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        Abstract


        The novel coronavirus disease (COVID-19) is an infectious disease caused by the new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It is an acute respiratory disease that causes life-threatening symptoms. This virus directly or indirectly affects the various systems of the body. In the respiratory system, it causes pulmonary edema, impaired oxygen diffusing capacity, difficulty in breathing, etc. In the nervous system, it causes encephalitis, thrombo-embolitic stroke, Guillan-Barre syndrome (GBS), etc. In the cardiovascular system, it causes ischemic heart diseases, myocardial injury, arrhythmias, etc. In the renal system, it causes tubular necrosis, vacuole degeneration, and consequently a renal failure. In the neuromuscular system, it causes areflexia, ataxia, paresthesia, and body weaknesses. In hematological indices and immune system, it causes lymphopenia, increased monocyte and macrophages, increased neutrophils, decreased eosinophils and basophils, decreased platelet count, and exaggerated immune response. In the gastrointestinal system, it causes diarrhea, liver damage, anorexia, abdominal pain, etc. In the endocrine system, it causes acute diabetes, decreased cortisol stress response, hypothalamic-pituitary axis disorders, etc. In the reproductive system, it causes germ cell destruction, low sperm count, and erectile dysfunctions in males. In females, it causes decreased menstrual volume, cycle prolongation, preterm birth, and abnormal fetal development during pregnancy. The SARS-CoV-2 has effects on various systems of the body although the majority of the clinical manifestations of the disease are related to the respiratory system because it is the route of entry and the major target of the disease. Meanwhile, many of its clinical symptoms are also manifested in the other systems of the body such as the nervous system, cardiovascular system, etc. Numerous researches have been done and are still ongoing on therapeutic approaches to tackle COVID-19. Here, we review the effect of COVID-19 on various physiological systems of the body and the mechanisms by which they occur. Also, we briefly highlight the potential therapeutic approaches to tackle COVID-19.
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        Introduction


        The novel coronavirus disease (COVID-19) is an infectious disease caused by the new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes a severe, life-threatening acute respiratory syndrome, hyperinflammatory response, microangiopathy, damage to the blood vessels, extensive thrombosis, and angiogenesis [1]. The progression of the disease has been segmented into four stages: The first stage of upper respiratory tract infection, the second stage of dyspnea and pneumonia, the third stage characterized by worsening clinical scenario dominated by hyperinflammatory state and cytokine storm, and the fourth stage of recovery or death [1]. The outbreak of COVID-19 can be traced back to Wuhan City, Hubei Province in December 2019. The outbreak was declared by the World Health Organization (WHO) as a Public Health Emergency of International concern in January 2020 and as a Pandemic in March 2020. This disease is highly contagious and the majority of the population is susceptible to the infection. Wild animals carrying the disease and infected patients are the main sources of the disease which is transmitted through droplets from the respiratory system and direct contact with infected persons or surfaces [2,3]. General symptoms of COVID-19 include fever, cough, fatigue, difficulty in breathing, etc. However, some patients are asymptomatic or show mild symptoms, but they can spread the virus to other non-infected individuals [4,5]. The diagnosis of COVID-19 is confirmed using reverse transcriptase PCR, however easier methods such as rapid diagnostic test (RDT) are available [6,7]. Apart from the respiratory system, which is its main target, COVID-19 has effects on other functional systems in the body and can result in various systemic complications. Here, we review the effect of COVID-19 on various physiological systems of the body, including the respiratory, nervous, cardiovascular, renal, neuromuscular, hematology, immune, gastrointestinal, endocrine, and reproductive systems. We further review the various therapeutic approaches to tackle COVID-19.


