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Abstract
In recent years, humanity has been confronted with a global pandemic due to coronavirus disease 2019 (COVID-19), which has caused an unprecedented health and economic crisis worldwide. Apart from the respiratory symptoms, which are considered the principal manifestations of COVID-19, it has been recognized that COVID-19 constitutes a systemic inflammatory process affecting multiple organ systems. Across the spectrum of organ involvement in COVID-19, acute liver injury (ALI) has been gradually gaining increasing attention by the international scientific community. COVID-19 associated liver impairment can affect a considerable proportion of COVID-19 patients and seems to correlate with the severity of the disease course. Indeed, COVID-19 patients hospitalized in the intensive care unit (ICU) run a greater risk of developing ALI due to the severity of their clinical condition and in the context of multi-organ failure. The putative pathophysiological mechanisms of COVID-19 induced ALI in ICU patients remain poorly understood and appear to be multifactorial in nature. Several theories have been proposed to explain the occurrence of ALI in the ICU setting, such as hypoperfusion and ischemia due to hemodynamic instability, passive liver congestion as a result of congestive heart failure, ischemia-reperfusion injury, hypoxia due to respiratory failure, mechanical ventilation itself, sepsis and septic shock, cytokine storm, endotheliitis with concomitant coagulopathy, drug-induced liver injury, parenteral nutrition and direct cytopathic viral effect. It should be noted that no specific therapy for COVID-19 induced ALI exists. Therefore, the therapeutic approach lies in preventive measures and is exclusively supportive once ALI ensues. The aim of the current review is to scrutinize the existing evidence on COVID-19 associated ALI in ICU patients, explore its clinical implications, shed light on the underlying pathophysiological mechanisms and propose potential therapeutic approaches. Ongoing research on the particular scientific field will further elucidate the pathophysiology behind ALI and address unresolved issues, in the hope of mitigating the tremendous health consequences imposed by COVID-19 on ICU patients. 
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Core Tip: In recent times, coronavirus disease 2019 (COVID-19) pandemic has substantially altered the hitherto existing medical landscape, causing tremendous perturbations among the global scientific community and imposing a disproportionate burden on healthcare systems worldwide. It soon became apparent that COVID-19 affects multiple organ systems, including the liver. Acute liver injury has been progressively identified as a common, yet often under-recognized, complication of COVID-19, especially in the intensive care unit (ICU) setting, resulting in higher mortality rates. This review attempts to elucidate the underlying pathophysiological mechanisms that contribute to the development of acute liver injury in ICU patients with COVID-19, summarize emergent data and propose therapeutic strategies.

INTRODUCTION
In recent years, humanity has been confronted with a global pandemic due to coronavirus disease 2019 (COVID-19), which has caused an unprecedented health and economic crisis worldwide. The initial isolation of the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and the subsequent first outbreak of COVID-19 in Wuhan, China, marked a grim milestone for mankind, substantially altering the existing scientific, social and economic landscape[1-3]. Since then, COVID-19 has rapidly spread throughout the world across all nations and ages and has resulted in the emergence of numerous mutant SARS-CoV-2 variants, triggering recurrent COVID-19 surges that continue to drive the ongoing pandemic[4-6]. Due to its dynamic and ever-changing epidemiological course, COVID-19 still remains an international public health emergency and accounts for considerable morbidity and mortality, inflicting an overwhelming death toll and a disproportionate burden on healthcare systems worldwide, thus raising major concerns among the global scientific community[7,8]. 
The clinical spectrum of COVID-19 is highly variable with a wide range of clinical manifestations. In most cases, the course of the disease is either asymptomatic or presents as a mild self-limited infection; however, in some patients, especially those with underlying comorbidities, COVID-19 evolves to a severe or even a critical life-threatening disease, culminating in the development of acute respiratory distress syndrome (ARDS) which requires intensive care support and may eventually progress to death[9,10]. Undoubtedly, SARS-CoV-2 infection demonstrates an inherent propensity for the respiratory system; hence, lung involvement is the predominant feature in patients hospitalized with COVID-19. Nonetheless, as the complete magnitude of COVID-19 sequelae continues to unravel, it has been realized that this new nosological entity constitutes a diverse, complex and multifaceted syndrome that extends beyond the respiratory system and affects multiple organs, including the liver[11,12]. Bearing this in mind, specific attention has been gradually drawn towards the pathogenesis of liver injury in the setting of COVID-19, since acute liver injury (ALI) has been progressively identified as a common, yet often under-recognized, complication of COVID-19. As a matter of fact, there have been numerous literature reports that a considerable proportion of COVID-19 patients develop liver injury characterized by abnormalities in liver chemistry levels. Notably, ALI seems to correlate with the severity of the disease course[13-16]. Indeed, COVID-19 patients hospitalized in the intensive care unit (ICU) run a greater risk of developing ALI, mainly due to the severity of their clinical condition and in the context of multi-organ failure, thus resulting in higher mortality rates[17-20]. 
Studies dealing with COVID-19 induced ALI in the ICU setting are rather limited. Accordingly, the present review aims to summarize relevant existing evidence regarding ALI in COVID-19 patients hospitalized in the ICU and explore its clinical implications, while at the same time an attempt is made to elucidate the underlying pathophysiological mechanisms that contribute to the development of ALI in ICU patients, and to propose therapeutic approaches.

DEFINING ACUTE LIVER INJURY
A universal definition of ALI is still lacking. This poses significant challenges and oftentimes generates confusion among clinicians when referring to liver injury and trying to accurately interpret abnormal liver tests[21]. Based on the latest American College of Gastroenterology clinical guidelines for the evaluation of abnormal liver chemistries[22], markers of liver injury comprise routinely measured liver chemistries, namely aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP) and bilirubin, whereas markers of hepatocellular function include albumin, bilirubin and prothrombin time. Sometimes, elevation of gamma-glutamyl transferase (GGT) can be used as a supplement to confirm the hepatic origin of an elevated ALP level. According to the same guidelines[22], AST and/or ALT elevation is defined as borderline when values are less than 2-fold the upper limit of normal (ULN); mild when they are between 2 and 5 times the ULN; moderate when they are between 5 and 15 times the ULN; severe if they exceed 15 times the ULN; and massive in case they are above 10000 IU/L. Furthermore, in order to characterize the type of liver injury, the following categories have been proposed based on the proportion of elevated AST and ALT values as compared to ALP values: Hepatocellular injury (disproportionate elevation of AST/ALT), cholestatic injury (predominant elevation of ALP) and mixed pattern of injury (elevation of both AST/ALT and ALP levels). For this purpose, the R ratio has been used, which is derived from the formula R = (ALT value:ALT ULN)/(ALP value:ALP ULN), whereby an R ratio > 5 indicates hepatocellular injury, an R value < 2 suggests cholestatic injury and an R value 2-5 is consistent with a mixed pattern of liver injury[22]. 
The lack of a uniform definition of ALI has led to the arbitrary use of different criteria for identifying ALI, which has resulted in great heterogeneity of reported research results. The adoption of diverse criteria by researchers, either for defining ALI or characterizing its pattern and severity, is also evident in the current literature regarding COVID-19 induced ALI. For instance, in a large retrospective United States cohort of COVID-19 patients, ALI was defined as any elevation of ALT and AST above normal and was subsequently classified, according to the degree of ALT elevation, as none/mild, moderate or severe when ALT values were less than 2-fold the ULN, between 2 and 5 times the ULN and more than 5-fold the ULN respectively[23]. On the other hand, Yip et al[24] defined ALI as an elevation of ALT and/or AST ≥ 2 times the ULN, with a concomitant increase of total bilirubin by more than 2-fold the ULN and/or international normalized ratio (INR) ≥ 1.7[24], whereas Cai et al[25] defined liver injury either as an increase of ALT and/or AST ≥ 3 times the ULN or as a more than 2-fold increase of ALP, GGT and/or total bilirubin above the ULN[25]. Meanwhile, other researchers avoided the use of the term ALI and employed other general terminology instead, such as ‘’liver test abnormalities’’ or ‘’abnormal liver function tests’’, to include any increase of at least one of AST, ALT, ALP, bilirubin and GGT above the ULN (as per local laboratory reference range standards) or even a reduction of albumin levels below normal cut-off values[26,27].
Based on the above, it is more than obvious that there is a wide discrepancy in the current COVID-19 literature with regard to ALI definition, thus rendering interpretation and comparison of results rather burdensome and obscure. On this account, it would be desirable for researchers to reach a consensus on a unifying definition in order to eliminate existing disparities.

