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Abstract
During the outbreak of the coronavirus disease 2019 (COVID-19) pandemic, particular interest rose regarding the interaction between metabolic dysfunction-associated fatty liver disease (MAFLD) and the COVID-19 infection. Several studies highlighted the fact that individuals with MAFLD had higher probability of severe acute respiratory syndrome coronavirus 2 infection and more severe adverse clinical outcomes. One of the proposed mechanisms is the inflammatory response pathway, especially the one involving cytokines, such as interleukin 6, which appeared particularly elevated in those patients and was deemed responsible for additional insult to the already damaged liver. This should increase our vigilance in terms of early detection, close follow up and early treatment for individuals with MAFLD and COVID-19 infection. In the direction of early diagnosis, biomarkers such as cytokeratin-18 and scoring systems such as Fibrosis-4 index score are proposed. COVID-19 is a newly described entity, expected to be of concern for the years to come, and MAFLD is a condition with an ever-increasing impact. Delineating the interaction between these two entities should be brought into the focus of research. Reducing morbidity and mortality of patients with COVID-19 and MAFLD should be the ultimate objective, and the optimal way to achieve this is by designing evidence-based prevention and treatment policies. 
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Core Tip: The intricate intertwining of metabolic dysfunction-associated fatty liver disease (MAFLD) and coronavirus disease 2019 (COVID-19) presents a critical nexus with severe clinical outcomes. The symbiotic impact of MAFLD increasing susceptibility to severe COVID-19, and the reciprocal exacerbation by the viral infection, mandate special attention. Early identification, vigilant monitoring and tailored evidence-based interventions, navigating both conditions, are pivotal in mitigating adverse effects. Investigating the molecular pathways underlying the synergistic effects of MAFLD and COVID-19, and the impact of specific COVID-19 treatment drugs on liver function and their potential exacerbation of MAFLD, stands as a promising research avenue that could unveil novel therapeutic targets. 

INTRODUCTION
As the world encounters the enduring impact of coronavirus disease 2019 (COVID-19), the interplay between this viral pandemic and metabolic dysfunction-associated fatty liver disease (MAFLD) emerges as a topic for comprehensive research. While MAFLD has a remarkable prevalence among COVID-19 patients and is expected to be increased even more by 2030 due to obesity and metabolic syndrome persistently growing, the topical question that rises is whether concurrent obesity and MAFLD epidemics could be contributing factors to the exacerbation and prevalence of the ongoing COVID-19 pandemic[1,2]. In addition to the metabolic syndrome, MAFLD might influence the severity of viral infections, potentially impacting conditions like COVID-19 or even representing an independent risk factor. Vice versa, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection exacerbates MAFLD and induces liver injury through various mechanisms.
In their consensus statement, Eslam et al[3] suggested that a positive diagnosis of MAFLD can be achieved through the confirmation of at least one criterion from each of the following two groups. The first group consists of the following: The presence of hepatic steatosis in adults, as it can be ascertained through imaging modalities such as ultrasound, magnetic resonance imaging or computerized tomography; blood biomarkers or blood test-based scoring systems; and liver histology. The second group consists of the following: Presence of overweight/obesity; type 2 diabetes mellitus; and evidence of metabolic dysregulation[3]. Metabolic dysregulation can be documented by the presence of at least two of the following metabolic risk abnormalities: (1) Waist circumference ≥ 102/88 cm in Caucasian men and women; (2) Blood pressure ≥ 130/85 mmHg or specific drug treatment; (3) Plasma triglycerides ≥ 150 mg/dL or specific drug treatment; (4) Plasma High Density Lipoprotein–cholesterol < 40 mg/dL for men and < 50 mg/dL for women or specific drug treatment; (5) Prediabetes; (6) Homeostasis model assessment of insulin resistance score ≥ 2.5; and (7) Plasma high-sensitivity C-reactive protein level > 2 mg/L[3]. Our ability to recognize individuals with MAFLD is very important as this condition is a favorable substrate for severe COVID-19 illness. In particular, Gao et al[4] reported that after adjustment for age and sex, patients with MAFLD had a 2.6-fold higher risk of severe COVID-19 illness over those without MAFLD. They also reported that MAFLD patients with elevated interleukin-6 (IL-6) Levels were at higher risk of severe COVID-19 illness over non-MAFLD patients[4].