        Respiratory System


        At the early stage of COVID-19 infection, SARS-CoV-2 mainly targets respiratory cells, such as pneumocytes, bronchial epithelial, and nasal cells. The structural spike protein of the virus binds to the angiotensin-converting enzyme 2 (ACE2) receptor [8,9]. The host cell's type 2 transmembrane serine protease (TMPRSS2) promotes the uptake of the virus by cleaving ACE2 and activating the SARS-CoV-2 S protein, which serves as a medium of entry for coronavirus into the host cells. Upon entry into lung tissue and cells, the viral RNA takes over the host cell's replication system to start the viral genome replication and polypeptide chain synthesis. It synthesizes the sub-genomic RNAs and structural proteins (envelope and nucleocapsid), which have important roles in the viral assembly, release, and promoting the pathogenesis of the virus. SARS-CoV-2 infects and kills T lymphocyte cells and also triggers an inflammatory response, including both the innate and adaptive immune response, which interrupts lymphopoiesis and accelerates apoptosis of lymphocytes, consequently resulting in lymphopenia [9,10]. As the infection progresses, replication of the virus increases, and the integrity of the epithelial-endothelial barrier is impaired. Pulmonary endothelial cells are also infected, thereby intensifying the inflammatory response and activating an influx of neutrophils and monocytes. Pulmonary edema develops following interstitial mononuclear cell infiltration. Edema fills the alveolar space with hyaline membrane, indicating early-phase acute respiratory distress syndrome (ARDS). Histological examination of lung biopsy from COVID-19 patients showed alveolar damage, desquamation of pneumocytes, hyaline membrane formation, pulmonary edema, and enlarged pneumocytes [11]. Figure 1 depicts the various effects of SARS-CoV-2 on the respiratory system which results in the various respiratory manifestations of COVID-19 such as disruption of the integrity of the endothelial barrier, dysfunctional alveolar-capillary oxygen transmission, impaired oxygen diffusion capacity, and difficulty in breathing [9].


        
          [image: ] Figure 1: Mechanisms of COVID-19 effect on the respiratory system. SARS-CoV-2 enters the respiratory cells by binding to the angiotensin-converting enzyme 2 (ACE-2) receptor. The host cell's type 2 transmembrane serine protease (TMPRSS2) promotes the uptake of the virus. Upon entry into the cell, it takes over the replication system of the cell and produces its RNA and other protein materials, consequently resulting in the multiplication of the virus. The virus infects and kills T-lymphocytes, triggers an inflammatory response, and also causes impairment of the integrity of the epithelial-endothelial barrier. Triggered immune response can result in interrupted lymphopoiesis and apoptosis of lymphocytes, therefore causing lymphopenia. It also results in the influx of neutrophils and monocytes, which in combination with impaired epithelial-endothelial barrier and some other processes cause pulmonary edema. A combination of the above mechanisms results in the respiratory manifestations of COVID-19, which include: Dysfunction of alveolar-capillary oxygen transmission, impaired oxygen diffusing capacity, and difficulty in breathing. View Figure 1

        


        Cardiovascular System


        Some patients have severe damage to the cardiovascular system, and some patients with underlying cardiovascular disorders might be at risk of severe symptoms or even death. ACE2 receptor is an important respiratory receptor that is crucial in the pathogenesis of COVID-19. This receptor is not only expressed in the lungs, it is highly expressed in the heart as well. ACE2 is involved in heart function and the development of some diseases such as hypertension and diabetes mellitus. Acute myocardial injury and high blood pressure have been observed in many cases of COVID-19, especially those at the intensive care unit (ICU). The mechanism of myocardial injury has been proposed to be linked ACE2 signaling pathway, cytokine storm activated by imbalance response by type 1 and 2 T helper cells, and dysfunctions in the respiratory system [12,13]. The SARS-CoV-2 infection causes down-regulation of ACE2, and it has been proposed that this down-regulation may predispose to unopposed effects of angiotensin II, such as hypertension, thrombosis, and accelerated inflammation [14]. Myocardial inflammation, metabolic dysfunction, and sympathetic nervous system activation predispose COVID-19 patients to arrhythmia. Mechanisms underlying myocardial injury are unknown or not fully understood, and a few related mechanisms are proposed. Direct cardiomyocyte infection by SARS-CoV-2 has also been considered a possible mechanism since ACE2 receptors are well expressed in the heart. SARS-CoV-2-induced systemic inflammatory response induces thrombosis formation, which is a precursor for the formation of embolism (Figure 2). Embolus plaques block the blood supply to the heart (coronary circulation), resulting in ischaemic heart disease [9,15].