EXISTING EVIDENCE
In the current COVID-19 literature there is a dearth of published clinical studies with an exclusive focus on COVID-19 induced ALI in ICU patients. Moreover, most of the available data on the topic are rather diverse owing to the lack of a uniform definition for liver injury, disparate thresholds applied for ALI, divergent study designs and different endpoints of each study.
The allegedly first study to explore the incidence, clinical characteristics and outcomes of ALI exclusively in ICU patients with COVID-19 was conducted in Germany and included 72 critically ill patients between March and July 2020[28]. The investigators used the term severe liver dysfunction and defined it as the occurrence of hypoxic liver injury (manifested by elevated aminotransferase levels > 20-fold the ULN in the setting of cardiac, circulatory or respiratory failure and after exclusion of other possible causes) and/or jaundice (total bilirubin ≥ 2 mg/dL). They found that 31% of the ICU patients developed severe liver dysfunction during their ICU stay approximately a week after ICU admission, predominantly in the form of cholestatic liver injury (45%) followed by equally contributing hepatocellular (27%) and mixed pattern injury (27%). Patients with severe liver dysfunction had a higher simplified acute physiology score II on admission, indicating a more severe clinical condition, as well as higher rates of viremia during their ICU stay. Severe liver dysfunction was associated with more severe respiratory failure, as manifested by more frequent development of ARDS and lower values of Horowitz index, namely lower ratio of partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2 ratio). Furthermore, patients with severe liver dysfunction were more likely to require mechanical ventilation (MV), circulatory support with vasopressors, renal replacement therapy and rescue therapy by means of veno-venous extracorporeal membrane oxygenation (ECMO). Accordingly, patients with severe liver dysfunction experienced higher mortality rates and, more importantly, severe liver dysfunction was found to be an independent predictor of mortality[28].
Along the same lines, Huang et al[29] conducted a retrospective study with the aim to investigate the prevalence of hypoxic hepatitis in 51 COVID-19 patients hospitalized in a Chinese ICU from December 2019 to March 2020[29]. They used the same definition of hypoxic hepatitis; that is, a massive but transient elevation of ALT levels > 20-fold the ULN in the setting of cardiac, circulatory or respiratory failure, after excluding other putative causes of ALI. Based on this terminology, hypoxic hepatitis was evident in 3 male patients, corresponding to 5.88% of all ICU patients, with peak ALT values being 1665, 1412 and 1140 U/L respectively. All 3 patients progressed to respiratory failure and eventually died due to multiple organ failure. When looking at the dynamic changes of liver enzymes, it was observed that ALT and AST elevations occurred at an earlier stage, while bilirubin levels increased sharply at a later stage when transaminase values had already started to show a downward trend after peaking in the third week. The authors came to the conclusion that hypoxic hepatitis was not an infrequent condition in ICU patients with severe COVID-19 and was accompanied by high mortality[29].
Meanwhile, Salik et al[30] conducted a study which included 533 COVID-19 patients admitted to the ICU with the aim to determine the impact of observed liver test abnormalities on mortality[30]. Liver injury was defined as ALT and/or AST levels above 3 times the ULN, and/or total bilirubin levels greater than 2-fold the ULN. Patients were divided into three groups: Group 1 consisted of patients with normal liver chemistries; Group 2 included patients with abnormal liver test values not falling into the category of liver injury; Group 3 comprised patients with liver injury. Any kind of liver test abnormality, reflected by groups 2 and 3, was observed in 52% of the total cohort and was more frequent in males. However, as per study’s definition, only 8.6% of all ICU patients developed ALI, represented by group 3 alone. Paradoxically, the authors reported that patients with ALI and milder liver test abnormalities (groups 2 and 3) had shorter ICU lengths of stay compared with group 1, but this result is most likely attributed to the unacceptably high total mortality rates of patients belonging to these groups (71.4% and 78.3% for groups 2 and 3 respectively), which erroneously were not taken into account as confounding factors during the analysis. The authors concluded that liver test abnormalities were predictive of higher mortality, given that groups 2 and 3 experienced higher than expected 7-d, 28-d and total mortality rates[30].
A similar definition of ALI was employed by Arentz et al[31] who published the first case series of ICU patients with COVID-19 in the United States, dating back to February-March 2020[31]. A total of 21 patients were included. On ICU admission, abnormal liver tests were reported in 8 patients (38%) with one patient displaying very high levels of AST (4432 U/L) and ALT (1414 U/L). During the course of the disease, among patients who were mechanically ventilated, 3 (14.3%) developed ALI, defined as a more than 3-fold rise above the ULN in AST or ALT levels. No further details about ALI were provided by this study, since its focus was not on liver injury in the ICU, but rather its aim was to describe the clinical characteristics and outcomes in the initial ICU cases of COVID-19 patients in the United States[31].
Likewise, in a retrospective observational cohort study from France with 600 COVID-19 patients, 153 of whom required ICU hospitalization, it was reported that 9.8% of the ICU patients developed ALI, defined as AST levels higher than 3-fold the ULN[32]. ALI occurred more frequently in the ICU compared to common ward patients, as did most of the other extrapulmonary complications, like acute kidney injury, cardiovascular events and thromboembolic events. Data analysis demonstrated that factors associated with higher risk for ALI included age > 75 years, concomitant cancer, chronic cardiac disease, as well as higher levels of C-reactive protein (CRP), serum creatinine and hemoglobin[32].
Another retrospective observational study from China reported an 18.1% incidence of ALI in 83 ICU patients with COVID-19[33]. In this case, ALI was defined as an elevation of hepatic biomarkers more than 2-fold the ULN or as disproportionately elevated AST and ALT levels compared to ALP levels. However, the focus of this study was on acute gastrointestinal injury (defined as various grades of malfunction of the gastrointestinal tract) in critically ill patients with COVID-19 and not specifically on ALI; hence, no additional data on ALI were available. Nevertheless, since ALI could be considered one of the components of acute gastrointestinal injury, it could be assumed that the main study conclusions may also be applicable to ALI. The major findings of this study were that patients with worse grades of acute gastrointestinal injury had worse clinical severity features, while sequential organ failure assessment score, MV duration and white blood cell count arose as independent risk factors for the development of more severe acute gastrointestinal injury. What is more, these patients exhibited higher rates of both septic shock and 28-d in-hospital mortality[33].
In a case series examining the temporal evolution of blood liver tests in 20 consecutive ICU patients with COVID-19, liver injury was reported to be frequent, albeit transient and non-severe[34]. However, liver injury was ill-defined as any elevation of at least one liver test (AST, ALT, ALP, GGT, total bilirubin) above the ULN. Consequently, all 20 patients exhibited some form of liver injury during the first 10 d after ICU admission. Interestingly, only median levels of AST, ALT and GGT (but not bilirubin or ALP) increased above the ULN, while only GGT showed pronounced elevations (≥ 3-fold the ULN) with a peak on day 8 after ICU admission. Based on these findings, the researchers commented that late cholestasis was frequently observed[34].
In addition, Shousha et al[35] conducted a prospective cohort study in 547 Egyptian patients with COVID-19 in order to investigate the underlying prevalence and severity of liver and gastrointestinal disturbances, as well as their effect on disease outcomes[35]. Among patients who required ICU admission (122/547), 48.50% had elevated AST and 35.60% had elevated ALT. Elevated AST, but not ALT, levels were associated with increased mortality in univariate analysis. Moreover, patients admitted to the ICU displayed significantly higher hospital admission levels of fibrosis-4 index (FIB-4), which incorporates 4 variables (age, AST, ALT and platelet count) and is considered a predictive marker for significant liver fibrosis. Similarly high levels of FIB-4 were observed in severe COVID-19 cases and in non-survivors. In the multivariate analysis, FIB-4 score > 3.25 was a significant predictor of mortality. Unfortunately, no other specific ICU details could be extrapolated from this study, owing to the trial design and aim, which was not focused on ICU patients[35].
Based on the observation that black population in the United States had been disproportionately affected by COVID-19, Currier et al[36] investigated potential differences in outcomes between black and non-black patients with COVID-19 and elevated liver enzymes[36]. They included a total number of 8028 patients, out of whom 3937 patients had available liver test data for interpretation. The analysis demonstrated that 45% of both black and non-black patients exhibited elevations in their liver chemistries. Among black patients with liver test elevations, 46% were intubated compared to 34.8% of non-black patients with elevated liver enzymes. This study highlighted that black patients who had liver test abnormalities were more prone to ICU admission and intubation than non-black counterparts, who albeit run a significantly higher risk of death[36].
Besides, ALI has also been appreciated in the context of specific patient categories with a prior history of liver disease. In this perspective, a multicenter observational cohort study from the United States aimed to explore the prevalence and impact of COVID-19 induced ALI in liver transplant recipients of various races and ethnicities[37]. 112 adult liver transplant recipients with COVID-19 were included, 81 of whom required hospitalization. Among hospitalized patients, 30 (37%) were admitted to the ICU with the majority of them requiring MV and circulatory support with vasopressors. ICU patients were more likely to develop ALI, which was determined according to ALT values at the peak of COVID-19 and was defined as ALT levels greater than 2-fold the ULN. On multivariate analysis, use of vasopressors in the ICU was found to be an independent predictor of liver injury. Furthermore, ICU patients had a higher likelihood of having their immunosuppression therapy modified. However, reduction in immunosuppression was not associated either with ALI or with risk of mortality or graft rejection, in contrast to antibiotic administration which was related to increased risk for ALI. Overall, the presence of ALI independently predicted risk for ICU admission and mortality in liver transplant recipients with COVID-19[37].
Other than cohort studies, there have also been case reports regarding COVID-19 induced ALI in ICU patients. Of note, a case report from Italy highlighted a rare case of ALI progressing to acute liver failure and eventually death[38]. It involved 2 critically ill COVID-19 patients hospitalized in the ICU due to severe ARDS. The patients were treated with tocilizumab, as part of the anti-cytokine storm regimen, which however seemed to have aggravated the underlying COVID-19 immunosuppression, thus facilitating the development of opportunistic infections in the already immunocompromised patients. Indeed, a few days prior to their death, lab tests revealed Herpes simplex virus 1 viremia leading to fulminant hepatitis with dramatic increases in ALT, AST, bilirubin and INR levels and resulting in fatal outcomes for both patients[38]. 
Furthermore, one should bear in mind that within the spectrum of liver injury in COVID-19 patients lies the cholestatic pattern of liver injury, along with its late sequelae, such as the development of secondary sclerosing cholangitis in critically ill patients. In this regard, Bütikofer et al[39] described the incidence and severity of cholestatic liver injury in 34 ICU patients with COVID-19[39]. Cholestatic liver injury was termed mild if ALP and GGT levels were higher than 1.5-fold and 3-fold the ULN respectively, whereas it was considered severe in case the above abnormalities were accompanied by a concomitant elevation of total bilirubin levels more than 2-fold the ULN. The investigators reported that 59% of the ICU patients developed some degree of cholestasis (32% mild and 27% severe). Patients with severe cholestatic injury displayed a more complicated clinical course, required more intensified supportive treatment (in terms of vasopressor support, renal replacement therapy and ECMO) and had a more extended length of ICU stay. Moreover, 4 out of 9 patients with severe cholestatic injury developed secondary sclerosing cholangitis, eventually resulting in 2 deaths and 1 candidacy for liver transplantation. By the same token, irrespective of the degree of cholestasis, the vast majority of patients with pronounced elevations of ALT levels (> 10-fold the ULN) developed untoward outcomes, progressing either to secondary sclerosing cholangitis or death[39]. 
From a similar perspective, on the grounds of a higher than expected incidence of cholangiopathies in critically ill patients with COVID-19, Wendel-Garcia et al[40] addressed the issue of drug-induced liver injury (DILI) in a prospective observational cohort of patients with COVID-19 associated ARDS[40]. They performed a post hoc analysis on 243 ICU patients who were on invasive MV, with the aim to investigate whether a causal relationship between the prolonged infusion of high-dose ketamine and the occurrence of cholestatic liver injury existed. Acute cholestatic DILI was defined as ALP levels greater than 1.5-fold and GGT levels greater than 3-fold the ULN, whereas patients were deemed to have severe cholestatic liver injury in case a concurrent increase in bilirubin levels more than 2-fold the ULN was present. During their ICU stay, 114 patients developed cholestatic liver injury, 100 of whom had received long-term ketamine infusion, while severe cholestatic liver injury occurred in 33% of the latter. The analysis revealed a duration-effect and dose-effect relationship between ketamine infusion and bilirubin and ALP levels. In other words, prolonged duration of infusion and higher doses of ketamine were positively correlated with rising bilirubin and ALP levels. Interestingly, no such effect was observed with long-term infusion of propofol and sufentanil, even at high doses. The study clearly demonstrated an increased hazard of developing cholestatic liver injury in ICU patients who had received long-term ketamine infusion as a co-sedative agent; yet, no association between ketamine infusion and increased in-hospital mortality was depicted[40].
The aforementioned studies regarding the prevalence and clinical implications of COVID-19 induced ALI in ICU patients are summarized in Table 1. 

