between SARS-CoV-2 and ACE-2. Additionally, damage to endothelial cells may also increase nitric oxide (NO), which can raise the risk of thrombosis and lead to cerebrovascular diseases. Similarly, there is little evidence that the incidence of neurodegeneration is rapidly increasing in patients with coronavirus. The effects of COVID-19 on the nervous system and neurological consequences after effective therapy are poorly understood.



In addition, several endocrine glands, including the thyroid, pancreas, adrenal glands, pituitary, and testes, express the ACE-2 receptor. There are a wide range of disease representations for gastrointestinal symptoms. While several clinical studies have detailed the effects of COVID-19 on various organs, elucidating its specific pathophysiological pathways remains challenging. Figure 3 summarizes the proposed mechanisms of infection induced by COVID-19.
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	Coronavirus Disease 2019
	COVID-19



	Angiotensin Converting Enzyme-2
	ACE-2



	Cellular Transmembrane Serine Protease 2
	TMPRSS2



	Severe acute respiratory syndrome coronavirus 2
	SARS-CoV-2



	Open Reading Frames
	ORF



	Nonstructural proteins
	nsp



	Middle East respiratory syndrome coronavirus
	MERS-CoV



	Acute Respiratory Distress Syndrome
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	Pattern Recognition Receptors
	PRRs