THE IMPACT OF MAFLD ON COVID-19 DISEASE
Although there is an unmet need for further studies, it is a fact that COVID-19 affects liver function, which can be manifested straight from the onset of the disease, with mild and moderate elevations of alanine aminotransferase (ALT) and/or aspartate aminotransferase (AST)[2]. Tao et al[1] reported a negative impact of MAFLD on the course and clinical outcomes of COVID-19 illness but did not detect a statistically significant correlation[1]. 
The incidence of MAFLD in patients with COVID-19 has been noted as higher than in general population[1]. One possible explanation of the enhanced susceptibility to COVID-19 is the increased hepatic angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) expression in MAFLD patients, which are host cell proteins that contribute to SARS-CoV-2 infection[2,5,6]. In addition, COVID-19 patients with MAFLD under the age of 60 years have a higher risk of severe COVID-19 illness compared to those without MAFLD[5]. Due to liver's role in producing acute-phase reactants, coagulation factors and albumin, any dysfunction in the liver might affect the broader symptoms of COVID-19, potentially influencing conditions like acute respiratory distress syndrome (ARDS), coagulation disorders and multi-organ failure, aggravating the COVID-19 progression[2]. Therefore, MAFLD patients have higher risk of a poorer COVID-19 prognosis, higher prevalence of severe disease course, higher viral shedding time and more liver failure during hospitalization[7]. 
Notably, MAFLD is not a stand-alone disease. It can be characterized as the hepatic manifestation of metabolic syndrome and stands along with the obesity epidemic[5]. These comorbidities are associated with adverse clinical manifestation of type 2 diabetes and increased risk of severe infections, since obesity compromises the immune system due to chronic inflammation. It is essential to underline that increased liver steatosis is associated with a higher risk of symptomatic COVID-19 in obese patients[7]. A pro-inflammatory state in MAFLD patients that aggravates COVID-19 illness, is also a result of excess of free fatty acids that enter the liver, activating Kupffer cells[1]. The already burdened immune system and its effects on liver, lead to a shift of Kupffer cells from an anti-inflammatory M2 state to a proinflammatory M1 state[1]. Consequently, this transition enhances the production of cytokines such as tumor necrosis factor-α and IL-6. Studies suggest that IL-6 plays a pivotal role in the cytokine 'storm', which could be a primary factor for the aggravation of COVID-19[1,4,7].
Research is needed to ascertain the exact role of fibrosis in the spectrum of outcomes in patients with MAFLD and COVID-19. Angulo et al[8] after highlighting the difficulty and the risks of liver biopsy, turned to the examination of a non-invasive model for the identification of liver fibrosis among MAFLD patients. They proposed a score that includes age, body mass index, AST/ALT ratio, platelet count, hyperglycemia and albumin, comprehensively known as the non-alcoholic fatty liver disease fibrosis score (NFS)[8]. In their study, Campos-Murguía et al[9], in the process of diagnosing liver fibrosis, instead of using a single score, used a two-score system simultaneously in order to better stratify high-risk patients with liver fibrosis. In this system, only individuals with intermediate or high risk of fibrosis-as calculated by NFS- had AST to platelet ratio index calculated[9]. It is suggested that the existence of MAFLD, and especially the coexistence with significant or advanced fibrosis, stimulates the virus-triggered cytokine storm. This is mainly explained by the hepatic production of pro-inflammatory cytokines that significantly contribute to the aggravation of COVID-19 disease[10]. In the same context, Hegyi et al[7] underlined fibrosis as an independent factor for severe COVID-19 illness, in addition to the existence of fatty liver[7]. Data provided by Targher et al[11] corroborate a correlation between MAFLD with higher Fibrosis-4 (FIB-4) and NFS scores, and severe course of COVID-19 disease[11]. The severity of COVID-19 notably escalates with the progression of liver fibrosis. A FIB-4 score higher than 2.67 was associated with the highest risk of developing severe COVID-19. Moreover, evidence was provided that the coexistence of MAFLD alongside with a neutrophil-to-lymphocyte ratio (NLR) over 2.8 correlated with an elevated risk of severe COVID-19 disease, compared to non-MAFLD individuals with a normal NLR[7,11]. Therefore, there is an urgent need to evaluate the existence of fibrosis and its degree as it seems to significantly affect the course of the disease.