PATHOPHYSIOLOGY
The pathophysiology of ALI in COVID-19 patients hospitalized in the ICU has not been fully elucidated and still awaits to be unraveled, since the underlying mechanisms have not been sufficiently decoded and appear to be multifactorial in nature. So far, the scientific research conducted in the field has proposed several mechanisms that associate SARS-CoV-2 infection with ALI. These mechanisms may have direct or indirect impact on liver function. In fact, there seems to be a complex interplay among several distinct pathophysiological pathways implicated in the course of critically ill patients with COVID-19 (Figure 1). Presumably, these diverse pathophysiological mechanisms act in synergy and exert cumulative effects, since no single mechanism can completely explain the vast spectrum of liver involvement in ICU patients with COVID-19. It is worth noting that COVID-19 induced ALI can occur either in the context of an underlying liver disease, thus leading to decompensation of the preexisting state of equilibrium, or can manifest as a de novo nosological entity in ‘’naïve’’ patients with no previous history of documented hepatic dysfunction[41-44].

Hypoperfusion
ICU patients represent a specific subgroup of patients with distinctive features. Hemodynamic instability is frequently encountered among patients hospitalized in the ICU setting, who therefore require administration of vasopressors or even inotropes, sometimes in particularly high doses. There are miscellaneous factors contributing to the observed hemodynamic instability of ICU patients, including hypovolemic, distributive, cardiogenic or obstructive shock, MV, sedation and drugs[45,46]. It is worth mentioning that in the COVID-19 era a specific cause leading to cardiogenic shock may be related to myocardial injury caused by SARS-CoV-2. Cardiovascular involvement in COVID-19 may manifest in the form of myocarditis and pericarditis, but also as arrhythmias, acute coronary syndromes and stress-induced cardiomyopathy. When severe, all of these cardiovascular manifestations may potentially lead to acute heart failure and shock, especially in vulnerable patients with pre-existing cardiovascular disease[47-49]. Regardless of the cause, hemodynamic instability results in decreased splanchnic blood flow, leading to inadequate blood supply to the liver and subsequent liver ischemia. The resultant decreased end-organ perfusion is exaggerated in cases of hypovolemia[50]. 
Moreover, in the setting of passive liver congestion due to right heart failure of various etiologies, the superimposed elevated hepatic venous pressures further impair hepatic circulation by reducing the gradient between portal and hepatic venous pressures, which primarily drives the flow within the portal venous system. On top of that, the liver autoregulatory mechanisms are disrupted and become maladaptive, while the hepatic arterial buffer system fails to sustain hepatic blood flow under conditions of low mesenteric perfusion and cannot compensate for the changes in liver blood supply caused by low blood pressure, thus placing the liver at risk for further ischemic injury[51,52].
It needs to be emphasized that, although vasopressors can have beneficial hemodynamic effects in terms of restoring and maintaining hemodynamic stability and supporting vital functions, they are not void of adverse effects, which can often be detrimental. Indeed, they can cause excessive vasoconstriction and hence impair tissue perfusion through reduction of blood flow in vasoconstricted vascular beds, while at the same time they may exert deleterious effects on cardiac, metabolic, microbiome and immune function[53-55]. 
From a cellular standpoint, the sudden and profound reduction in systemic blood pressure, in conjunction with increased hepatic venous pressures, establish a low-flow state, which can result in the so-called hypoxic hepatocellular injury characterized by prominent centrilobular hepatocellular necrosis, since the central areas of the liver (commonly referred to as zone 3) are more susceptible to ischemic insults[51]. Mitochondrial damage and DNA fragmentation are the principal mechanisms implicated in the process of injury during hypoxic ALI, as evidenced by elevated plasma levels of glutamate dehydrogenase and cytochrome c oxidase mitochondrial DNA on the one hand and elevated circulating levels of nuclear DNA fragments on the other[56].
Even after restoring hemodynamic stability with the use of vasoactive drugs, it should be kept in mind that ischemia reperfusion injury may ensue, whereby reperfusion after prolonged ischemia can trigger a cascade of molecular mechanisms, paradoxically begetting further liver injury. This cascade of events involves the recruitment and activation of cellular mediators, the engagement of the complement system, the generation of reactive oxygen species and the release of a wide variety of various cytokines, chemokines, adhesion molecules and other chemical mediators, which lead to microvascular alterations, acute inflammatory responses, derangements in microcirculation and increased hepatocellular apoptosis and necrosis[57].

Sepsis-Septic shock
In the ICU environment, sepsis represents a relentless plague with grave consequences for the critically ill patients, accounting for a significant proportion of the observed high morbidity and mortality rates. This becomes even more relevant for COVID-19 patients hospitalized in the ICU, given the fact that they require extended ICU stay with prolonged periods of invasive MV and vasopressor support, in the setting of a severely compromised immune system with a markedly dysregulated host response to infection. Sepsis may stem from multiple sources of infection and invariably results in organ dysfunction[58]. With regard to the liver, sepsis can cause hepatic dysfunction, which primarily manifests as sepsis-associated cholestatic dysfunction and to a lesser extent as hypoxic hepatitis. Sepsis, especially when caused by infections from gram-negative bacteria, increases intestinal permeability and results in endotoxin translocation from the intestinal lumen into the portal circulation. In the liver, endotoxins mount an inflammatory response through activation of Kupffer cells and macrophages, which results in secretion of proinflammatory cytokines[21,59]. This inflammatory reaction induces changes in the architecture and function of hepatocytes and cholangiocytes, leading to dysregulation of the liver metabolic signaling pathways, repression of the hepatobiliary transporter systems and decrease in canalicular contractility. All these result in bile acid retention with defective bile acid uptake, impaired bile production and secretion, inhibition of bile flow and formation of biliary sludge. The condition is further exacerbated by the impaired hepatic microcirculation due to sepsis-induced microvascular endothelial injury resulting in coagulopathy and microthrombi formation[21,60]. In the majority of critically ill patients, this type of cholestasis is reversible, but, in rare cases, destruction of the biliary epithelium due to ischemia and inflammation may cause irreversible biliary damage, progressing to secondary sclerosing cholangitis with formation of biliary casts and scarring of the bile ducts[60,61].
When sepsis culminates in septic shock, hemodynamic instability prevails, necessitating administration of vasopressors or inotropes[62]. Under these circumstances, the imminent end-organ hypoperfusion may eventually lead to shock liver in the context of multiple organ dysfunction syndrome. Indeed, the impaired hepatic perfusion leads to hypoxic hepatitis by causing direct hepatocellular injury. Despite the associated hyperdynamic state with increased cardiac output, septic shock is characterized by ongoing liver ischemia owing to impaired tissue oxygen extraction or, in other words, inability of hepatocytes to utilize oxygen. Once hepatocytes, especially those residing in the centrilobular regions of the liver, are deprived of oxygen, they start malfunctioning[21,63]. In fact, progressive tissue hypoxia promotes a catabolic state of anaerobic metabolism, suppresses mitochondrial energy production, compromises cellular membrane integrity due to loss of energy-dependent ion pumps and causes significant structural and functional abnormalities to hepatocytes[63]. The final result is direct hepatocellular damage, which is clinically described as hypoxic or ischemic liver injury and characterized by a massive, acute and transient rise in serum levels of aminotransferases[64].