        
          [image: ] Figure 2: Effect of COVID-19 on the cardiovascular system. SARS-CoV-2 affects the cardiovascular system through various mechanisms that are unknown or not fully understood. It causes down-regulation of the ACE2 receptor and imbalance in the renin-angiotensin-aldosterone system (RAAS), cardiomyocyte infection, metabolic dysfunction, and sympathetic nervous activation through cardiac autonomic functions. Cardiomyocyte infection results in myocardial inflammation. Systemic inflammation is a crucial contributor to thrombosis formation and embolism. Embolus blocks the coronary circulation and consequently results in ischemic heart diseases. All these mechanisms, though not fully understood, bring about the cardiovascular manifestations of COVID-19, which include; acute myocardial injury, hypertension, arrhythmias, ischemic heart diseases, etc. View Figure 2

        


        Nervous System


        COVID-19 complications on the nervous system have emerged as an important cause of death in the pandemic as many patients exhibit neurological manifestations ranging from loss of olfactory ability and headache to disabling strokes confusion, intracranial hemorrhage, polyneuropathy, encephalitis, and GBS. The potential for central nervous system (CNS) invasion by SARS-CoV-2 has been proposed by analogy with the neurotropism of other coronaviruses, especially SARS-CoV-1, MERS-CoV, and OC43. The potential route of entry for SARS-CoV-2 includes; olfactory route, blood-brain barrier (BBB), and infiltration of infected immune cells. Loss of smell is a frequent neurological manifestation in COVID-19 and this emphasized infection of the olfactory system. Evidence of MRI signals in the olfactory cortex also suggests infections. The virus can initially be absorbed in nerve endings by endocytosis, followed by retrograde transport, and then spread trans-synaptically to other brain regions [15,16]. Blood-borne viruses majorly enter the brain through the BBB. Spreading of the virus into the blood has been confirmed, and the virus could access the brain by crossing the BBB. One of the potential means through which viruses enter the brain is through being carried by infected immune cells, also serving as a reservoir [15-17].


        According to [18] at least four possible pathogenic mechanisms may account for the detrimental effect of COVID-19 on the CNS, which include; direct viral encephalitis, dysfunction of the peripheral organs (such as kidney, lungs, liver, etc.), systemic inflammation, and changes in the cerebrovascular structures. A single or combination of these mechanisms can put COVID-19 survivors at risk for long-term disorders of the nervous system, either by worsening a pre-existing neurological disorder or by initiating a new one. In COVID-19 patients, some cytokines and inflammatory mediators (including interleukins-1B, 2, 2 receptors, 4, 10, 18, interferon-y, etc.) are elevated, and the evidence that systemic inflammation has been proved to enhance cognitive decline and neurodegenerative disease makes it likely that survivors of COVID-19 will experience the neurodegenerative disorder in the subsequent years [18]. Various risk factors predispose COVID-19 patients to thromboembolic stroke beyond the conventional metabolic and cardiovascular co-morbidities. The thrombo-inflammatory nature of COVID-19 causes microvascular thrombosis, which in turn tends to induce systemic embolism. The formation of an embolus can interrupt cerebral circulation, consequently resulting in a stroke. The Guillian-Barre syndrome (GBS), which is made up of a group of neuropathic conditions, featured by progressive numbness and weakness, and reduced or absent myotatic reflexes, has been observed in many cases of COVID-19 [19,20]. Various studies have been made to understand the pathophysiology of GBS in COVID-19, and its mechanism has been linked to the exaggerated immune responses triggered by the virus. Critical illness polyneuropathy and myopathy (CIPNM) has also been reported in COVID-19 patients. Systemic inflammatory response mediates the release of pro-inflammatory cytokines and free radicals, which tamper with the microcirculation of the central and peripheral nervous system by diminishing nutrient and oxygen supply [20]. The underlying pathophysiology of the neurological effects of COVID-19 is yet to be fully described. Therefore, more research needs to be done to elucidate the mechanism behind the neurological manifestations. Figure 3 illustrates the pathophysiology of the effect of COVID-19 on the nervous system.


