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Abstract
Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a global pandemic, affecting all the individuals across the planet. COVID-19 has gained significant attention due to its high prevalence among individuals with diabetes, nonalcoholic fatty liver disease (NAFLD), and metabolic syndrome. NAFLD is the hepatic manifestation of metabolic syndrome and can be associated with a high risk of developing type 2 diabetes. The association of COVID-19 and NAFLD has also gained more attention because NAFLD is highly associated with the epidemic of obesity. NAFLD is a potential risk factor for SARS-CoV-2 infection and severe COVID-19, independent of metabolic syndrome. Importantly, it is not yet clear whether the epidemics of obesity and NAFLD have perpetuated the current pandemic of COVID-19. Further research is urgently needed to assess the following: (1) Whether NAFLD is a high risk factor for SARS-CoV-2 infection; (2) whether NAFLD is associated with the severe form of COVID-19; and (3) whether the presence of NAFLD can explain the racial variation in the morbidity and mortality associated with COVID-19. This review summarizes the interactions between COVID-19 and NAFLD, mechanism of liver injury by COVID-19, and effect of lockdown due to COVID- 19 on patients with NAFLD.
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Core Tip: Earlier studies suggested that individuals most vulnerable to severe acute respiratory syndrome coronavirus 2 infection suffer from pre-existing disease, including nonalcoholic fatty liver disease (NAFLD). There is an interwoven relationship between NAFLD and the associated high-risk factors for coronavirus disease 2019 (COVID-19). NAFLD can increase risk of infection, lung injury, cardiac impairment, and difficulty with respiratory ventilation, and can be associated with higher risk for COVID-19, especially in the presence of liver fibrosis. The association between high production of interleukin-6 in both NAFLD and COVID-19 merits further research to determine whether NAFLD is directly involved in the cytokine storms. 


INTRODUCTION
[bookmark: _Hlk69484114]Coronavirus outbreak caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)[1] led to the unprecedented spread of the novel coronavirus disease 2019 (COVID-19). COVID-19 has become a global pandemic and a serious threat to human life and economy[2]. SARS-CoV-2 is transmitted by droplet means and displays a higher fatality rate in elderly and immunocompromised individuals[3]. COVID-19 has gained significant attention worldwide due to its high fatality rate. Earlier studies suggested that individuals suffering from pre-existing disease, including metabolic syndrome (MetS) and nonalcoholic fatty liver disease (NAFLD), are at greater risk of developing COVID-19. 
NAFLD is a worldwide growing chronic pandemic and considered a part of MetS. NAFLD is also a risk factor for SARS-CoV-2 infection[4] and severe COVID-19, independent of MetS[5]. Bats are believed to be the origin of SARS-CoV-2 because the SARS-CoV-2 genome is 88% identical to the SARS-CoV genome derived from bat[6]. Pangolin is likely to be the intermediate mammalian host for SARS-CoV-2 because the genome of pangolin-CoV is 91% similar to the SARS-CoV-2 genome[7]. However, transmission of SARS-CoV-2 from pangolin to human is debatable. Most of the individuals infected are asymptomatic[8]. The typical presentation of COVID-19 is mild to severe pneumonia. However, COVID-19 can affect all the systems of the human body, causing myocarditis, heart failure, acute kidney injury, hypoxic encephalopathy, sepsis, multi-organ failure, and even death[9]. 
In the initial stage of COVID-19, the viral proteins bind to angiotensin converting enzyme 2 (ACE2) receptors to allow the entry of the viral contents into the host cells. ACE2 receptors are present in the nasopharyngeal epithelium, which is the main site of viral replication, type II alveolar epithelial cells, endothelium of the blood vessels, stomach epithelial cells, the brush border of intestinal enterocytes, colon colonocytes, renal proximal tubules, and cholangiocytes of the liver[10]. Binding of the viral proteins to ACE2 receptors in the stomach and the intestine can lead to malabsorption of food and disturbance in intestinal juice and enteric nervous system activation, evoking diarrhea and digestive system symptoms[11]. SARS-CoV-2 can cause liver damage directly by replication in hepatic cells or indirectly by inducing inflammatory response, causing hypoxia and ischemia of the liver through influencing pre-existing liver disease and drug-related injury of the liver[12]. 