Hypoxia
One of the cardinal features of COVID-19 critical illness is severe systemic hypoxia due to respiratory failure or ARDS[65]. Regardless of hemodynamic status, severe hypoxia per se can lead to ALI[66]. As a matter of fact, a pronounced and prolonged imbalance between oxygen supply and expenditure, secondary to profound hypoxia, can result in oxygen deprivation to the liver and thus trigger hypoxic hepatitis[64]. Hypoxia has long been implicated in the pathogenesis of liver diseases[67]. It has been shown that hypoxia induces alterations in gene expression by effectuating the activation of hypoxia-inducible factor 1α and nuclear factor kappa B, which in turn stimulate angiogenesis, chronic inflammation and epithelial-mesenchymal transition. Accordingly, the activation of these transcriptional pathways promotes liver fibrosis and increases hepatic vascular resistance, thereby diminishing liver blood flow and further aggravating liver hypoxia[68].
In most ICU cases, hypoxia, the predominant characteristic of ARDS, mandates the use of invasive MV. During ARDS management, protective ventilation strategies are employed, which incorporate the use of low tidal volumes with permissive hypercapnia[69]. However, both hypoxia and hypercapnia have been known to induce pulmonary vasoconstriction, which in turn increases pulmonary vascular resistance and right ventricular afterload[70,71]. This may cause derangements in the subtle balance between the respiratory and cardiovascular system, eventually provoking cardiocirculatory instability, which sequentially establishes an even harsher hypoxic environment[71]. 
In view of the fact that severely hypoxemic patients require invasive MV, often with the application of high positive end-expiratory pressure (PEEP) levels, the strain imposed on the right ventricle by MV may elicit right ventricular failure and reduce venous return and right ventricular preload, thus further affecting hemodynamic stability[72,73]. These mechanical effects are aggravated in patients with ARDS or in mechanically ventilated patients with intrinsic PEEP due to dynamic hyperinflation. As a result, the clinical course of the patients may be complicated by acute cor pulmonale. Factors associated with a higher risk for developing acute cor pulmonale include worse oxygenation, hypercapnia, high ventilator pressures and pneumonia-related ARDS[72].

MV
Owing to the fact that respiratory failure is the most frequent indication for ICU admission, the majority of ICU patients are mechanically ventilated. Although life-saving, MV may elicit untoward effects on the function of extrapulmonary organs, including the liver, via multiple interactions.
It has long been recognized that positive pressure ventilation can induce a decrease in cardiac output accompanied by a reduction in hepatic arterial blood flow, while high intrathoracic pressures can jointly incur increases in hepatic venous and inferior vena caval pressures. In parallel, liver compression by the descent of the diaphragm increases hepatic venous resistance and causes a rise in intravascular portal pressure. The constellation of these MV-triggered events can cause congestive hepatomegaly and induce hepatocellular dysfunction[74].
The aforementioned effects on liver hemodynamics can be further aggravated by the application of PEEP. Indeed, it is widely known from the literature that PEEP may increase the backpressure to liver venous outflow and cause an elevation in liver venous resistance, thus decreasing total venous return and resulting in hepatic blood pooling and liver congestion[75,76]. This decrease in venous return is further amplified in hypovolemic states[71]. Besides, in a study assessing risk factors for liver injury in critically ill patients, high levels of PEEP were found to promote hepatic dysfunction[77]. 
Furthermore, in a study by Schricker et al[78], it was found that PEEP affected liver metabolism by promoting hepatic gluconeogenesis and enhancing oxidative hepatic lipid utilization for energy coverage in the liver[78]. A parallel increase in the splanchnic oxygen extraction rate was reported in response to a decline in hepatic oxygen delivery caused by a PEEP-dependent decrease in cardiac output[78]. This mechanism has been corroborated by various human studies which have shown that increasing levels of PEEP reduced splanchnic blood flow, thereby jeopardizing oxygen delivery to the abdominal viscera; yet, splanchnic oxygen consumption was usually maintained through a compensatory increase in splanchnic oxygen extraction[79].
Moreover, the application of large tidal volumes during MV markedly increases pulmonary vascular resistance. In turn, the increased pulmonary vascular resistance may compromise the systolic performance of the right ventricle, since ejection will have to take place against an increased right ventricular afterload[71]. The ensuing right ventricular dysfunction will result in high right atrial pressures, which will then be transmitted backwards to the liver, causing hepatic congestion due to a retrograde increase in the pressures of the inferior vena cava and the hepatic veins[80].
Additionally, the use of high PEEP, high inspiratory pressures and high tidal volumes during MV may alter hepatosplanchnic perfusion by precipitating varying degrees of elevation in the intra-abdominal pressure[81-83]. As a matter of fact, MV, especially with high levels of PEEP, induces changes in pressure in the intra-abdominal compartment through transmission of increased intrathoracic pressures to the abdomen and downward displacement of the diaphragm. Should a sustained rise in intra-abdominal pressure occur, this can lead to an abdominal compartment-like syndrome, thus affecting abdominal venous return and causing a decline in cardiac output as a result of a marked decrease in right ventricular preload[84]. Concurrently, the resultant intra-abdominal hypertension may compromise liver perfusion and jeopardize the physiologic hepatic function by compressing the portal vein and causing intestinal congestion[85]. At the same time, the increased abdominal pressure is transmitted to the thoracic cavity, affecting lung volumes and respiratory mechanics and generating increases in peak inspiratory, plateau and mean airway pressures of the mechanically ventilated patients[86]. Accordingly, this may negatively affect cardiac and respiratory performance, potentially leading to cardiovascular collapse, which will further exacerbate the vicious cycle of poor tissue perfusion and organ dysfunction[84]. The clinical importance of this phenomenon may be further magnified by the presence of causal factors which predispose to additional elevations of intra-abdominal pressure, such as acidosis, coagulopathy, sepsis, MV, use of PEEP or presence of auto-PEEP, pneumonia, prone positioning, aggressive fluid resuscitation or increased severity scores[87].
Finally, MV per se can induce an early systemic inflammatory reaction, governed by an increased expression of soluble adhesive molecules and cytokines, along with a concomitant activation of the neurohumoral axis[88]. 
Collectively, it becomes evident from the above that MV may exert negative effects on liver function in terms of both mechanics and hemodynamics, as well as from a neurohumoral and metabolic perspective[89].

Cytokine storm
SARS-CoV-2 activates the host immune system at different levels and in varying degrees. In critically ill COVID-19 patients, the virus triggers an uncontrolled immune response, which results in a state of generalized overt inflammation. This overwhelming inflammatory reaction is termed cytokine storm and is heralded by the excessive production of proinflammatory cytokines on the grounds of a dysregulated immune system. During this chain of events, cytokines play a pivotal role in the inflammatory cascade triggered by SARS-CoV-2. Principal cytokines involved in the process include interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α). The excessive expression of proinflammatory cytokines, chemokines and adhesion molecules attracts neutrophils, monocytes, macrophages and platelets, which further potentiate cytokine production. The resultant overflooding of cytokines and chemokines poses a systemic stress on multiple organs, leading to tissue injury through activation of numerous signaling pathways. Ultimately, the severe systemic inflammatory response syndrome (SIRS) results in multi-organ failure. Of course, the liver is not spared throughout this process and sustains immune-mediated direct and indirect injury of varying magnitude[90-92].
It has been demonstrated that COVID-19 patients exhibit elevated levels of various inflammatory cytokines, such as IL-1β, IL-2, IL-6, IL-10, TNF-α, interferon-gamma (IFN-γ), IFN-γ-inducible protein 10, granulocyte macrophage-colony stimulating factor and monocyte chemoattractant protein-1. What is more, some of these cytokines have been shown to correlate with the severity of COVID-19 disease course. Moreover, inflammatory infiltrates, indicative of immune-mediated injury, have been found to be present in numerous tissue samples of COVID-19 patients[93]. In addition, elevated levels of IL-6 and IL-10 and low counts of CD4+ T cells have been reported to be independent risk factors for development of ALI in COVID-19 patients[94]. All the above point towards the fact that an exaggerated immune-mediated response, generating an inflammatory cascade of events known as cytokine storm, plays a key role in the development of COVID-19 induced ALI.

Endothiliitis-coagulopathy
COVID-19 is considered a thrombotic disease which affects the vessel endothelium via inflammation and promotes endotheliitis, coagulopathy and thrombosis[95,96]. Indeed, endotheliitis seems to be the aftermath of the complex interplay between SARS-CoV-2 and the host immune response. SARS-CoV-2 initiates an inappropriate inflammatory response that triggers the overproduction of chemical mediators and mounts cell-mediated interactions with a subsequent burst of a cytokine storm. Activated immune cells bind to the adhesion molecules expressed on the surface of endothelial cells and generate an inflammatory state. The complex and sustained activation of cellular downstream signaling pathways mediated by pro-inflammatory cytokines drives SIRS, which affects the endothelium. The integrity of the endothelial barrier is compromised, thus promoting endothelial capillary leak and interstitial oedema. Normal endothelial function is also disrupted due to the production of free radicals, the reduction of nitric oxide (NO) levels and the decrease of the endothelial NO synthase activity. Through impairment of endothelial function, NO dysregulation and increased oxidative stress lead to maldistribution of microvascular blood flow, eventually resulting in abnormal vascular tone, attenuated endothelium-dependent vasodilation, compromised tissue oxygen delivery and tissue hypoxia[97,98]. In addition, dysfunctional endothelial cells may create a procoagulant milieu, by triggering fibrin formation as well as platelet adhesion and aggregation. These derangements alter local hemorheological conditions and promote microcirculatory stasis, microthrombi formation and capillary plugging. The generalized hypercoagulable state leads to maldistribution of tissue perfusion and microcirculatory ischemia, further aggravating tissue hypoxia[97]. The reduced peripheral perfusion due to the aforementioned endothelial dysfunction affects multiple systems and may result in multi-organ failure. The liver is not left intact throughout this process and subsequently ALI emerges[98,99].