	Pathogen-Associated Molecular Patterns
	PAMP



	Damage-Associated Molecular Patterns
	DAMP



	Toll-Like Receptors
	TLR



	RIG-I-Like Receptors
	RLR



	Scavenger Receptors
	SR



	Receptor-Binding Domain
	RBD



	Cluster of Differentiation
	CD



	C-type lectin CD209L
	L-SIGN



	Similar protein CD209
	DC-SIGN



	NOD Like-Receptor Protein
	NLRP3



	Interleukin
	IL



	High Density Lipoprotein
	HDL



	NOD like Receptor
	NLR



	NOD-Like Receptor Protein
	NLRP



	Human Coronaviruses
	HCoV



	Central Nervous System
	CNS



	Reverse Transcription-Polymerase Chain Reaction
	RT-PCR



	Tumor Necrosis Factor
	TNF



	Neutrophil-to-Lymphocyte Ratio
	NLR



	C-reactive Protein
	CRP



	Neutrophil Extracellular Traps
	NETs



	Nitric Oxide Synthase
	NOS



	Intensive Care Units
	ICUs



	Cerebro-Spinal Fluid
	CSF



	Herpes Simplex Virus
	HSV



	Electroencephalography
	EEG



	Magnetic Resonance Imaging
	MRI



	Cytomegalovirus
	CMV



	acute neurological event
	ANE



	Guillain–Barré Syndrome
	GBS



	Multiple Sclerosis
	MS



	Alzheimer’s disease
	AD



	Parkinson’s disease
	PD



	Peripheral Nervous System
	PNS



	Olfactory Receptor Neurons
	ORN



	Interferon
	IFN



	Monocyte Chemoattractant Protein
	MCP



	Interferon-inducible Protein
	IP



	Photorefractive Keratectomy
	PRK



	Renin–Angiotensin–Aldosterone System
	RAAS



	Hypothalamic-Pituitary Axis
	HPA



	Corticotroph Releasing Hormone
	CRH



	Adrenocorticotropic Hormone
	ACTH



	G-Protein-Coupled-Receptor
	GPCR



	Luteinizing Hormone
	LH



	Follicle Stimulating Hormone
	FSH



	Thyroid Stimulating Hormone
	TSH



	NonThyroidal Illness Syndrome
	NTIS



	High mobility group box 1
	HMGB1



	Nuclear Factor Kappa B
	NFKB



	C-X-C motif chemokine Ligand
	CXCL



	Signal Transducer and Activator of Transcription
	STAT



	Adrenal insufficiency
	AI



	Gastrointestinal
	GI



	Aspartate Transaminase
	AST



	Alanine Transaminase
	ALT



	Gamma-Glutamyl Transferase
	GGT



	Alkaline phosphatase
	ALP



	Small Intestinal Epithelial Cells
	iPSC-SIECs



	Enteric Nervous System
	ENS



	CC Chemokine Receptor 9
	CCR9+



	CC motif Chemokine Ligand
	CCL
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Figure 1. SARS-CoV-2 characteristics. The proteins S glycoprotein, E glycoprotein, M, and N are required to SARS-CoV-2 pathogenicity, replication, and structure. The virus uses ACE-2 receptors to enter cells. Priming the viral S protein requires the host cell’s TMPRSS2. (Created with BioRender.com). 
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Figure 2. Taste and olfactory dysfunction in COVID-19. IFN- γ and IL-6 are two examples of proinflammatory cytokines that can inhibit stem cells growth and reduce the lifespan of taste bud cells. Another sense that plays a role besides taste is smell. In contrast to ORN and olfactory bulb cells, sustentacle cells express high levels of ACE-2 and TMPRSS2. Loss of cilia on ORN due to infection of the sustentacular cells can interfere with the transmission of the odorous stimulus. Anosmia caused by COVID-19 was also linked to IL-6, proving the importance of this cytokine in the disease’s etiology. (Created with BioRender.com). 
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Figure 3. Overview of proposed mechanisms of COVID-19 on damage organ. Besides the respiratory system, the virus may infect and damage a wide variety of other tissues and organs. Virus infection increased the expression levels of IL-6, IL-1, and TNF-α. Even without viral invasion or dissemination, cytokine-driven damage can undermine the BBB. Neurotoxic cytokines can also activate microglia. B0AT1 modulates the absorption of tryptophan in the gut, interfering with immunity by suppressing inflammatory cytokines, maintaining the intestinal junction, and preventing dysbiosis. Also, COVID-19 can infect a follicular cell in thyroid gland and β cells in the pancreas and lead to hypothyroidism and hypoinsulinemia, respectively. (Created with BioRender.com). 
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Table 1. Description of different mechanisms involved in COVID-19 infection.
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	Systems (Disorders)
	Factors Involved
	Mechanisms
	Reference





	CNS (Cerebrovascular diseases)
	MCP-1, chemokine, IL-6, IL-1β, TNF-α, and NETs
	
	-

	
The BBB becomes more permeable when MCP-1 levels rise




	-

	
Contribute to apoptosis in uninfected cells as well as the infiltration and activation of microglia act as a mediator of injury to CNS cells, or even prevent injury altogether




	-

	
Increase the formation of thrombi






	[61,68,80]



	Skeletal muscle and Neuromuscular Junction (Myasthenia gravis)
	Proinflammatory cytokines
	
	-

	
Can cause constructability enhancement of corrosive molecules, which gives rise to myocyte damage






	[109]



	Olfactory Nerve (smell dysfunction)
	IL-6, IFN-γ, MCP-1, and IP-10
	
	-

	
Impel the expression of multiple acute-phase reactants like CRP, serum amyloid A, haptoglobin, and fibrinogen and can stimulate olfactory receptor neuron death






	[160]



	Ophthalmic manifestation
	ACE-2 receptors, TMPRSS2,

CD147,
	
	-

	
Direct inoculation of ocular surface from viral particles, emigration of the virus through nasolacrimal duct from the pharynx, and hematogenous spread via the lacrimal gland






	[170]



	Taste manifestation
	IFN- γ, and IL-6
	
	-

	
Virus binding to the sialic acid receptors that are essential component of the saliva and protect glycoproteins that transfer gustatory molecules in the taste pores from early enzymatic degradation




	-

	
Can prevent stem cell proliferation and shorten the lifetime of taste bud cells




	-

	
Zinc homeostasis impairment of gustatory cells






	[142,148,151]



	Endocrine System (sick euthyroid syndrome, hypothyroidism, diabetes and hyperglycemia)
	IL-1, IL-6, and TNFα,

the spike protein,

MCP-1, inducible protein-10, and inter-leukin-1β
	
	-

	
Leads to an elevated level of Ang2 and aldosterone. This RAAS over-activation induces insulin resistance and vascular damage




	-

	
Increase the secretion of Corticotroph Releasing Hormone (CRH) and Adrenocorticotropic Hormone (ACTH) from the hypothalamus and pituitary and affect the adrenal to release more cortisol




	-

	
Binds to gonadotropin-releasing hormone receptor (GnRHR) and G-Protein-Coupled-Receptor (GPCR) in the brain and blocks them




	-

	
Blood glucose imbalance including β cells cytotoxicity




	-

	
Inflammatory genes such as Nuclear Factor Kappa B (NFKB)-1, C-X-C motif chemokine Ligand (CXCL)-12, and Signal Transducer and Activator of Transcription (STAT)-3 were upregulated in infected cells






	[152,153,155,156,157,160]



	GI System (diarrhea, loss of appetite, nausea, vomiting, and abdominal pain)
	CCL2, CCL3, CCL5, CXCL10, IL-6, and IL-1β, IFN-γ, IL-2, IL-7, and ΤΝF-α
	
	-

	
Leads to liver injury that presents by dysregulation of liver function tests including Aspartate Transaminase (AST) and Alanine Transaminase (ALT), Gamma-Glutamyl Transferase (GGT), Alkaline phosphatase (ALP), and elevation of bilirubin




	-

	
Cause intestinal inflammation and diarrhea






	[162,163,166,171]
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