EFFECTS OF COVID-19 ON MAFLD
Reversely, SARS-CoV-2 infection can promote the progression of MAFLD. SARS-CoV-2 demonstrates wide organotropism, including the liver[12]. Hepatic dysfunction, characterized by abnormalities in liver enzymes, is frequently observed in individuals with COVID-19, notably in severe cases across multiple studies[2,5]. Patients experiencing severe COVID-19 infection tend to exhibit significantly higher incidence of abnormal liver function tests, which are correlated with poorer outcomes[12,13]. Underlying liver conditions can exacerbate liver damage resulting from COVID-19, and multiple mechanisms could explain the abnormal liver dysfunction indicated in COVID-19 patients. Direct liver injury induced by SARS-CoV-2, systemic inflammatory response syndrome (SIRS) and cytokine storms, hypoxia, drug-induced liver injury (DILI), dysregulation of hepatic lipid metabolism and liver steatosis, and disruption in gut microbiota balance are only some of the postulated underlying mechanisms[5,12,14].
A variety of studies point out that SARS-CoV-2 can directly damage liver cells. ACE2 and TMPRSS2 are involved in the process of SARS-CoV-2 endocytosis[6]. Therefore, the presence of these receptors in the liver and bile ducts can cause cytopathic damage[2,12,13]. SARS-CoV-2 found in the gut lumen may migrate to the liver through the portal circulation, causing direct damage by actively replicating in hepatic cells via ACE2 receptors[15]. Liver cell apoptosis studies further support the indication of direct viral cytopathic effects as reported by Chen H and Chen Q[2].Other factors that lead to liver damage and therefore can worsen the progression of MAFLD are bi-nucleated cells, swollen mitochondria, and changes in canalicular structures[16,17]. A retrospective cohort study by Wong et al[18] also demonstrated that patients with prolonged viral presence were more likely to develop elevation of ALT/AST[18].
As an infectious condition, COVID-19 can provoke systemic inflammation and there is evidence that patients with severe COVID-19 may have cytokine storm syndrome[19]. This can lead to multi-organ dysfunction following liver damage. As liver steatosis is associated with markers of inflammation such as IL-6, MAFLD can be exacerbated by the inflammatory response of COVID-19[20]. Alongside the hyper-inflammatory state due to the co-existence of MAFLD and COVID-19 illness, patients with severe COVID-19 develop multi-organ failure, ARDS, shock and hypoxia[12]. Liver ischemia may lead to increased hypoxia-induced factors (HIFs). Higher levels of HIFs in COVID-19 patients could aggravate obesity and insulin resistance, and both aforementioned conditions constitute significant risk factors associated with MAFLD, as suggested by Tian et al[13]. It is important to mention that studies have shown that HIF-1α could promote MAFLD[2]. Moreover, increased production of HIF-2α could induce lipogenesis in the liver[2,14,21]. Therefore, SIRS and hypoxia in severe COVID-19 may exacerbate the progression of MAFLD.
During an infection, the activated innate immune response not only directly triggers and amplifies liver inflammation but also disrupts the regulation of lipid metabolism[22]. This lipid derangement can promote the development of liver fibrosis in MAFLD/non-alcoholic steatohepatitis (NASH) patients, as mentioned by Chen H and Chen Q[2]. Analysis of proteins and metabolites in COVID-19 patients have revealed dyslipidemia, characterized by lipid accumulation and decreased levels of apolipoproteins[23,24]. Unsaturated fatty acids might be released as a defense mechanism during a cytokine storm, which can occur in reaction to COVID-19[24]. This condition can lead to changes where proinflammatory lipids and lipid mediators alter the immune response[5].