DILI
ICU patients present several unique characteristics which render them much more susceptible to the development of DILI, compared to common ward patients. First of all, ICU patients typically have multiple co-morbidities and require treatment with numerous pharmacologic agents. Oftentimes, complex drug-combination strategies are employed in an attempt to cope with infections due to multi-drug resistant microorganisms[100]. However, polypharmacy exposes them to the risk of many potential drug-drug interactions[101]. Second, their ICU stay is usually prolonged, thus mandating long-course treatment[102]. Furthermore, due to their underlying critical condition, drug pharmacokinetics are substantially modified and are therefore unpredictable, increasing DILI risk[103]. Additionally, when considering the co-existence of other causes of liver injury that are almost invariably present in ICU patients with COVID-19, it becomes evident that the risk of DILI is further accentuated.
A variety of drugs used in the ICU for the treatment of COVID-19 patients could potentially lead to liver injury. Acetaminophen is a drug widely used in the ICU with well-documented hepatotoxic properties, which may confer liver injury even at lower than maximum daily recommended doses[104]. Besides, ICU patients with COVID-19, especially those with ARDS and on invasive MV, are particularly prone to bacterial infections and other opportunistic super-infections and are therefore treated with several antibiotics and antifungals. However, many of the antibiotics prescribed in the ICU carry an inherent risk of DILI, such as penicillins, cephalosporins, fluoroquinolones, macrolides and tetracyclines[105,106]. The same holds true for antifungal agents with triazoles demonstrating the highest potential for hepatotoxicity[106,107]. 
Furthermore, antiviral drugs used in the treatment of COVID-19 have been implicated in the development of ALI. The effect of antiviral treatment on liver function was studied in critically ill patients with COVID-19 in a retrospective cohort study and it was concluded that the overall use of antivirals was associated with increased risk of ALI[108]. Remdesivir is the sole antiviral drug currently approved for COVID-19 treatment, although its use and benefits are still under debate[109]. Early reports from studies examining compassionate use of remdesivir indicated that hepatotoxicity was among one of the most frequent adverse events observed during remdesivir treatment. It manifested as an increase in transaminase levels, which resulted in discontinuation of the drug in some cases[110,111]. A randomized, double-blind, placebo-controlled multicenter trial from China also reported increases in aminotransferase or bilirubin levels with remdesivir, sometimes leading to premature discontinuation of therapy[112]. However, the authors concluded that, overall, remdesivir was adequately tolerated and the serious adverse events tended to be lower in the remdesivir group than in the placebo group[112]. According to a systematic review and meta-analysis, the use of remdesivir frequently resulted in elevated transaminases with the incidence of DILI being 15.2% among COVID-19 patients receiving remdesivir[113]. Remdesivir was also found to confer an increased risk of ALI in a study analyzing data derived from VigiBase, a pharmacovigilance global database system available from the World Health Organization[114]. Indeed, the most frequently reported adverse effects related to remdesivir were increased liver enzymes, mainly transaminases and to a lesser extent bilirubin. Of note, most cases were deemed serious by virtue of requiring hospitalization or resulting in prolonged hospital stay[114]. Other studies have also shown that remdesivir can cause hepatocellular injury, but it seems that in most cases ALI is mild, asymptomatic and not clinically apparent; it is not associated with jaundice and does not progress to severe liver damage or failure, while it is characterized by low discontinuation rates and reversibility after discontinuation[115-119]. Nevertheless, remdesivir’s use in the ICU is strictly limited in patients with severe COVID-19 who are not on MV[120].
Apart from antiviral drugs, immunomodulatory therapies have been put forward as therapeutic options for COVID-19. Tocilizumab, which is an anti-IL-6 receptor monoclonal antibody, is among the most utilized ones. It has been used in patients with respiratory deterioration and high oxygen requirements and has been associated with a reduction in mortality and need for intubation, when combined with corticosteroid use and administered early in the disease course[121-123]. However, its use has been associated with the development of a hepatocellular pattern of DILI, characterized by a mild to moderate elevation of transaminases in most cases[124-126]. The observed hepatotoxicity has been reported to be dose-dependent and generally transient[119]. Moreover, owing to the fact that tocilizumab induces immunosuppression, it should be used with caution, since it can increase the risk of infectious complications and may cause reactivation of hepatitis B virus (HBV) in patients with latent infections[127,128]. Thus, clinicians should always keep in mind that tocilizumab-induced ALI could also potentially arise from HBV reactivation[14].
Furthermore, low molecular weight heparins are among the most frequently used regimens in the ICU. Heparin-induced hepatotoxicity has been described in the literature, but is generally mild, transient and self-limited and does not warrant discontinuation of heparin therapy, which is an essential component of COVID-19 treatment[118,119,129-131]. Likewise, the use of systemic corticosteroids, which are routinely recommended in mechanically ventilated patients with COVID-19 and ARDS, has been rarely associated with DILI[119,120,132]. Moreover, amiodarone, which is frequently used in the ICU setting as an antiarrhythmic drug to terminate supraventricular and ventricular tachyarrhythmias, is well-known for its hepatotoxic effects and could thus contribute to the development of DILI[133]. 
Lastly, the use of anesthetic drugs deserves specific mention, since COVID-19 pandemic has posed unique challenges to intensivists with regard to sedative strategies. Oftentimes, achieving satisfactory and deep sedation in invasively mechanically ventilated patients has been proven problematic, since an inordinate resistance to standard sedative regimens has been typically observed. In order to overcome this impediment, ICU physicians have been compelled to resort to alternative methods of sedation[134]. As a result, ketamine has been increasingly used as a second-line anesthetic agent for long-term sedation, in combination with the standard course of sedative and analgesic treatment. However, there have been several reports associating the prolonged infusion of ketamine in high doses with cases of hepatotoxicity[40,135-138]. The resulting ALI manifests in the form of cholestatic liver injury, which may further progress to the development of secondary sclerosing cholangitis. In general, ketamine infusion requires prolonged period of administration and high total cumulative doses in order to exert its cholangiotoxic effect[40,135]. The postulated mechanism through which ketamine induces or exacerbates cholestatic liver injury includes bile stasis, which promotes the precipitation of the water-insoluble norketamine (the main active metabolite of ketamine) within the biliary tree, ultimately resulting in biliary tract dysfunction and leading to biliary strictures, biliary obstruction, cholangitis or even secondary biliary cirrhosis[40,136]. In brief, the blockade of the N-methyl-D-aspartate (NMDA) receptors in smooth muscle cells by ketamine favours bile stasis and bile duct dilation, while the ketamine-induced contraction of the sphincter of Oddi increases flow resistance within the biliary tree, thus further aggravating bile accumulation. Meanwhile, bile stasis is additionally exacerbated by gall bladder dyskinesia, which is caused by the ketamine-mediated blockade of NMDA receptors in the dorsal motor nucleus of the vagal nerve[40]. These phenomena collectively establish the ideal predisposing conditions for the precipitation of norketamine and the resultant biliary tract injury. Notably, the biliary system sustains multiple assaults, since the aforementioned sequential events act in concert with other COVID-19 related direct and indirect insults to the biliary tract, such as hypoxia, ischemia, hypoperfusion, hemodynamic instability, MV, SIRS or the virus SARS-CoV-2 itself[135,139,140].

Parenteral nutrition
Parenteral nutrition is often initiated in ICU patients in order to cover their metabolic demands in case of intolerance or contraindications to enteral feeding or whenever caloric targets are not met by enteral nutrition alone[141]. However, it has been demonstrated that ICU patients receiving total parenteral nutrition run a significantly greater risk of developing ALI than those receiving enteral nutrition[142]. Indeed, parenteral nutrition has been associated with liver injury, resulting in elevations of all liver enzymes, namely transaminases, ALP, GGT and bilirubin. Since parenteral nutrition by-passes the gut and results in decreased luminal content, it eliminates the hepatoprotective gut-derived signals, alters the enterohepatic circulation of bile acids and disrupts the normal crosstalk between the gut and the liver. Through various complex signaling pathways, parenteral nutrition causes cholestasis, steatosis, altered glucose and fat metabolism and hepatic fibrosis. Moreover, it interrupts gut mucosal integrity, causes derangements in the gut microbiota, promotes bacterial translocation and induces gut inflammation as well as increased cytokine release, all of which may contribute to further liver injury[143,144].
In addition, the lack of enteral feeding suppresses the secretion of cholecystokinin, gastrin and peptide YY. This leads to reduced intestinal motility, attenuated gallbladder contraction and decreased stimulation of bile flow, thus establishing the ideal environment for bacterial overgrowth, bile stasis, biliary sludging and subsequent bile duct obstruction. These conditions render the hepatocytes more susceptible to both direct and indirect toxic effects[144,145].
Besides, parenteral nutrition per se can be hepatotoxic through its components, mainly soy-derived phytosterols, manganese, aluminium and copper. Soybean oil-based lipid emulsions contain predominantly ω-6 polyunsaturated fatty acids which possess proinflammatory properties and lead to Kupffer cell activation, while phytosterols impede bile acid transport to the liver by antagonizing bile nuclear receptors. Furthermore, lipid emulsion infusion may be rarely complicated by fat overload syndrome with deleterious effects to the liver and other systemic organs[144,145].
Another potential risk of parenteral nutrition is energetic overfeeding, which increases the hazard for hepatobiliary complications[146]. Similarly, the strategy of combining parenteral with enteral nutrition, that may sometimes be employed to optimize nutritional intake in ICU patients, carries the risk of overfeeding, which predisposes to hepatic steatosis and hepatitis[141,145].
On the other side of the spectrum lies underfeeding of ICU patients, which may be related to various factors, such as feeding intolerance, hemodynamic instability, underestimation of caloric needs, frequent feeding interruptions due to diagnostic procedures or therapeutic interventions[147]. Underfeeding may contribute to a decrease in serum albumin concentration, which is a frequent underlying finding in ICU patients. Albumin levels reflect the liver’s synthetic function and hypoalbuminaemia is associated with worse outcomes in critically ill patients[148].

