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Abstract

:

Globally, millions of persons have contracted the coronavirus disease 2019 (COVID-19) over the past several months, resulting in significant mortality. Health care systems are negatively impacted including the care of individuals with cancers and other chronic diseases such as chronic active hepatitis, cirrhosis and hepatocellular carcinoma. There are various probable pathogenic mechanisms that have been presented to account for liver injury in COVID-19 patients such as hepatotoxicity cause by therapeutic drugs, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection of the bile duct cells and hepatocytes, hypoxia and systemic inflammatory response. Liver biochemistry tests such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl transferase (GGT) and alkaline phosphatase (ALP) are deranged in COVID-19 patients with liver injury. Hepatocellular damage results in the elevation of serum AST and ALT levels in early onset disease while a cholestatic pattern that develops as the disease progress causes higher levels of ALP, GGT, direct and total bilirubin. These liver biochemistry tests are prognostic markers of disease severity and should be carefully monitored in COVID-19 patients. We conducted a systematic review of abnormal liver biochemistry tests in COVID-19 and the possible pathogenesis involved. Significant findings regarding the severity, hepatocellular pattern, incidence and related clinical outcomes in COVID-19 patients are highlighted.
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1. SARS-CoV-2 and Novel Coronavirus Disease 2019 (COVID-19)


The novel coronavirus disease 2019 (COVID-19) is caused by the new strain of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. There is evidence that SARS-CoV-2 infection presents with an asymptomatic stage where there may be little or no detectable virus followed by a non-severe symptomatic period with measurable virus load, and in the last stage severe respiratory symptoms with significantly high viral load [2]. In the last stage there is a biphasic pattern with the viral load present concomitant with the presenting symptoms in the first phase. The second phase with higher viral load is referred to as an ‘inflammatory phase’ characterized by extreme host inflammatory response or cytokine storm with elevated levels of cytokines particularly interleukin-6 (IL-6), interleukin-10 (IL-10) and tumor necrosis factor-α (TNF-α) [3]. This latter phase is also associated with lymphopenia, decreased interferon-γ (IFN-γ) expression and elevated inflammatory indicators including procalcitonin and D-dimer [4]. Cytokine storm is life-threatening and as the disease progress may be responsible for lung damage and severe cardiopulmonary manifestations occasionally resulting in acute respiratory distress syndrome, shock, and death [5].



SARS-CoV-2 mainly attacks the lungs, but it also causes damage to other organs including the liver, kidneys, intestines, heart as well as the central nervous system [6]. The damage to these multiple organs results in acute hepatic failure, acute lung failure, cardiovascular disease, acute kidney injury as well as neurological disorders (acute flaccid paralysis, epilepsy and acute cerebrovascular disease) and hematological abnormalities (lymphopenia and leukopenia) [7].



There is increasing evidence in the literature that some individuals presenting with COVID-19 have hepatic injury and atypical liver function test results with increase in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels due to hepatocellular damage [8]. Studies conducted in Wuhan, China reported mild elevations of AST and ALT levels in 14–53% of cases while higher rates of both enzymes were observed in those patients with severe infection, mainly those needing intensive care unit admission [9,10]. SARS-CoV-2 may damage the biliary tract with subsequent increase in direct and total bilirubin, gamma-glutamyl transferase (GGT) and alkaline phosphatase (ALP) levels [11]. Likewise, in COVID-19 cases where there is significant liver damage and severe clinical symptomatology, variable levels of GGT and ALP (above the upper limit of normal for the reference range) along with elevated levels of total bilirubin and ALT have been observed in 58–78% of patients [12,13].



Histopathological investigations involving liver biopsy specimens (taken during autopsy) from COVID-19 patients demonstrated insignificant portal and lobular activity, mitosis, hepatocellular necrosis as well as modest micro-vesicular steatosis in hepatic tissue with no viral inclusions [12]. The abnormal histopathological findings may be due to drug-induced liver injury or damage caused by the SARS-CoV-2 infection [12].