This review summarizes the interactions between COVID-19 and NAFLD, mechanism of liver injury by COVID-19, and effect of lockdown due to COVID-19 on patients with NAFLD.

NAFLD
NAFLD is a worldwide growing epidemic caused by insulin resistance and obesity, leading to collection of triglycerides and free fatty acids in the liver, and can be associated with greater risk for cardiovascular and liver-related mortality. NAFLD has become an important indication for liver transplantation[13]. The spectrum of NAFLD encompasses conditions ranging from simple accumulation of fat (> 5% of the hepatic parenchyma without injury to hepatocytes) in the liver to more progressive steatosis with associated fibrosis, cirrhosis, hepatitis, and hepatocellular carcinoma in the absence of excess intake of alcohol. NAFLD is composed of nonalcoholic fatty liver and nonalcoholic steatohepatitis (NASH; the necroinﬂammatory process causing injury of the hepatic cells)[14,15]. A group of experts who aimed to provide more accurate terminology to reflect the pathogenesis and aid in management of patients reached consensus that the term “NAFLD” does not reflect the current knowledge and proposed metabolic (dysfunction) associated fatty liver disease most appropriately[16].
Most of the patients with NAFLD have both insulin resistance and obesity that play a key role in the pathogenesis of MetS[17,18]. Thus, NAFLD is considered to be the liver manifestation of MetS. MetS is defined as a group of metabolic abnormalities including central obesity, hypertension, hyperglycemia, and dyslipidemia that increase risk of cardiovascular disease, stroke, and type 2 diabetes[19]. MetS affects more than one-fifth of the population in the United States, and is very common in both Mexican Americans and African Americans, affecting women more than men in the two latter ethnic groups. Caucasian women and men are affected equally. The prevalence of MetS is highest among Mexican Americans, followed by African Americans and Caucasians. With regard to the components of MetS, insulin resistance is the most common in Hispanics, with hypertension being the most common in African-Americans and atherogenic dyslipidemia in White people[20]. MetS affects about 25% of the people in Europe. The prevalence of the disease is low in Southeast Asia, but it is rising towards the rates of Europe and United States and high in the Middle East and sub-Saharan Africa[21]. 
NAFLD prevalence is estimated to be about 20%-30% in the Western world and 5%-18% in Asian countries. The prevalence of NAFLD is 80%-90% among obese adults, up to 90% among patients with hyperlipidemia, 30%-50% among diabetic patients, and about 3%-10% among children, increasing to 40%-70% among obese children. The most important risk factors for developing NAFLD are obesity, insulin resistance, male sex, older age, and the cardiometabolic abnormalities of MetS[14,22]. Accumulation of free fatty acids and triglycerides are due, at least partially, to insulin resistance, and obesity is the key feature of the disease[23]. 
After liver transplantation, patients can develop obesity, insulin resistance, diabetes mellitus, hypertension, hyperlipidemia, and hyperglycemia. Metabolic abnormalities develop partially due to use of medications such as corticosteroids, calcineurin inhibitors, and sirolimus after liver transplantation[24]. Hence, recurrence or de novo NAFLD/NASH after liver transplantation is common[25]. It has been reported that 26.3% of patients with liver transplant become obese in 3 years[26] and 10%-64% of the transplant patients develop diabetes mellitus[27]. The prevalence of MetS following liver transplantation is about 50%-60%[28]. Sprinzl et al[29] performed a cohort study including 170 patients with liver transplant followed for 2 years and reported the development of MetS in one-third of the patients. The incidence of NAFLD following liver transplantation is about 18%-40%. Post-liver transplant development of NAFLD might contribute to the high cardiovascular mortality seen in these cases[30].