Direct cytopathic viral effect
It has been postulated that ALI may be caused by direct viral invasion, infection and damage of hepatocytes. On this account, SARS-CoV-2 may exert direct cytopathic effects on hepatic cells, by causing lysis or promoting apoptosis and necrosis[18]. This hypothesis has been supported after identifying typical ultrastructural features and histopathological lesions of viral infection in postmortem liver biopsies of 2 cases with elevated transaminases[149]. However, the low expression level of angiotensin converting enzyme 2 (ACE2) receptors on the surface of hepatocytes, as opposed to the enriched ACE2 expression in cholangiocytes, could not support the theory of SARS-CoV-2 hepatotropism; instead, it rather implied that cholangiocytes could be targeted by SARS-CoV-2 or that alternative receptors on hepatocytes other than ACE2 could serve as the cell entry points of the virus[150]. Subsequent research revealed the presence of three SARS-CoV-2 interacting host receptors in different parts of the liver tissue, namely ACE2, transmembrane serine protease 2 and paired basic amino acid cleaving enzyme (FURIN), thus endorsing the possibility that SARS-CoV-2 may actually cause direct cytopathic injury to hepatocytes[151]. To date, the direct cytopathic viral effect has not been firmly established yet, whereas in the ICU setting this proposed mechanism does not seem to play a prominent role in the observed ALI.
It needs to be emphasized that, although there are several viruses displaying some form of hepatotropism, there may be considerable heterogeneity among them. This could be due to the fact that the immune responses mounted by the host against the virus may differ significantly depending on whether the virus is cytopathic or not, as well as on which immune evasion mechanisms are adopted by the virus, in conjunction with other factors, like impaired immunity or high viral load[92]. Furthermore, the pattern of the observed changes in transaminases during SARS-CoV-2 infection differs from the liver injury pattern of other epidemic viruses, which result in a much steeper curve of aminotransferase elevations owing to massive parenchymal necrosis[18].
Given that the mechanisms of COVID-19 induced ALI still remain largely unclear, our current understanding is limited with regard to the exact pathophysiology behind the liver injury caused by SARS-CoV-2 and how this differs or resembles the effects of other hepatotropic viruses. Even more so, data regarding the potential discrepancies in the hepatotropism of the different SARS-CoV-2 strains are lacking; hence, it would be intriguing for researchers to investigate the possible different effects that are exerted by different strains of SARS-CoV-2 on the liver and identify any associated variations in the pathophysiology and clinical course of ALI.

LIVER HISTOPATHOLOGY IN COVID-19: IS THERE A LINK WITH PATHOPHYSIOLOGICAL MECHANISMS IN ALI?
It could be assumed that the underlying pathophysiological mechanism of ALI might be postulated based on the findings of pathological studies. However, such studies are generally inconclusive, since a firm and indisputable cause of liver injury cannot be safely deduced from histopathological reports. 
As a matter of fact, histopathological findings from postmortem liver biopsy specimens have shown moderate microvesicular steatosis and mild lobular and portal activity[152]. These findings could be compatible either with direct SARS-CoV-2 infection of the liver or with DILI, but they are not conclusive in terms of supporting a definite cause of liver injury. Besides, the concomitant finding of overactivated T cells in the peripheral blood, with increased expression of proinflammatory markers and high concentration of cytotoxic granules, most likely points towards an immune-mediated injury rather than a direct cytopathic effect[152]. In another liver biopsy, the findings of mild vesicular steatosis and watery degeneration in some hepatocytes were attributed to ischemia and hypoxia, while the investigators also reported the presence of a few inflammatory cells in the hepatic sinuses, namely neutrophils, plasma cells and Kupffer cells[25]. 
Postmortem liver tissue biopsies from two COVID-19 cases with elevated transaminases have actually shown typical lesions of viral infection, suggestive of a direct cytopathic effect of SARS-CoV-2 on liver cells[149]. In particular, ultrastructural examination via transmission electron microscopy revealed that typical SARS-CoV-2 particles with corona-like spike structures were abundantly present in the cytoplasm of hepatocytes, indicating that the virus can both enter and replicate in hepatocytes. These infected hepatocytes showed cytopathic features, such as marked mitochondria swelling, endoplasmic reticulum dilation, decrease of glycogen granules and damage of the cell membrane. Histologically, plenty apoptotic hepatocytes were observed, as well as binuclear or a few multinuclear syncytial hepatocytes. Other findings included moderate microvesicular and mild macrovesicular steatosis, moderate focal lobular inflammation and mild portal inflammation with predominantly lymphocytic infiltrates[149].
Besides, in post-mortem needle core biopsies from livers, centrilobular sinusoidal dilation, mild lobular lymphocytic infiltration and patchy hepatic necrosis were mainly observed[153]. Sinusoidal dilation is a rather frequent non-specific finding observed in liver biopsies of terminally ill hospitalized patients and is often attributed to reduced venous ouflow in the hepatic veins as a result of passive liver congestion in the setting of congestive heart failure[13].
Finally, an Italian study of 48 postmortem liver biopsies reported histopathological findings suggestive of diffuse vascular alterations characterized by marked derangement of the intrahepatic vasculature and varying degrees of occlusive thrombosis[154]. Specifically, there was an increase in the number of portal vein branches, coupled with severe luminal dilation and wall fibrosis. This proliferative process was accompanied by partial or complete luminal thrombosis of portal and sinusoidal vessels, portal vein endotheliitis and portal vein wall fibrosclerosis. Steatosis was also observed in more than half of the specimens, while SARS-CoV-2 was detected in most of the samples either within blood clots or in the cytoplasm of endothelial cells[154].

PREDISPOSING FACTORS FOR ALI
COVID-19 severity has been reported to be one of the main risk factors for the development of ALI in COVID-19 patients[155]. Indeed, in a systematic review and meta-analysis it was found that increasing levels of COVID-19 severity were associated with a higher risk of developing ALI and more pronounced gastrointestinal symptoms[156]. ICU patients are more prone to developing liver impairment. This was evidenced by a meta-analysis which reported that biomarkers of liver function were significantly elevated in patients with severe and fatal forms of COVID-19 and could potentially portend a progression towards multiple organ failure, when combined with other hematologic, biochemical and immunological biomarkers[157]. Besides, higher incidence of ALI has been observed in patients with more extensive pulmonary lesions on computed tomography (CT) imaging reflected by higher CT scores, which in turn correlate with COVID-19 clinical severity[158,159]. 
Furthermore, pre-existing liver disease has been recognized as a predisposing factor for ALI, especially in critically ill patients with COVID-19, given the fact that patients with pre-existing liver disease, particularly those with cirrhosis, run a greater risk of hospitalization and mortality[160]. Metabolic-associated fatty liver disease has been shown to be an independent predictor for the development of mild and moderate ALI[161]. Likewise, in another patient series, metabolic-associated fatty liver disease, together with high body mass index, prevailed in the majority of patients with persistent liver injury[162]. However, it still remains controversial whether metabolic-associated fatty liver disease is also a marker of disease severity, progression and mortality[161,162]. Shao et al[163] reported that the presence of fatty liver disease was associated with a higher risk of ALI in COVID-19 patients, while the presence of cirrhosis incurred an increased risk of disease progression[163]. Along the same lines, in another single-center retrospective study from Shanghai, low liver CT density, suggestive of fatty infiltration and steatosis, was shown to be a risk factor of liver injury, together with COVID-19 severity, male sex and medications, such as lopinavir/ritonavir, glucocorticoids and thymopeptides[164].
In their multicenter study involving 112 liver transplant recipients, Rabiee et al[37] found that ALI was associated with a higher risk for ICU admission and higher mortality in COVID-19 liver transplant recipients[37]. Interestingly, when compared to a matched control group of non-transplant patients with chronic liver disease, the incidence of ALI was higher in patients with chronic liver disease (47.5%) than in liver transplant recipients (34.6%). On multivariate analysis, younger age, metabolic syndrome, Hispanic ethnicity, administration of vasopressors and antibiotic use emerged as independent risk factors for ALI. On the other hand, non-Hispanic white liver transplant recipients had a lower risk of ALI. With regard to immunosuppressants, reducing tacrolimus or withholding mycophenolate did not increase the risk of ALI, while acute cellular rejection occurred in only one patient of the cohort. Overall, it was concluded that reduction in immunosuppression therapy was not associated with ALI or risk of mortality, thus immunosuppression can be safely modified if deemed necessary[37].
Several prediction models have been proposed in order to estimate the risk of liver injury. For instance, it has been reported that a prediction model incorporating plateletcrit, retinol-binding protein and carbon dioxide combining power could sufficiently predict the occurrence of ALI in patients with moderate COVID-19 in a timely manner[165]. Another risk scoring system was proposed by Shao et al[163] with the intention to predict ALI risk, which included three variables upon admission, namely ALT, CRP and lactate dehydrogenase[163]. In the same study, the authors noted that male patients were more likely to develop ALI. Interestingly, the presence of hypertension was found to convey an increased risk of ALI only for patients without any prior liver disease, but not for patients suffering from pre-existing chronic liver disease[163]. 
In a prospective cohort study, male sex, older age, diabetes mellitus and lymphopenia emerged as independent risk factors that could predict liver dysfunction among COVID-19 patients[166]. Other investigators concluded that male sex, along with high D-dimers and high neutrophil percentage, were the most important risk factors that could predict the development of ALI in COVID-19 patients[167]. Similarly, it was demonstrated that male sex and CPR were independently associated with liver injury[168], while another study found that male sex, high levels of serum CRP and a high neutrophil to lymphocyte ratio were potential risk factors for ALI[169]. A subsequent systematic review and meta-analysis corroborated the above findings by confirming that male sex and low lymphocyte count were associated with ALI occurrence[170].
Male sex has almost invariably been associated with the risk of liver injury and the severity of the disease[166-170]. The observed discrepancy between the genders may be related to genetic and hormonal factors, which result in lower viral load levels, milder grades of inflammation and better immune responses in women than men[171].
Finally, metabolic syndrome, which is a constellation of hypertension, hyperglycemia, dyslipidemia and obesity, has also been proposed as a predisposing factor for ALI[172]. In a recent retrospective cohort study, being overweight was a risk factor for liver injury, whereas obesity was associated with severe liver injury[173].