Given the widespread and harmful nature of SARS-CoV-2 and its impacts on human health and clinical systems, there has been an exponential increased in the number of articles published since December 2019. We have conducted a comprehensive systematic review to summarize numerous articles published regarding abnormal liver biochemistry tests in COVID-19 patients and the possible pathogenesis involved. Furthermore, we highlighted significant findings regarding the disease severity, hepatocellular and cholestatic pattern, incidence and ongoing changes in liver function biochemistry tests as well as related clinical outcomes in COVID-19 patients. This will assist healthcare providers to identify liver complications in COVID-19 patients and closely monitor the liver biochemistry tests in the management of acute hepatic injury in COVID-19 patients.




2. Method


2.1. Study Design


A systematic search was conducted by the reviewers to identify all the relevant studies on the different causes of liver impairment in COVID-19 patients published from 1 January 2020 to 30 April 2021. The methodological outline involve taking the following steps: (i) documentation of a defined research objectives and search strategy (ii) identification and selection of peer-reviewed research articles (iii) final selection of peer-reviewed research articles according to defined eligibility criteria and in keeping with review objective (iv) arranging and reporting the data and findings of peer-reviewed research articles in the different sections (v) discussion of the findings and conclusion.




2.2. Literature Search Strategies


We searched electronic databases such as PubMed, Cochrane Library, Google Scholar, Scopus and Web of Science for potentially relevant studies using pertinent words and medical subject headings such as: acute liver injury, liver damage, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), novel coronavirus disease 19 (COVID-19), liver function tests, liver biochemistry tests, severity, morbidity, mortality, liver disease and prognosis.




2.3. Study Eligibility Criteria—Inclusion and Exclusion Criteria


The studies retrieved were prudently examined to omit overlapping data or possible duplication. Those written in other languages, no accessible full data and information on pediatric population were excluded.



The studies included in this review were published in the last 16 months in specialized journals, written in English and reported clinical findings. Observational articles that reported the prevalence or incidence of acute hepatic injury in adults and elevated transaminases as well as both randomized and non-randomized interventions performed in different populations were included in this review article. We also included studies that reported on admission and liver function test results in hospitalized patients with confirmed COVID-19. In addition, the pertinent data that were extracted from published articles by review authors comprised: first author, year of publication, study design, study population size, the quantity of hospitalized patients, the proportions that were severe or critically ill with elevated liver biomarkers, mortality of those with liver injury and serum laboratory parameters (aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin, alkaline phosphatase (ALP), serum and total bilirubin, ferritin and interleukin-6 (IL-6)).



There were 411 articles identified through database including PubMed, Google Search and Cochrane Library. We exclude 224 because of duplication and 187 articles reviewed for inclusion. There were 174 full-text articles assessed for eligibility with subsequent 159 of these included in this review (Figure 1).





3. Entry of SARS-CoV-2 Virus and Impact on the Liver


SARS-CoV-2 gains access into the host through the angiotensin-converting enzyme 2 (ACE2) receptor. ACE2 is a zinc-containing type I integral transmembrane protein that exhibits enzymatic activity by cleaving the vasoconstrictor peptide angiotensin II to angiotensin I, a potent vasodilator peptide, thus lowing blood pressure [14]. The ACE2 receptor is present in abundance in alveolar cells of the lungs, epithelial cells of the bile ducts called cholangiocytes (60%) and hepatocytes (3%) in the liver, and in other organs such as kidneys, heart and pancreas [15,16].



The spike (S) protein of SARS-CoV-2 facilitates entry into target cells including cholangiocytes and hepatocytes of the liver. The process involves the attachment of SARS-CoV-2 to the surface of the target cell via binding of the surface unit (S1) to a receptor [17]. Furthermore, viral entry involves the priming of the spike protein by cellular serine protease, transmembrane protease 2 (TMPRSS2) with subsequent fusion of cellular membrane and viral elements, to ultimately access target cells and tissues [18].