        
          [image: ] Figure 3: Mechanisms of COVID-19 effects on the nervous system. SARS-CoV-2 affects the nervous system via direct entry or indirectly through its systemic effects. Its direct entry through the olfactory system, BBB, or infected immune cells spreads trans-synaptically in the brain, infecting the neurons and consequently resulting in encephalitis. Indirectly, the SARS-CoV-2 dysfunctions in peripheral organs (such as kidney, liver, lungs, etc), have some nervous compensatory effects such as induction of systemic inflammation causing the release of pro-inflammatory cytokines and free radicals and changes in cerebrovascular structure. These pro-inflammatory cytokines can result in GBS, disrupted microcirculation in CNS, peripheral nervous system (PNS), and thrombosis formation. Thrombosis formation results in embolism and consequently thrombo-embolitic stroke. Disrupted microcirculation in CNS and PNS results in diminished nutrient and oxygen supply, consequently resulting in CIPNM. These mechanisms sum up to cause the neurological manifestation of COVID-19, which includes: Headache, loss of smell, confusion, intracranial hemorrhage, stroke, cognitive decline, etc. View Figure 3

        


        Renal System


        COVID-19 has some manifestation in the renal system. Kidney damage, especially acute kidney injury (AKI) has been reported in many cases of COVID-19 [21-23]. The fact that the kidney expresses the ACE2 receptor (found in vascular endothelial and smooth muscle cells, proximal epithelial cells, and podocytes) makes it susceptible to SARS-CoV-2, as this is the receptor through which the virus gains entry into the host cells. ACE2 aids the normal function of the kidney through enzymatic production of Angiotensin 1-7, which has anti-inflammatory, diuretic/natriuretic, antifibrotic and vasodilatory effects on various sections of the kidney [21-23]. Disruption of these activities makes up the proposed basis for renal damage that happens during COVID-19. The incidence of proteinuria, hematuria, elevated serum creatine, and blood urea nitrogen, and reduction in estimated glomerular filtration rate, indicate damage to the kidney in COVID-19. Postmortem autopsies of infected patients showed tubular necrosis, vacuole degeneration, sloughing of luminal brush border, and lymphocyte infiltration at the tubulointerstitium [21-23]. Direct cytotoxicity of SARS-CoV-2 or immune-mediated response is the cause of tubular damage in the kidney of COVID-19 patients [21,24]. It has been established that proteinuria is partly a result of direct infection of podocytes with an imbalance in the RAAS system, which together disrupts the glomerular filtration barrier and results in elevated filtration rate of plasmatic proteins. In general, the effect of COVID-19 on the renal system can be broadly attributed to three mechanisms, including; direct cytotoxic effect of the virus on the nephrons, disruption of RAAS homeostasis, and systemic inflammatory response, which induces cytokine storm [25]. Figure 4 highlights the various mechanisms responsible for kidney damage during SARS-CoV-2 infection.


        
          [image: ] Figure 4: Mechanisms responsible for kidney damage during SARS-CoV-2 infection. SARS-CoV-2 has been described to affect the kidney through three basic mechanisms. 1) Disruption of the renin-angiotensin-aldosterone system; 2) Systemic inflammatory response, which induces cytokine storm; 3) Direct cytotoxic effect of the virus on the nephrons. These processes initiate several tissues and cellular processes that destroy the kidney by causing tubular necrosis, vacuole degeneration, sloughing of luminal brush border, lymphocyte infiltration at the tubulointerstitium, proteinuria, hematuria, elevated serum creatine and blood urea nitrogen (BUN), and reduction in estimated glomerular filtration rate. These damages consequently result in renal failure. View Figure 4

        