In turn, viruses modify lipid metabolism to facilitate their replication, impacting the expression and function of vital enzymes in lipid biosynthesis[25]. These alterations in lipid metabolism can also relate to the host's response to an infection[25]. SARS-CoV-2 follows this pattern, inducing substantial changes in lipid metabolism post-infection[5,25]. In particular, SARS-CoV-2 infection has been found to influence pathways involved in lipid synthesis and uptake, leading to increased accumulation of lipid droplets (LDs) within human cells. Interestingly, the virus utilizes these LDs to enhance its replication capacity[25]. Moreover, recent studies highlight the significance of ACE2 in maintaining metabolic balance[2]. However, SARS-CoV-2 infection impairs ACE2 expression, potentially inducing metabolic abnormalities[26]. This disruption in metabolic equilibrium due to ACE2 impairment may contribute to the progression of MAFLD in individuals affected by COVID-19[2].
Disruption of gut microbiome equilibrium might contribute to the severity of MAFLD during COVID-19. Growing evidence indicates that imbalances in the microbiota during COVID-19 correlate with disease severity and increased mortality[27]. The gastrointestinal tract serves as both the primary habitat for human microbiota and a target for SARS-CoV-2 infection due to its elevated expression of ACE2 and TMPRSS2[27]. Importantly, the intestine has a connection with the liver via the gut-liver axis, and intestinal microbiota significantly influences progression of MAFLD[28,29]. 
A variety of studies suggest an enrichment of opportunistic pathogens and a reduction of beneficial commensals in the intestinal microbiota of patients with severe COVID-19[30-33]. For example, a cohort study with 62 patients with COVID-19 found that anti-inflammatory bacteria such as Roseburia and Faecalibacterium decreased, while opportunistic pathogens such as Clostridium and Streptococcus increased in these patients[32]. These studies highlighted changes in gut microbiota linked to susceptibility to severe illness.
The relationship between gut microbiota and the liver appears to be strongly supported by evidence. Seventy percent of blood supply to the liver is provided by the portal vein which carries pathogens from the intestine, therefore liver acts as the primary defense against antigens originating from the gut. The balance and well-being of gut-liver axis heavily rely on the contribution of intestinal bacteria[28]. Therefore, disruptions in gut bacteria balance can lead to the passage of bacteria and endotoxins into the liver due to increased intestinal permeability, eventually triggering liver inflammation. This dysbiosis-induced hepatic inflammation, coupled with SIRS mentioned earlier in patients with severe COVID-19, can further aggravate MAFLD[2].
The liver, as the body's primary detoxifier, can be affected by numerous medications used to treat COVID-19[2]. Studies have demonstrated that treatment with antiviral drugs, such as lopinavir, ritonavir and remdesivir, and macrolides, used for superinfections, have the potential to cause DILI[2,34]. Lopinavir and ritonavir therapy in patients with COVID-19 is independently associated with elevated ALT/AST[2]. Hepatotoxicity has also been reported in association with antimalarial/antirheumatic drugs such as hydroxychloroquine, immunomodulatory drugs, corticosteroids and tocilizumab, as well as acetaminophen, commonly used as an antipyretic medication[2,35]. Importantly, corticosteroid therapy, currently recommended by the World Health Organization for patients with severe SARS-CoV-2 infection, is evidently linked to conditions such as steatosis or glycogenosis[36]. Therefore, amongst various drugs used to treat COVID-19, some can be harmful to the liver.
Underlying metabolic abnormalities and MAFLD have been identified as contributors to DILI[34]. MAFLD has the potential to increase the liver's sensitivity to hepatotoxicants like acetaminophen[34]. In addition, other compounds, such as corticoids, antiretroviral agents and methotrexate, appear to initiate the progression from simple fatty liver to NASH, or exacerbate pre-existing conditions like steatosis, necroinflammation and fibrosis[35]. Hence, in individuals with chronic liver disease, it's crucial to weigh the risk of potential liver injury when selecting medications for COVID-19 treatment and to carefully monitor these patients, as the use of drugs with elevated hepatotoxicity could potentially enhance the progression of MAFLD. Figure 1 provides an overview of the aforementioned interactions and highlights the bidirectional aggravating relationship. 