The pathology of liver injury may involve the cytopathic effect of SARS-CoV-2 where its spike protein binds to the ACE2 receptor on cholangiocytes with subsequent decreased function and hepatobiliary damage (Figure 2) [19]. Zhao et al. (2020) postulated that the virus infection damages the cholangiocytes via the disruption in the normal physiological regulation of genes responsible for the transportation of bile acid and tight junction formation [20]. This mechanism is supported by increase in GGT levels as observed in some cases of COVID-19 [21]. In addition to hepatobiliary dysfunction there may be hepatocellular damage with elevation of ALT and AST levels observed in COVID-19 patients, signifying liver impairment by the virus [22].



In a report by Farcas et al. [23] on the autopsies of 19 patients who died of SARS-CoV-2 infection, the virus was detected in 41% of liver tissue and the highest viral load was 1.6 × 106 copies/g of tissue. In an earlier study that examined biopsies from three COVID-19 patients with presentation of liver impairment, apoptosis was seen in all three patients and a noticeable buildup of cells in mitosis in two patients. In addition, pathological features observed included mild as well as moderate lymphocytic infiltration into the lobular regions with no fibrosis or eosinophilic infiltration [24]. Notably, histological investigation showed definitive low titer of SARS-CoV-2 in the liver of the patients [24].




4. Drug-Induced Hepatic Injury in COVID-19


4.1. Lopinavir and Ritonavir


There are a number of medications that have been used to manage COVID-19 patients and associated symptoms. These therapeutic agents include antivirals, acetaminophen, steroids, corticosteroids, immune-modulators, antibiotics and antipyretics that are metabolized by the liver, and their use may cause hepatotoxicity (Figure 2) [25]. The liver injury induced by these medications have been reported to be the cause of abnormalities in liver biochemistry tests and histological changes such as hepatic inflammation and micro-vesicular steatosis in COVID-19 patients [26].



Therapeutic agents such as hydroxychloroquine, arbidol, oseltamivir as well as lopinavir and ritonavir have been introduced in the treatment of COVID-19 patients and these may cause varying degrees of hepatotoxicity [25]. In a systematic review and meta-analysis conducted by Kulkarni et al. involving 117 observational studies of 20,874 COVID-19 patients, the pooled incidence of liver injury induced by drug use was 25.4% [27]. Moreover, Cai et al. conducted a study involving the assessment of laboratory results and clinical data of 417 COVID-19 patients and found elevated ALT (23.4%), GGT (24.4%), AST (14.8%) and total bilirubin (11.5%) levels greater than three times the upper limit of normal during hospitalization. They reported that lopinavir and ritonavir use presented a four to five-higher odds of increased liver injury [11].



There are other studies that have examined the effectiveness and safety of lopinavir and ritonavir treatment for SARS-CoV-2 infection [28]. A recent randomized, controlled, open-label trial involving 199 severely-ill hospitalized COVID-19 patients found that lopinavir and ritonavir treatment caused adverse effects with elevated ALT, AST and total bilirubin levels in a few patients [29]. A case series report of 298 COVID-19 patients in Wuhan, China found that the majority received antiviral therapy, where 76.8% got lopinavir and ritonavir, and 10.1% received favipiravir. They also stated that 55.4% of patients had liver injuries subsequent to treatment with lopinavir and ritonavir [11]. Moreover, a retrospective, single-center study of 148 COVID-19 patients published by Fan et al. examined the relationship between therapeutic drug use and liver function abnormality. In their study, 57.8% of patients that received lopinavir and ritonavir developed abnormal liver function tests with elevated hepatic enzymes (AST, ALT, ALP and GGT) levels and required longer hospital stay [30]. Notably, recent evidence from an exploratory randomized controlled trial suggests that lopinavir, ritonavir as well as arbidol (umifenovir) therapy present little clinical benefit for increasing the clinical outcome of adult hospitalized COVID-19 patients who presented with mild/moderate status compared with supportive care [31].




4.2. Remdesivir


Remdesivir an antiviral drug, is a straight-acting nucleotide analogue that inhibits RNA polymerase. It was initially used to treat patients with hepatitis C, Ebola virus disease and Marburg virus infections [32]. This antiviral drug is partly metabolized by the cytochrome P450 enzymes and have demonstrated in vitro efficacy against SARS-CoV-2 [33]. On 1 May 2020, The U.S. Food and Drug Administration approved remdesivir for authorized medical emergency use in the management of hospitalized COVID-19 patients with severe illness based on the examination of three randomized, controlled clinical trials comprising 2043 participants (with mild to severe disease) [34].