        Neuromuscular System


        Some COVID-19 patients exhibit neuromuscular disorders. These defects have been attributed to a disruption in neuromuscular transmission in the periphery as a result of peripheral neuropathy. SARS-CoV-2 triggers immune system dysregulation, cytokine storm, alteration of lymphocytes, resulting in autoimmune damage to the peripheral nervous system, and consequently neuromuscular disorders [26,27]. As discussed under the effect of COVID-19 on the nervous system, GBS is made up of a group of neuropathic conditions, featured by progressive numbness and weakness, and reduced or absent myotatic reflexes. GBS has been the major contributor to neuromuscular disorders during COVID-19. Clinical features of GBS include bilateral weakness which commences from the lower extremities and then ascends to the upper part of the body. It can also start at the proximal part of the arms or legs, and involvement of the cranial nerves can result in facial, bulbar, or oculomotor weakness. Ataxia, sensory signs, and dysfunction of autonomic control are also signs associated with GBS in COVID-19 patients [19,28]. Critical illness polyneuropathy and critical illness myopathy has also been observed in COVID-19 patients, especially those in the intensive care unit. According to Hasset, et al., acute inflammatory demyelinating polyneuropathy (also known as GBS), is an autoimmune demyelinating disorder of the peripheral nervous system, which is characterized by areflexia, paresthesia, and ascending body weakness that can bring about respiratory failure [29]. Figure 5 highlights the pathophysiology of neuromuscular disorders following SARS-CoV-2 infection.


        
          [image: ] Figure 5: Pathophysiology of neuromuscular disorders following SARS-CoV-2 infection. SARS-CoV-2 triggers systemic inflammatory responses, which activate pro-inflammatory cytokines and free radicals. Pro-inflammatory cytokines and free radicals cause demyelination and damage to the PNS, resulting in GBS. View Figure 5

        


        Hematological and Immune Systems


        Several hematological changes have been confirmed in COVID-19 patients. Most of the changes in these blood parameters occur during the progression of the disease. Many studies have shown variations in the white blood cell (WBC) count of patients. In the early stage of the disease with no symptoms, white blood cell count is normal or slightly decreased. In some studies, a higher percentage have normal ranges of WBC, patients with a decrease in WBC follow, and then the smallest percentage of the population have an increase in WBC. In other reports decreased WBC count (leukopenia) has been observed in the majority of the population, depending on the severity and progression of the disease. In some other studies, it was observed that the WBC count was higher among non-survivors of COVID-19 compared with survivors [30-32]. In COVID-19 patients, there is a decrease in the total number of lymphocytes (lymphopenia). It occurs because SARS-CoV-2 interrupts lymphopoiesis and accelerates apoptosis of lymphocytes Lymphopenia has been associated with the severity of COVID-19, and a study by [33] showed that lymphopenia increases the risk of severity of SARS-CoV-2 infection threefold [31,33]. Monocyte count increases in COVID-19 patients. Activation of monocytes and macrophages in COVID-19 patients are due to acute respiratory distress syndrome and acute pulmonary injury. Monocytes initiate inflammation through the production of cytokines (cytokine storm) and lymphocyte activation [31,34,35]. Neutrophils are altered both numerically and morphologically in COVID-19 patients. Studies on COVID-19 patients showed an increase in neutrophil count and abnormality in their morphology. This coincides with the fact that neutrophils are always increased during infection and tissue damage. In some other studies on COVID-19 patients, eosinophil and basophil count are reduced, and it was suggested that an increase in eosinophil count could be a sign of recovery from COVID-19 [31,36]. The majority of COVID-19 studies did not consider red blood cells (RBC) as a significant parameter in the pathogenesis of the disease. Some studies mentioned that RBC count and hemoglobin level are not significantly different from the control group, while others noticed a mild decrease in RBC and hemoglobin in COVID-19 patients, which was attributed to complications from the severity of the disease. A decrease in platelet count (thrombocytopenia) is one of the clinical manifestations of COVID-19. Various mechanisms have been proposed for the decrease in platelet count in SARS-CoV-2 infection, which include; disrupted megakaryocyte maturation, accelerated platelet aggregation, platelet activation, resulting in the consumption of platelets in the microcirculation of destroyed lung tissues, inflammatory cytokines which destroy progenitor cells in the bone marrow, thereby reducing platelet production, present of antibodies and destruction of platelets [31].