INTERACTIONS BETWEEN NAFLD AND COVID-19
ACE2 receptors are present in liver endothelial cells and cholangiocytes[31,32]. The incidence of acute liver injury during COVID-19 was reported to be about 15.4% in Wuhan, China[33]. Interestingly, liver involvement has been reported in about 60% of the patients[34]. Importantly, impairment of liver enzymes was seen in more than one-third to one-half of the patients with COVID-19[35-39]. Furthermore, there is higher incidence of liver function abnormality in patients with severe COVID-19[37]. Feng et al[40] hypothesized in a review that there is an association between older age and higher risk of liver damage/dysfunction during COVID-19 disease. Ji et al[41] performed a retrospective study to evaluate the status of NAFLD in 202 confirmed COVID-19 patients, and reported liver injury in half of the cases on admission and in 75% of the patients during their stay in the hospital, mainly presenting as mild hepatocellular injury indicated by increased serum level of alanine aminotransferase (ALT), and 3% with ductular or mixed pattern; about one-third of the patients had continual liver function abnormality from admission to the last day of follow-up. There is an association between the progression of COVID-19 disease and older age (> 60 years), male sex, higher body mass index, NAFLD, and higher percentage of comorbidity. The authors concluded that NAFLD is an independent risk factor for COVID-19 disease progression and is associated with higher probability of liver function abnormalities in patients from their admission until their discharge[41]. Zheng et al[42] in a study that included 45 obese and 21 nonobese patients with COVID-19 and NAFLD reported that the severity of COVID-19 is increased by the presence of obesity and NAFLD. They proposed interleukin (i.e., IL–6) as a major contributor in triggering the inflammatory storm in COVID-19 patients. Obese NAFLD patients have an increased inflammatory activity in the liver and abdominal adipose tissue that is independently associated with higher levels of IL-6 which could have an additional contribution in increasing the severity of COVID-19[42]. 
Gao et al[43] performed a cohort study including 65 COVID-19 patients with NAFLD and 201 COVID-19 patients without NAFLD and reported that the presence of NAFLD was associated with a 4-fold increased risk of severe COVID-19; increasing the metabolic risk factors increased the risk of severity of COVID-19; and the association with severe COVID-19 disease persisted after adjusting for sex, age, and other coexisting morbid conditions. Zhou et al[44] performed a multicentral preliminary analysis that included 327 adult patients and reported that NAFLD patients younger than 60 years of age had more severe COVID-19 disease compared to patients older than 60 years of age, independent of other risk factors that increase the severity of COVID-19. Singh et al[45] conducted a meta-analysis to identify the diseases that increase the susceptibility to SARS-CoV-2 infection. They studied the gene expression signatures in 30 widely prevalent acute, chronic, and infectious diseases that could promote the pathogenesis of COVID-19. The authors found that patients with leukemia are most susceptible to SARS-CoV-2 infection, followed by NAFLD, pulmonary arterial hypertension, type 2 diabetes, and psoriasis[45]. Targher et al[46] performed a cohort study including 310 patients with COVID-19 and reported that the severity of COVID-19 disease increased in patients with NAFLD with high or intermediate fibrosis-4 index scores. Limitations of that study are a small sample size, homogeneous ethnicity of the study population, and lack of histopathological diagnosis of liver fibrosis[46]. Patients with NAFLD are vulnerable to severe COVID-19 disease because they harbor associated risk factors. First among these is the high incidence of type-2 diabetes in NAFLD patients, increasing their susceptibility to infection[47]. Second among these is the high incidence of obesity in patients with NAFLD; these patients might present with chronic lung diseases leading to difficulty in intubation and poor response to ventilation[48]. Third is the higher incidence of cardiovascular disease in patients with NAFLD, who might present with a reduction in cardiac reserve and an impairment in their response in the intensive care unit[49,50]. In addition, deficiency of vitamin D is frequent in NAFLD and is associated with greater risk for infection[51]. Furthermore, NAFLD is associated with high 30-d mortality in community-acquired pneumonia patients[52]. 