A retrospective study that examined the efficacy and safety of remdesivir in 76 hospitalized COVID-19 patients with severe illness reported that it was clinically effective in a community hospital setting as the mean length of stay for the patients was 10.09 days and the average duration of oxygen therapy was 9.42 days [35]. Moreover, in the first landmark study of its kind, Beigel et al. conducted a double-blind, randomized, placebo-controlled trial comprising 1062 COVID-19 hospitalized patients with 521 assigned to placebo and 541 given intravenous remdesivir. The study found that patients in the latter group were more likely to have clinical improvement with shorter time of recovery and lower mortality by day 15 (6.7% with remdesivir vs. 11.9% with placebo) [36]. However, severe adverse events were stated in 24.6% of patients who received remdesivir (24.6%) [36].



In a recent retrospective cohort study by Hundt and colleagues comprising 1827 hospitalized COVID-19 patients, remdesivir and other medications such as tocilizumab, lopinavir, ritonavir, and hydroxychloroquine were concomitant with AST and ALT levels greater than 5 times the upper limit of normal [37]. Additionally, a randomized, open-label, phase 3 trial involving 397 hospitalized COVID-19 patients reported severe, but not directly life-threatening elevated AST and ALT levels in 4–6% of participants. The study also reported that 2–3% of the participants had elevated, transaminases necessitating the discontinuation of treatment [38].



There is a report of two cases of supposedly acute liver failure caused by remdesivir with significant increases in ALT and AST levels on day 3 and 10 of therapy respectively, and rapid clinical improvement with continuous infusion of acetylcysteine with subsequent lowering of the transaminases [39]. There are also other studies that have found liver function test abnormalities in remdesivir-treated COVID-19 patients with 23% of patients with elevated liver enzymes in a case series (n = 53) [40], and elevated serum aminotransferases and total bilirubin in 5% and 10% respectively of COVID-19 patients in a multicenter, randomized, double-blind, placebo-controlled study [41]. Finally, in a recently retrospective study of 103 COVID-19 patients, 35% of participants had increased AST and 25% elevated ALT levels indicating the hepatotoxic effect of remdesivir therapy [42].




4.3. Hydroxychloroquine


Hydroxychloroquine and chloroquine are commonly prescribed medications for the treatment of malaria as well as systemic lupus erythematosus, porphyria cutanea tarda and rheumatological disease [43,44]. Both drugs possess antimalarial and anti-inflammatory properties and with the advent of the COVID-19 pandemic they are being repositioned as possible therapeutic indications for COVID-19 patients [45]. Hydroxychloroquine has a better tolerable and safety profile than chloroquine and in vitro studies have demonstrated that it is a potent inhibitor of SARS-CoV-2 [46]. The possible mechanisms of action of hydroxychloroquine against SARS-CoV-2 could be inhibiting the binding of the spike protein of SARS-CoV-2 to the ACE2 receptor with subsequent blocking the fusion of cellular membranes (of the target cell) and viral elements. This may result in the reduction of key processes caused by SARS-CoV-2 such as proteolytic processing, autophagy and lysosomal activity in the host cells, and the drug exerting its immunomodulatory effect via decreasing cytokine production [47,48].



There are two large observational studies performed in hospitalized COVID-19 patients with moderate to severe illness that examined the clinical efficacy of hydroxychloroquine and possible adverse effects. The studies reported that hydroxychloroquine administration (alone or in combination with azithromycin) was not beneficial as there was no significant reduction in hospitalized mortality [49,50]. Preliminary data from a systematic review of 23 studies (including 4 randomized controlled trials and 10 cohort studies) and a parallel, double-masked, randomized, phase IIb clinical trial comprising 81 adult COVID-19 patients showed no association between hydroxychloroquine therapy and abnormalities of liver function tests [51,52]. However, Makin et al. [53] reported two cases of acute hepatic failure in patients treated with hydroxychloroquine, and in a recent study there was acute elevation of transaminases (ALT and AST) in four cases that was attributed to the drug [54]. Moreover, treatment of COVID-19 patients with hydroxychloroquine and azithromycin have yielded unequivocal findings [25] and there are other cases of acute hepatic failure reported with abnormal liver function tests [48].