        The immune system plays an important role in the progression of COVID-19 and its recovery as well. Innate immune cells, such as macrophages may partake in the disease progression, while the adaptive immune responses are necessary for clearance of the SARS-CoV-2 virus. The virus triggers various innate immune recognition and response pathways. Mucosa-associated lymphoid tissues (MALT) of the oral mucosa and conjunctival epithelium serve as the first line of defense against this virus by increasing IgA response to protect these physical barriers. Infiltration of macrophages into the lung tissues is also observed in COVID-19 patients. These macrophages produce a large quantity of interleukin-6 (IL-6), which contribute to an increased inflammatory response in COVID-19. Excessive activation of inflammatory immune response leads to cytokine storm, which is has a crucial role in tissue damage and progression of the disease as stated earlier. In the adaptive immune response, it has been described that cytotoxic CD8+ T cells express NKG2A, TIM-3, and programmed cell death protein 1 (PD-1) [37]. The immune system is highly dysregulated in severe COVID-19, contributing to the progression and pathophysiology of the disease. This pattern of the immune system is characterized by lymphopenia, IL-6-mediated low HLA-DR expression, sustained cytokine production, and hyper-inflammation [35]. Figure 6A highlights the hematological changes in COVID-19 while Figure 6B shows the mechanism of immune responses in COVID-19.


        
          [image: ] Figure 6: A) Hematological changes in COVID-19. The SARS-CoV-2 induces a decrease in the lymphocyte count, interrupts lymphopoiesis and accelerates the apoptosis of lymphocytes; an increase in monocytes and macrophages counts, as a result of acute respiratory distress syndrome and acute pulmonary injury; an increase in neutrophil count associated with abnormality in morphology; a decrease in eosinophil and basophil counts whereas an increase signifies recovery from COVID-19 infection; a decrease in platelet count; but no significant difference in the red blood cells (RBCs) count; B) Immune responses in COVID-19. Immune response in COVID-19 can be grouped into innate and adaptive immune responses. The innate response involves activation of macrophages and increased interleukin-6 (IL-6) production, resulting in the inflammatory response. This inflammatory response results in tissue damage and disease progression. The adaptive response involves activation of cytotoxic CD8+ T cells, which express NKG2A, TIM-3, and programmed cell death protein 1 (PD-1). These adaptive immune responses are necessary for the clearance of SARS-CoV-2. View Figure 6

        


        Gastrointestinal System


        According to some reports, a little percentage of COVID-19 patients experience gastrointestinal (GI) manifestations such as diarrhea, nausea, vomiting, anorexia, and abdominal pain. The viral RNA has been found in the stool of infected patients, and liver damage has been suspected to occur. ACE 2 receptors are also expressed in the GI tracts, providing evidence for a direct viral invasion of the GI tract. GI manifestations of SARS-CoV-2 may be caused either by direct invasion of the virus in the GI cells or immune-mediated tissue and organ damage [38-40]. Since some of the functions of the liver are closely associated with the gastrointestinal system, the liver is also affected by SARS-CoV-2. Injuries to the liver are not fully understood, but most of the injuries have been associated with direct viral infection of the liver cells, immune-mediated damages, or drug hepatotoxicity. Some enzymes indicating liver damage, such as alanine aminotransferase (ALT) and aspartate aminotransferase [41] are abnormal in COVID-19 patients [40,42]. Hepatotoxicity induced by drugs such as hydroxychloroquine and remdesivir may also contribute to elevated liver enzymes [43]. It has also been shown that COVID-19 patients with underlying chronic liver diseases may be at a higher risk of contracting the disease as a result of systemic immunodeficiency [44]. Figure 7 highlights the gastrointestinal manifestations of COVID-19.