TREATMENT CHALLENGES OF PATIENTS WITH COVID-19 AND MAFLD
Treatment of patients with COVID-19 and MAFLD is a very challenging task with significant implications. On the one hand, there is the need for appropriate treatment for COVID-19 and on the other, the need for the least possible burden on the already damaged liver. Given that many of the medications used to treat COVID-19 or its symptoms are harmful to or impair liver function, great care must be taken in their administration and close liver function monitoring is mandatory in order to deal with any adverse effects[37]. Hamid et al[38] highlighted the increased risk of drug-drug interactions and especially in liver transplant patients who are under immunosuppressive treatment. They also added that dexamethasone, which is effective in reducing mortality, does not appear to have an aggravating effect in patients with liver damage[38]. Elemam et al[12] emphasized the fact that the reduction in the drugs in COVID-19 patients with potential DILI, needs to be further evaluated[12]. Jeeyavudeen et al[5] reported medications such as dexamethasone, protease inhibitors, nucleoside analogue (remdesivir) and monoclonal antibodies to IL-6 as frequently used agents for COVID-19 treatment. Additionally, they proposed selection of medications according to disease severity, disease duration, ALT levels and cross-interactions with other treatments patients might be under. Τhey also recommended close monitoring of liver function[5]. It can be argued that once research provides evidence for a more precise treatment algorithm for COVID-19, areas of clear overlap with MAFLD treatment will emerge, and more specific questions will need to be addressed.

TRIPLE NEXUS: CHRONIC HEPATITIS B AND C, MAFLD AND COVID-19
The triple association of chronic viral hepatitis B (CHB) and chronic viral hepatitis C (CHC), MAFLD, and COVID-19 introduces a complex interplay. Notably, there is a significant gap in the existing literature specifically addressing this triple association. The influence of pre-existing liver conditions on COVID-19-associated liver injury remains a topic of debate. Despite studies revealing the severity of COVID-19 in patients with chronic liver diseases (CLD), with MAFLD and alcoholic liver disease identified as independent risk factors for severe COVID-19, the relationship between COVID-19 and CLD caused by hepatitis C virus (HCV) and hepatitis B virus (HBV) has received less attention[5,18,39]. According to Elemam et al[12], there are conflicting results regarding the impact of viral hepatitis on COVID-19 outcomes[12]. Some studies suggest that individuals with viral hepatitis experienced more severe liver dysfunction due to pre-existing immune dysregulation, while other studies indicated that individuals with pre-existing liver disease or hepatitis B infection did not show more severe symptoms of COVID-19[12,18,39]. Postulated reasons for these discrepancies in literature, have been suggested by Lin et al[40] and include small sample size of patients with co-infection of HBV and COVID, heterogeneity of included patients and lack of thorough understanding of the complexity of enhanced liver injury caused by inflammatory response[40]. This conflicting evidence underscores the need for further research to elucidate the specific relationship between viral hepatitis and COVID-19-related liver injury. However, liver cirrhosis stands out as a critical factor contributing to severe outcomes in COVID-19, with CHB and CHC playing major roles in its development[5,12,38]. The World Gastroenterology Organisation underscores the need for more data to assess the risk of adverse outcomes in individuals with CHB or CHC without cirrhosis exposed to COVID-19[38]. While uncertainties persist about the susceptibility of patients with CHB or CHC to SARS-CoV-2-induced liver damage, those with advanced fibrosis or cirrhosis face a higher risk of severe outcomes, necessitating vigilant monitoring and tailored interventions[38].