MECHANISM OF LIVER INJURY BY COVID-19
Binding of SARS-CoV-2 to the target cells is initiated by interactions between the spike glycoprotein (termed ‘S’) and ACE2 receptors. Following receptor binding, SARS-CoV-2 S is processed by a plasma membrane-associated type II transmembrane serine protease to release the viral material into the host cells. This mechanism is supported by the rapid increase of SARS-CoV-2 genomic RNAs in liver ductal organoids 24 h after infection[53,54]. Hepatocellular injury seen in COVID-19 is likely due to temporary damage to liver cells by nonviral agents and impairment of regeneration of the liver by cholangiocyte precursor cells, leading to deterioration of liver function[55]. However, various mechanisms have been proposed to explain the altered liver function in COVID-19. One of these proposed mechanisms is direct liver damage by SARS-CoV-2 due to replication of the virus in hepatic cells after binding to ACE2 receptors. This effect is not related to increased uptake of SARS-CoV-2 by the liver because NAFLD does not alter expression of hepatic genes in COVID-19. Biquard et al[56] conducted a study to investigate whether NAFLD is associated with alteration in hepatic expression of SARS-CoV-2 critical entry proteins. They found that uptake of SARS-CoV-2 by the liver is not increased in NAFLD[56]. However, the observation of normal serum levels of alkaline phosphatase in most of the patients does not support this hypothesis. Another mechanism is increased expression of ACE2 receptors in liver injury due to hepatocellular hypoxia in patients with COVID-19[32]. Hypoxia activates hypoxia-inducible factors (i.e., HIFs). Increased HIF1 alpha and HIF2 alpha signaling promotes metabolic diseases, such as NAFLD and MetS[57]; hence, hypoxia could aggravate the progression of NAFLD. However, the dramatic rise in plasma levels of aspartate and ALT (aspartate aminotransferase/ALT) by one to two times the upper limit of normal does not support hypoxic liver injury. The cytokine storm mechanism includes immune-mediated liver damage caused by severe inflammatory response following SARS-CoV-2 infection. This mechanism is supported by the higher serum levels of the inflammatory markers [IL-6, IL-2, C-reactive protein (CRP), and serum ferritin][58]. In addition, postmortem liver biopsy obtained from patients deceased from COVID-19 showed hyperactivation of T cells and microvesicular steatosis, suggesting that the liver injury is most likely immune-mediated. 
Another mechanism is drug-induced liver injury (commonly referred to as DILI). The use of antiviral medications such as tocilizumab, remdesivir, hydroxychloroquine, azithromycin, and Chinese traditional medicine was recommended for the treatment of COVID-19. All these agents have the potential to induce hepatotoxicity in some patients. Moreover, the presence of NAFLD increases the risk of developing DILI[41,59-61]. Another suggested mechanism is hepatic lipid metabolism. There is an association between hepatic lipid metabolism and diabetes mellitus, fatty liver, and hepatic fibrosis. Metabolic dysfunction caused by multiple processes can lead to hepatic steatosis. Hepatic lipid accumulation caused by increased uptake of lipid by the liver and de novo lipogenesis or decreased oxidation and export of lipid is the initial process; then, additional factors induce inflammation and insulin resistance, and promote hepatic steatosis progression. Evidence has indicated that these factors functioning within the liver can cause activation of innate immunity and induce inflammatory response in the liver, possibly influencing the development of hepatic fibrosis in NAFLD[62]. Another proposed mechanism is pre-existing liver disease reactivation. Ji et al[63] performed a study to investigate the prevalence of acute-on-chronic liver failure in COVID-19 patients with pre-existing compensated chronic liver disease and reported that the patients with pre-existing chronic liver disease could be at higher risk for liver injury by COVID-19 and that COVID-19 increases the progression of the chronic liver disease leading to deterioration of the liver function (Figure 1).