THERAPEUTIC STRATEGY
It should be emphasized that no specific therapy for COVID-19 induced ALI exists. Therefore, the therapeutic approach initially lies in prevention and is exclusively supportive once ALI ensues.
In the ICU setting, the main pillar of the overall ALI therapeutic strategy for critically ill COVID-19 patients consists of preventive measures. First and foremost, a detailed medical history should be obtained. This should include a comprehensive review of the medical background for concomitant liver diseases, other underlying comorbidities, use of drugs in the near past that are known to induce ALI, or exposure to alcohol, herbs and chemicals[22]. Next, high level of clinical vigilance is warranted. ICU physicians should perform meticulous clinical examination on a regular daily basis, or even at repeated intervals throughout the day if deemed necessary, in order to check for and recognize early signs and symptoms of impeding organ dysfunction. In parallel, COVID-19 patients should have regular lab tests performed to closely monitor liver enzymes and promptly identify any potential liver test abnormalities.
Among the precautionary measures to avoid ALI, prompt restoration of central hemodynamics is of paramount importance, since it will allow the hemodynamic stabilization of the patient in due time and prevent liver ischemia. In patients with hemodynamic instability, fluid resuscitation constitutes the mainstay of treatment in the attempt to restore hypovolemia. In general, a conservative over a liberal fluid strategy is advocated in critically ill COVID-19 patients with shock, provided that hypovolemia has been addressed. Caution should be exercised so as to avoid volume overload, especially in patients with cardiac dysfunction. In order to achieve optimal loading conditions, a multimodal approach should be adopted, whereby fluid resuscitation should be guided by physical examination, follow-up of vital signs, lactate levels, dynamic parameters and point-of-care ultrasonography[120]. It has been proposed that a systematic approach incorporating focused echocardiography, lung scanning and abdominal ultrasound may facilitate the bedside evaluation of cardiac function, volume status and fluid responsiveness, while at the same time it can aid in the differential diagnosis of an undifferentiated shock, as well as in the detection of biliary or hepatic sepsis, intraabdominal fluid collection and other acute pathologies[174-176]. 
When hemodynamic stability is not achieved after fluid resuscitation, the administration of vasopressors is indicated. Norepinephrine should be the first-line vasopressor, while vasopressin is recommended as a second-line agent if hemodynamic status does not improve. In case of persistent hypoperfusion despite adequate fluid loading and use of vasopressors, initiation of intravenous inotropes, preferably dobutamine, is advised, particularly if there is evidence of cardiac dysfunction. Excessively high doses of vasopressors and inotropes should be avoided. Titration of vasoactive agents should generally target a mean arterial pressure of 60-65 mmHg. The ultimate goal is to achieve and maintain adequate end-organ perfusion by restoring arterial pressure and optimizing cardiac output[120].
Furthermore, increased awareness is warranted for the early identification and management of sepsis. Immediate control of the source of sepsis is crucial, along with the optimization of the patient’s hemodynamic profile. Prompt and appropriate antibiotic therapy is the cornerstone in the management of patients with sepsis. In case of suspected infection, ICU physicians should start early antibiotic treatment, initially with an empiric broad spectrum antibiotic and subsequently modify antimicrobial therapy according to culture results and susceptibilities, by de-escalating or changing to a narrow spectrum antimicrobial which targets the specific pathogen[177]. The appropriate antibiotic regimen should be selected with caution, as several common antibiotic agents may carry a high risk for ALI or other adverse events. Moreover, the clinicians should be aware of drug-drug interactions and be alert for potential hepatotoxicity reactions[178]. In any case, judicious antibiotic stewardship is highly recommended.
Besides, the importance of using pharmacologic thromboprophylaxis in critically ill patients cannot be overemphasized. As a matter of fact, thromboprophylaxis is strongly recommended in the recently published surviving sepsis campaign guidelines on the management of adults with COVID-19 in the ICU[120].
Hypoxia should be consistently addressed and corrected by administering the minimum amount of supplemental oxygen that will achieve a target of peripheral oxygen saturation (SpO2) between 92% and 96%. Regarding patients who are on invasive MV, specific attention ought to be paid to the implementation of lung-protective ventilation strategies. Low tidal volumes (4-8 mL/Kg of predicted body weight) should be applied, coupled with a target of plateau pressure < 30 cm H2O and a driving pressure < 14 cm H2O[120]. It should be emphasized that the volume- and pressure- limited ventilation strategy may lead to hypercapnia. Despite the fact that the strategy of permissive hypercapnia is frequently adopted in the ICU, clinicians should bear in mind that hypercapnia, combined with persistent hypoxia which is frequently observed in ARDS patients with COVID-19, may cause profound pulmonary arterial vasoconstriction, increase right ventricular afterload and jeopardize hemodynamic status with grave consequences for the liver[69,177]. It should also be noted that oftentimes ventilatory management needs to be individualized, given that different patient profiles exist with diverse lung mechanics and discrepant responses to a certain ventilatory strategy[179]. In these cases, the ventilatory approach will need to diverge from the conventional form of ventilation in ARDS. Along these lines, although a higher over a lower PEEP strategy is generally recommended in ARDS, clinicians should avoid using very high PEEP, since this could compromise right ventricular function and adversely affect liver function. Thus, close monitoring is advised so that impending cardiopulmonary deterioration is promptly recognized[179]. Furthermore, appropriate ventilator settings should be meticulously adjusted in order to minimize or prevent auto-PEEP, which can further aggravate right ventricular performance[72]. Prone positioning for 12-16 h per day is also recommended as a measure to improve hypoxia[120]. In cases of severe hypoxia with persistent patient-ventilator dyssynchrony or persistently elevated plateau pressures, neuromuscular blocking agents should be employed either as intermittent boluses or continuous infusions, as needed[120]. Finally, after other options have failed to enhance oxygenation, it is reasonable to apply rescue strategies. Alveolar recruitment maneuvers could be used with caution and under close monitoring for barotrauma and cardiovascular collapse, while a trial of an inhaled pulmonary vasodilator might also be attempted[120]. In cases of refractory ARDS with or without hemodynamic shock, veno-venous ECMO might be considered as a last resort to improve oxygenation and restore hemodynamic stability[120,179]. It is also considered prudent to monitor intra-abdominal pressure for potential persistent MV-related increases and address accordingly[86].
Besides, specific attention should be paid to sedation practices used in the ICU setting. If possible, administration of multiple sedative agents should be avoided in order to decrease potential risk of side-effects and drug-drug interactions. Moreover, sedatives should be titrated to the lowest effective doses and should not be administered for prolonged duration[134]. Daily sedation intervals should be applied when appropriate[180]. Regarding ketamine, a strategy of withholding use of this agent is generally advised due to its reported adverse effects. If used, ketamine should be administered at the lowest possible doses and for brief time periods[135,136]. 
Nutritional status should be regularly assessed and early enteral nutrition should be initiated[181]. Parenteral nutrition should be refrained and used only in cases where enteral nutrition is not possible or contraindicated[181,182]. Caution should be exercised in order to avoid under- or over-feeding. Any nutrient deficiencies should be replaced[181]. Glycemic control should be optimized. Provided that it does not cause hypoglycemic episodes, early and intensive intravenous insulin therapy is encouraged in the ICU setting, since it reduces the risk of cholestatic liver dysfunction and the formation of biliary sludge[183,184].
In the event of ALI occurrence, every effort should be focused on restraining its progression and thus minimizing any ALI-associated consequences. Once ALI arises, it is important to seek and recognize the underlying etiology and address the responsible precipitating factor in a timely fashion. Currently, there are no specific therapies that mitigate or reverse COVID-19 induced ALI. Nevertheless, prompt diagnosis of ALI and initiation of supportive treatment is crucial. In cases of mild or moderate ALI, general supportive measures with close monitoring of liver chemistries should suffice and, in most cases, ALI will eventually subside[185]. 
Infrequently, cases of severe ALI may occur. In such a scenario, supportive treatment should aim at preserving liver perfusion and microcirculation, by optimizing circulatory and respiratory conditions, relieving liver congestion, restoring electrolyte and acid-base balances and eliminating any underlying precipitating factor. If DILI is suspected, the administration of the causative pharmacologic agent should be discontinued[178]. Time of withdrawal of the culprit hepatotoxic factor is of major importance; hence, high level of clinical awareness is advised along with vigilant monitoring of liver enzymes[185]. With regard to acetaminophen toxicity, therapy with N-acetylcysteine should be promptly instituted by administering either an intravenous or an oral acetylcysteine regimen[186]. 
During the COVID-19 pandemic, the notion of continuous renal replacement therapy as a blood purification method to combat cytokine storm has been revived. In COVID-19 clinical practice, continuous renal replacement therapy can be used for septic patients with volume overload, patients with severe metabolic acidosis and those with electrolyte disturbances or progressive azotemia. Apart from its well-established indications, it has been proposed that continuous renal replacement therapy might have a potential role in critical COVID-19 cases with an excessive cytokine storm by removing cytokines and other inflammatory mediators[187,188]. Therapeutic plasma exchange has also been put forward as a promising adjunctive rescue therapy in the battle of COVID-19 critical illness, which could mitigate cytokine storm effects and thus reverse end-organ failure[189,190]. Finally, ECMO has been used as a salvage therapy for both respiratory and circulatory support[191].
Figure 2 depicts the steps of the therapeutic approach that should be consistently followed and addressed by ICU physicians both for the prevention and treatment of COVID-19 induced ALI.