The potential mechanisms underlying the association between viral hepatitis B and C with COVID-19 require thorough investigation and seem to be similar with those observed in the interplay between MAFLD and COVID-19. The enhanced liver injury induced by SARS-CoV-2 and HBV co-infection has been characterized as the hepatocyte type rather than the cholangiocyte type, emphasizing the primary involvement of hepatocytes in the pathogenesis[40]. One key aspect of this interaction is the inflammatory response and cytokine ‘storm’. Inflammatory factors, including abnormal lactate dehydrogenase, D-dimer, and IL-6 production, may contribute significantly to liver injury following SARS-CoV-2 coinfection[40]. Thrombocytopenia, more pronounced in COVID-19 cases with HBV co-infection, indicates a potential role of inflammatory factors in liver injury[40,41]. Furthermore, DILI poses a significant concern[42]. Corticosteroids, commonly administered in severe COVID-19 cases, introduce a dual risk by not only suppressing the immune response but also activating HBV replication[42]. This activation occurs through the suppression of cytotoxic T cell function and direct stimulation of HBV genomic sequences[42]. Similarly, tocilizumab raises concerns as it can cause liver injury and induce reactivation of hepatotropic viruses[42]. 
Notably, while some studies indicate that related inflammatory factors contribute to abnormal liver function, the exact mechanisms of enhanced liver injury caused by the inflammatory response need further elucidation[40]. Some mechanistic insights revealed stable expression levels of HBV-associated markers during SARS-CoV-2 infection, suggesting that chronic HBV infection alone may not significantly increase the severity of COVID-19[43]. Nevertheless, caution is warranted, as reactivation of hepatitis B has been observed, particularly when corticosteroids are employed, emphasizing the need for continuous antiviral therapy to manage and prevent such occurrences[42]. Similarly, for individuals co-infected with HCV and SARS-CoV-2, the continuation of antiviral therapy remains crucial[42]. Both the American Association for the Study of Liver Disease and the European Association for the Study of the Liver strongly recommend ongoing antiviral therapy in individuals diagnosed with COVID-19[42]. The parallel complexity seen in the MAFLD-COVID association prompts a closer examination of each potential mechanism to unveil common threads linking the diverse conditions of CHB/CHC and MAFLD to COVID-19 progression.
It is crucial to highlight that both CHB and CHC are frequently associated with hepatic steatosis, forming a connection with obesity, dyslipidemia and insulin resistance[44]. This shared link to metabolic factors is compounded by MAFLD as a common comorbidity, further emphasizing the interconnected nature of these conditions. This interplay highlights the need for comprehensive research to elucidate the complex dynamics of the triple association between CHB and CHC, MAFLD and COVID-19. While existing studies shed light on the impact of individual components, the triple association remains a relatively unexplored area in medical literature. Future investigations should aim to unravel the mechanisms underlying the interactions between these three entities. Understanding the synergistic effects could provide valuable insights into tailored interventions and preventive strategies.

CONCLUSION
In conclusion, the interaction of MAFLD and course of disease in patients with COVID-19 is particularly broad and there is a constant growing interest for research on this topic. Individuals with MAFLD have higher probability of SARS-COV-2 infection and more severe adverse clinical outcomes. Reversely, the disease from SARS-COV-2 can lead to triggering and progression of MAFLD. The multitude of already known mechanisms involved in this essential interaction need to be elucidated through focused research. Finally, it is imperative to quickly identify patients who combine the above two conditions and to apply tailored treatment, highly effective for COVID-19 and safe for the liver.
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Figure Legends
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Figure 1 Interplay between coronavirus disease 2019 and metabolic dysfunction-associated fatty liver disease. Metabolic dysfunction-associated fatty liver disease (MAFLD) can increase the susceptibility and severity of coronavirus disease 2019 (COVID-19). Conversely, COVID-19 can promote the progression of preexisting MAFLD. MAFLD: Metabolic dysfunction-associated fatty liver disease; ACE2: Angiotensin-converting enzyme 2; TMPRSS2: Trans-membrane protease serine 2; SIRS: Systematic inflammatory response syndrome; HIFs: Hypoxia-induced factors; DILI: Drug-induced liver injury; COVID-19: Coronavirus disease 2019.
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