        
          [image: ] Figure 7: Mechanism of Gastrointestinal manifestations of COVID-19. SARS-CoV-2 can affect the gastrointestinal (GI) tracts through the following mechanisms; direct viral invasion of the GI cells, immune-mediated tissue and organ damage, hepatotoxicity resulting from the drugs taken during COVID-19, and the communication between the lungs and the GI tract (gut-lung axis). These mechanisms individually or together result in various GI manifestations of COVID-19, including; diarrhea, nausea, anorexia, liver damage, abdominal pain, etc. View Figure 7

        


        Endocrine System


        SARS-CoV-2 has some effects on the endocrine system. ACE 2 is expressed in the pancreas and the mRNA levels are higher in the pancreas than in the lungs. Damage of the pancreatic beta-cells by SARS-CoV-2 has been proposed to be responsible for acute diabetes in patients with COVID-19. Accelerated immune response during COVID-19 infection could also be responsible for the damage of the endocrine part of the pancreas. High blood glucose levels also impact the expression of ACE 2, which might be the cause of increased incidence of COVID-19 in diabetic patients [45,46]. In some reports, the testosterone level was lower in COVID-19 patients, though not significant, while serum luteinizing hormone was significantly higher in COVID-19 patients compared to healthy men. COVID-19 patients with severe conditions are prone to have critical illness-related corticosteroid insufficiency (CIRCI) as a result of knock-down of the host's cortisol stress response. This is a major immuno-invasive technique utilized by SARS-CoV-2. A small number of COVID-19 patients have shown certain symptoms of hypothalamic-pituitary axis disorders, such as hypocortisolism, central hypothyroidism, etc. Serum triiodothyronine (T3) and tetraiodothyronine (T4) were also found to be lower in COVID-19 patients [46]. The immunosuppressive effect of androgen makes the male more susceptible to SARS-CoV-2 infection. Estrogen depletion in mice has been reported to cause morbidity and mortality, suggesting a protective impact on the estrogen receptor signaling pathway. Oxytocin has proved to be relevant in suppressing SARS-CoV-2 infection. It helps to mobilize the immune defenses and also suppresses pathogenic responses resulting from increased activation of innate immunity [47]. Melatonin is also known to protect against SARS-CoV-2 due to its anti-inflammatory and anti-oxidative effects. It also regulates neutrophils and other immune cells. Figure 8 shows the endocrine changes in COVID-19 [47,48].


        
          [image: ] Figure 8: Endocrine changes in COVID-19. SARS-CoV-2 elicits various changes in the endocrine system, and these changes are responsible for the endocrine manifestations of COVID-19. SARS-CoV-2 destroys the endocrine pancreas, resulting in acute diabetes. The level of testosterone was also found to be lower, while the luteinizing hormone (LH) was significantly higher when compared to healthy individuals. One of the immuno-invasive methods used by SARS-CoV-2 is to knock down the host's cortisol stress response, leading to critical illness-related corticosteroid insufficiency (CIRCI). The hypothalamic-pituitary axis is also disturbed, causing hypocortisolism, central hypothyroidism, and other disorders. The serum triiodothyronine (T3) and tetraiodothyronine (T4) were also found to be lower. View Figure 8

        