It is not yet clear whether NAFLD can aggravate or precipitate the cytokine storm. Dysregulated hepatic innate immunity in NAFLD patients could contribute to the pathogenesis of COVID-19. Hepatic innate immunity cells are active cytokine producers. NAFLD and obesity are associated with high production of pro-inflammatory cytokines by adipocytes and Kupffer cells. This might increase the risk of symptomatic COVID-19 and the prevalence of NAFLD[64]. The plasma levels of inflammatory markers, including ferritin, lactate dehydrogenase, D-dimer, CRP, IL-2, IL-10, and IL-6, are high in severe COVID-19 disease[58]. IL-6 plays a key role in cytokine storm initiation and progression in patients with COVID-19[40] and high plasma levels of IL-6 have been reported in patients with NAFLD[65]. This means that the progression of NAFLD could be accelerated by COVID-19[66]. 

EFFECT OF LOCKDOWN DUE TO COVID-19 ON PATIENTS WITH NAFLD
Due to the increased number of reported cases and the high fatality rate of COVID-19, lockdowns were imposed and the activities of clinical care centers were suspended for the benefit of COVID-19 patients. These actions have adverse effects on the management of the NAFLD and follow-up, ultimately leading to increased liver-related mortality. Moreover, fear of many patients from the risk of acquiring SARS-CoV-2 infection in the hospital setting prevented them from seeking or participating in proper management by hepatologists[67].
Liver transplantation has become very challenging during the ongoing pandemic of COVID-19 because many transplantation centers stopped or reduced the transplantation surgeries due to a decrease in the number of donors and the conversion of many healthcare facilities into units for treating COVID-19 patients. Testing of SARS-CoV-2 for liver transplantation donors and recipients has been applied in many hospitals, but the influence of COVID-19 on liver transplantation outcome is still unknown. It is likely that the COVID-19 pandemic will cause a negative effect on the increase in liver-related morbidity and mortality that will become obvious in the upcoming months[67].
For instance, the increase in financial constrains associated with social isolation and job losses will cause an increase in alcohol addiction, drug use, depression, and overeating. This may ultimately increase the burden of NAFLD and associated morbidity and mortality. These unavoidable effects of the COVID-19 pandemic will likely be seen in the years to come. Prevention of liver-related mortality after the pandemic of COVID-19 requires rapid reopening of healthcare facilities for patients with liver diseases and for patients in need of liver transplantation. Governments need to adopt social measures to alleviate the health consequences of the global economic crisis and provide more funds to healthcare systems[67].

CONCLUSION
Earlier studies have suggested that the most vulnerable individuals to SARS-CoV-2 infection suffer from pre-existing disease, including MetS, NAFLD, diabetes, obesity, and visceral obesity. In Figure 1, we have highlighted the plausibility that the prevalence of NAFLD is more than that currently estimated, due to the high prevalence of diabetes, MetS, and visceral obesity. It is not yet clear whether the COVID-19 pandemic was related to the high prevalence of NAFLD in different populations[14,22,45] — in other words, whether the pandemic of COVID-19 has uncovered a heretofore un-noticeable high prevalence of NAFLD, obesity, and diabetes. These observations can be endorsed by the interwoven relationship between NAFLD and the associated high-risk factors for COVID-19. For instance, NAFLD can increase the risk of infection, lung injury, cardiac impairment, and difficulty with respiratory ventilation. Importantly, NAFLD can be associated with higher risk for COVID-19, especially in the presence of liver fibrosis. The association between high production of IL-6 in both NAFLD and COVID-19 may raise the need for further research to determine whether NAFLD can be involved directly in the cytokine storms (Figure 1). It is worth mentioning that these observations may also help in part to enhance our understanding of why COVID-19 is more prevalent in Black and other ethnic minorities[68]. 
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Figure 1 Interwoven relationships between nonalcoholic fatty liver disease, coronavirus disease 2019, interleukin-6, risk factors for coronavirus disease 2019, and effect of lockdown. The risk factors for coronavirus disease 2019 (COVID-19) are infection, lung injury, liver fibrosis, and cardiac impairment. IL-6: Interleukin–6; NAFLD: Nonalcoholic fatty liver disease.
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