CONCLUSION
Despite the conflicting estimates of its prevalence, ALI represents a common and often under-recognized complication of COVID-19 in ICU patients that deserves more clinical attention, considering the fact that it is intertwined with significant clinical ramifications and poor patient outcomes. COVID-19 induced ALI may present with varying degrees of clinical severity. Increased clinical vigilance is therefore advised, since it can easily be overlooked. In the ICU setting, several pathophysiological mechanisms may be implicated in the development of COVID-19 induced ALI. These may act either independently or more frequently synergistically. In the latter case, the effect exerted on the liver is cumulative, thus increasing the severity of ALI. Therefore, it is of utmost importance for ICU clinicians to ensure that they consistently comply with certain predefined bundles of preventive and therapeutic measures in order to alleviate the burden of COVID-19 associated ALI in ICU patients. Ongoing research on the particular scientific field will further elucidate the pathophysiology behind ALI and address unresolved issues, in the hope of mitigating the tremendous health consequences imposed by COVID-19 on ICU patients.
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Figure Legends
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Figure 1 Pathophysiological mechanisms implicated in the development of coronavirus disease 2019 acute liver injury in the intensive care unit setting. Figure 1 depicts the various pathophysiological mechanisms that come into play in the setting of coronavirus disease 2019 (COVID-19) infection, which eventually culminate in the development of acute liver injury (ALI) in intensive care unit (ICU) patients. Hypoperfusion and ischemia due to the frequently observed hemodynamic instability in the ICU patients play a major role in the process. Passive liver congestion as a result of congestive heart failure of various etiologies is another key determinant. The situation can be further aggravated by ischemia-reperfusion injury. Sepsis can also cause hepatic dysfunction, which is usually cholestatic in nature and reversible, but, when it progresses to septic shock, it results in multiple organ dysfunction syndrome and liver hypoperfusion, manifesting as shock liver. Besides, hypoxia due to respiratory failure and acute respiratory distress syndrome may also lead to ALI. Paradocixally, mechanical ventilation per se can exert deleterious effects on the liver through positive pressure ventilation, especially when accompanied by the application of high positive end-expiratory pressure and large tidal volumes. Furthermore, ALI can stem from the inflammatory cascade generated by the cytokine storm, while it can be further complicated by impaired microcirculation and thrombosis as a result of endotheliitis with concomitant coagulopathy. Drug-induced liver injury, as well as parenteral nutrition, must also not be overlooked as potential causative factors. Finally, liver injury could also be attributed to a direct cytopathic viral effect. There seems to be a complex interplay among these numerous underlying mechanisms, which may act either independently and cause COVID-19 induced ALI in the ICU setting, or more frequently synergistically and generate a relentless ALI vicious cycle.
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Figure 2 Steps of the intensive care unit therapeutic approach in patients with coronavirus disease 2019 induced acute liver injury. The intensive care unit (ICU) therapeutic approach for coronavirus disease 2019 patients with acute liver injury (ALI) lies in preventive measures and is exclusively supportive once ALI ensues. After obtaining a detailed medical history, a thorough physical examination should be performed on a regular basis. Upon recognition of any signs of impeding liver dysfunction, the possible etiologic factor should be systematically sought and appropriately addressed. Hemodynamic stabilization of the patient is of paramount importance. The goal is to maintain adequate arterial perfusion in order to prevent liver ischemia. The use of echocardiography and point-of-care ultrasonography will help determine the hemodynamic status and optimize loading conditions. It is important to constantly maintain fluid, electrolyte and acid-base balances. Furthermore, early identification and management of sepsis cannot be overemphasized. Prompt initiation of appropriate antibiotic therapy is the mainstay of sepsis management. Antibiotics should be used judiciously with an increased level of awareness for possible drug-drug interactions. In case of hepatotoxicity, the administration of the responsible pharmacologic agent should be discontinued. Close monitoring of liver enzymes is advised at all times. Furthermore, hypoxia should be consistently addressed and corrected. In mechanically ventilated patients, a lung-protective ventilation strategy should be implemented with the use of low tidal volumes coupled with a target of plateau pressure < 30 cm H2O. The application of very high positive end-expiratory pressure should be avoided because it could compromise right ventricular performance and precipitate passive liver congestion. Moreover, prone positioning is recommended in order to improve hypoxia. Intra-abdominal pressure should also be monitored so as to prevent any potential increases related to mechanical ventilation which could jeopardize liver function. Additionally, optimal sedation strategies should be applied with the lowest effective doses and daily sedation intervals. Thromboprophylaxis is strongly recommended as a preventive measure in all ICU patients. Besides that, nutritional status should be regularly assessed and efforts should focus on initiating early enteral feeding while avoiding parenteral nutrition. Under- or over- feeding should be avoided and glycemic control should be optimized. Finally, renal replacement therapy can be used whenever indicated. In refractory cases, rescue therapies may be employed with the use of extracorporeal membrane oxygenation and therapeutic plasma exchange in an attempt to provide circulatory and respiratory support and reverse end-organ failure. PEEP: Positive end-expiratory pressure; ECMO: Extracorporeal membrane oxygenation.

Table 1 Studies examining coronavirus disease 2019 induced acute liver injury in intensive care unit patients
	Ref.
	Country
	Manuscript type
	ALI definition
	Number of ICU patients
	ALI incidence
	Major findings/outcomes

	Roedl et al[28], 2021 
	Germany
	Single-center, retrospective
	↑ Transaminases > 20 × ULN or BIL ≥ 2 mg/dL
	72
	31%
	ALI pts experienced higher mortality (83% for hepatocellular, 66% for mixed and 60% for cholestatic ALI), developed respiratory failure more frequently and had higher need for MV, ECMO, vasopressors and RRT

	Huang et al[29], 2020
	China
	Single-center, retrospective
	↑ALT > 20 × ULN
	51
	5.88%
	ALI was not rare and was associated with high mortality due to MOF

	Salik et al[30], 2021 
	Turkey
	Single-center, retrospective
	↑ALT/AST > 3 × ULN and/or ↑TBIL > 2 × ULN`
	533
	8.6%
	ALI pts had higher total, 7-d and 28-d mortality, as well as higher SOFA score. ALI was more frequent in males

	Arentz et al[31], 2020 
	United States
	Single-center, case series
	ALT or AST levels > 3 × ULN
	21
	14.3%
	67% mortality for the overall cohort, no mortality data for ALI pts. All ALI pts (3) were on MV. High rate of cardiomyopathy in the overall cohort

	Martinot et al[32], 2021
	France
	Single-center, retrospective observational cohort
	AST ≥ 3 × ULN
	153
	9.8%
	Factors associated with higher risk for ALI: Age > 75, cancer, cardiac disease, higher levels of CRP, serum Cr and Hb

	Sun et al[33], 2020
	China
	Single-center, retrospective observational
	↑Serum levels of liver biomarkers (e.g. ALT) > 2 × ULN or disproportionate ↑ALT/AST vs ALP
	83
	18.1%
	The study focused on AGI, defined as various grades of malfunction of the GI tract, and not on ALI. Pts with worse AGI grades had higher 28-d mortality, higher incidence of septic shock and worse clinical variables

	Cardoso et al[34], 2020
	Portugal
	Single-center, case series
	Any elevation of at least one liver test (AST, ALT, ALP, GGT, TBIL) above ULN
	20
	100%
	Liver injury was frequent, but transient and non-severe. Late cholestasis was mainly observed

	Shousha et al[35], 2021
	Egypt
	Multi-center, prospective cohort
	↑Transaminases > 3 × ULN
	122 ICU pts. Overall cohort consisted of 547 pts
	4.91% or 3.70% (based on AST or ALT levels respectively). Data represent overall (not ICU) pts cohort
	FIB-4 on admission was significantly higher in pts admitted to the ICU, those with more severe COVID-19 and non-survivors. FIB-4 score > 3.25 and ICU admission were significant predictors of mortality

	Currier et al[36], 2021
	United States
	Single-center, retrospective
	ALT/AST > 60, ALP > 150, or BIL > 1.5
	No data available for ICU pts. Overall cohort consisted of 8028 pts
	45%. Data represent overall (not ICU) pts cohort
	Black COVID-19 pts with liver test abnormalities were at greater risk for ICU admission and intubation compared to other races, but non-Black pts with liver test abnormalities were at increased risk of death

	Rabiee et al[37], 2020
	United States
	Multi-center, observational cohort
	ALT ≥ 2 × ULN (moderate: ALT 2-5 × ULN, severe: ALT > 5 × ULN)
	30 ICU pts. Overall cohort consisted of 81 hospitalized LT recipients
	34.6%. Data represent overall (not ICU) pts cohort
	ALI was associated with higher risk for ICU admission and higher mortality. Hispanic ethnicity, metabolic syndrome, use of vasopressors, antibiotic use and younger age were independent risk factors for ALI. ICU pts were more likely to have their immunosuppression therapy modified

	Roncati et al[38], 2022
	Italy
	Case report
	N/A
	2
	100%
	Fulminant herpetic hepatitis developed as a superimposed opportunistic infection due to tocilizumab-induced immunosuppression. Both pts died due to acute liver failure

	Bütikofer et al[39], 2021
	Switzerland
	Single-center, retrospective cohort
	Cholestatic ALI: ALP ≥ 1.5 × ULN and GGT ≥ 3 × ULN (termed severe if additionally TBIL ≥ 2 × ULN)
	34
	59% (27% severe)
	Pts with severe ALI had higher mortality, significantly longer ICU stay with a more complicated course and required higher levels of support

	Wendel-Garcia et al[40], 2022
	Switzerland
	Single-center, prospective observational cohort (post-hoc analysis)
	Acute cholestatic liver injury: ALP > 1.5 × ULN and GGT > 3 × ULN (severe if additionally BIL > 2 × ULN)
	243
	47%
	Pts who received ketamine had an increased risk of developing cholestatic liver injury than pts who didn’t. Ketamine infusion demonstrated a dose-dependency and duration-dependency association with increasing BIL and ALP levels, but it was not associated with increased hospital mortality


AGI: Acute gastrointestinal injury; ALI: Acute liver injury; ALT: Alanine transaminase; ALP: Alkaline phosphatase; AST: Aspartate transaminase; BIL: Bilirubin; COVID-19: Coronavirus disease 2019; Cr: Creatinine; CRP: C-reactive protein; ECMO: Extracorporeal membrane oxygenation; FIB-4: Fibrosis-4 index; GI: Gastrointestinal; GGT: Gamma-glutamyl transferase; Hb: Hemoglobin; ICU: Intensive care unit; LT: Liver transplant; MOF: Multiple organ failure; MV: Mechanical ventilation; Pts: Patients; RRT: Renal replacement therapy; SOFA: Sequential organ failure assessment; TBIL: Total bilirubin; ULN: Upper limit of normal.
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