        Reproductive System


        SARS-CoV-2 has been shown to have various effects on male and female reproductive systems. ACE2 is highly expressed in the testes, especially on the surface of spermatogonia and supporting cells. This virus, as mentioned earlier can enter the body cells through the ACE2 receptor and can also trigger an immune response, leading to dysfunction in testicular spermatogenesis and low sperm count [49]. A hormonal profile has also been used to analyze the male gonadal function of COVID-19 patients. COVID-19 patients showed decreased testosterone levels and increased LH levels when compared with healthy individuals [50]. Vascular damage that occurs during COVID-19 is likely to affect the delicate vascular bed of the penis, leading to erectile dysfunction. This is because the integrity of the vascular bed is necessary for proper erectile function in men [51]. Inflammatory response by inflammatory cytokines can cause testicular damage as a result of high temperature-induced germ cell destruction, and infiltration of leukocytes, destroying the Leydig cells [52]. In the female reproductive system, ACE2 has widely expressed ovary, uterus, vagina, and even the placental during pregnancy [53]. During pregnancy, viruses have negative impacts on the fetus and the mother. An elevated level of maternal inflammation in response to SARS-CoV-2 infection can affect fetal development, especially the development of the brain, leading to several neurodevelopmental disorders in offspring. Preterm birth can also result from the complication of SARS-CoV-2 infection [41]. The report showed that pregnant women are more likely to exhibit severe COVID-19 symptoms with several pregnancy complications [54]. In a study conducted by Li, et al. on women of reproductive age that have been diagnosed with COVID-19, about 20% of them showed a decrease in menstrual volume or cycle prolongation. This was proposed to result from the changes in sex hormones caused by suppression of ovarian function that returns to its normal function after recovery [55] (Figure 9).


        
          [image: ] Figure 9: Effect of COVID-19 on the reproductive system. SARS-CoV-2 affects both the male and female reproductive systems. In males, exaggerated immune response leads to testicular damage, disrupted spermatogenesis, and consequently low sperm count. SARS-CoV-2 induced damage to the vascular bed of the penis causes erectile dysfunction. This is because the integrity of the vascular bed of the penis is necessary for the erectile function of the penis. Inflammation-induced high temperature destroys germ cells as well. In females, hormonal changes suppress ovarian function, leading to decreased menstrual volume and cycle prolongation. In pregnant women, it contributes to preterm birth and perturbed fetal development, which can result in a wide range of neurodevelopmental disorders. View Figure 9

        


        Potential Therapeutic Approaches


        Several efforts have been made and are still in progress to produce a vaccine and drugs to tackle COVID-19. Convalescent plasma (CP) therapy has been proposed to be a promising cure for COVID-19. In this therapy, plasma containing neutralizing antibodies is taken from a donor who has fully recovered from SARS-CoV-2 infection and then administered to infected patients. Soluble human ACE2 has also been proposed to be a therapy for COVID-19. It was suggested that hindering the interaction between SARS-CoV-2 and ACE2 receptors could be used as an effective treatment in COVID-19. Several other anti-retroviral drugs have been could also be promising therapy for COVID-19 [56,57]. According to Grimes, et al., Arginine depletion may also be an effective therapeutic approach against COVID-19. Arginine is an amino acid that is important in the life cycle of many viruses. Therefore, depleting this arginine can interrupt the progression of COVID-19 [58]. Antiviral drugs as a therapeutic approach are exploring two methods in general; first, they prevent the entry of the virus into the host's cells, and secondly, they suppress various steps in the replication process of the virus inside the host's cells [59]. Since inflammation is one of the major factors responsible for disease progression in COVID-19, it was proposed that anti-inflammatory therapies could improve patient symptoms and when properly used and maintained could be a promising therapy for COVID-19 [60]. In addition, the therapeutic probability of estrogen and oxytocin against COVID-19 remains a subject of extensive research. Several research efforts are still ongoing on therapeutic approaches to tackle COVID-19.


        Conclusion


        In conclusion, SARS-CoV-2 has been demonstrated to be capable of affecting multiple organ systems of the body. Although the majority of the clinical manifestations of the disease are related to the respiratory system because it is the route of entry and the major target of the disease. However, many of its clinical symptoms are also manifested in the other systems of the body such as the nervous system, cardiovascular system, etc. Some mechanisms behind these effects have been established and the most common mechanism is exaggerated immune and inflammatory response which is the leading cause of tissue and organ damage in COVID-19. Several studies are explaining the mechanism of damage caused by SARS-CoV-2 on the respiratory system, but the mechanisms of these effects on many other systems, such as the cardiovascular system are still unclear. It is hereby highly recommended that further research should be done to elucidate the pathophysiology of this disease, which could give a hint to developing an effective therapy against the disease.
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