Overall, there is limited evidence demonstrating the clinical efficacy of hydroxychloroquine in the treatment of COVID-19 patients [55,56]. Hepatotoxicity with accompanying elevation of liver function tests is a rare finding in recent publications.




4.4. Tocilizumab


Tocilizumab is a humanized recombinant IL-6 receptor monoclonal antibody therapeutic agent that effectively blocks the signal transduction pathway of cytokines and prevent them from exercising their pro-inflammatory actions [57]. However, there are associated side effects including hypertension, dizziness, upper respiratory symptoms, sore throats, headache and others that are less common, such as cytopenia, fungal infections, gastrointestinal perforations, and acute hepatic injuries [58]. Even with these side effects, in the last year with the advent of the COVID-19 pandemic, tocilizumab has been administered as an anti-inflammatory drug alone or in combination with others in therapeutic strategies employed to treat COVID-19 patients with severe illness [59].



Recent studies have indicated that tocilizumab administered to severe COVID-19 patients with significant elevated IL-6 levels due to cytokine storm may improve their prognosis [60]. Tocilizumab also decrease inflammatory markers such as C-reactive protein (CRP) and D-dimer in 54 patients with severe COVID-19, although the mean reduction in these biomarkers did not significantly influence outcome [61]. Furthermore, there is evidence that tocilizumab compared to standard care improved the clinical outcome and mortality rate of severe COVID-19 patients with pneumonia and respiratory failure [62].



The data on possible hepatotoxicity of tocilizumab in severe COVID-19 data is limited and sparse as well as on its clinical efficacy. Investigators have examined the use of tocilizumab in COVID-19 patients with severe illness and associated cytokine release syndrome, and also the incidence of drug complications. In a retrospective study of 65 non-intensive care severe COVID-19 patients who exhibited hyper-inflammatory features, there was an observed transitory elevation in transaminases levels in 15% of participants in the tocilizumab-treatment group between 9 and 13 days which was not significantly different from the standard care group [63]. In a more recent study, Pettit et al. reported an incidence of 51% elevated liver function tests in 74 COVID-19 patients treated with tocilizumab, and surprisingly the mortality rate of persons in this group was higher compared with controls [64]. It is worth noting that in an open-label prospective study comprising 51 hospitalized COVID-19 patients with pneumonia, tocilizumab cause improvement in clinical severity in the majority of patients as evident in reduced inflammatory markers, although 29% had elevated transaminases [65].



Muhovic et al. described the first case of acute liver injury in a 52-year-old COVID-19 patient with severe illness after tocilizumab administration. The patient experienced cytokine storm and there was an observed 40-fold elevation of ALT and AST levels that reverted to normal after 10 days of treatment. The authors are of the opinion that the hepatotoxicity may have been stimulated by prior use of lopinavir and ritonavir [66]. Recently, Mazzitelli et al. described a case series of two females and a male with non-severe COVID-19 disease who were administered with subcutaneous tocilizumab. One of the female patients had mild increase in ALT and AST levels two days post-administration of the drug which quickly normalized, whereas the male initially had mildly elevated liver function tests that did not further increase post-tocilizumab therapy [67]. Similarly, the study by Serviddio et al. reported normalization in transaminases levels, 3 weeks after tocilizumab administration in seven cases of patients with baseline values up to five times the upper limit of normal [68]. Therefore, further studies are warranted in examining the effect of tocilizumab administration on liver function tests in severe COVID-19 patients with pre-existing chronic hepatic diseases.



Finally, there is a report by Gatti et al. of the analysis of data of serious adverse events subsequent to tocilizumab administration, that indicate hepatic damage after a median of 15 days and the development of drug-induced liver injury in 91 COVID-19 patients. The authors suggested that tocilizumab use should be closely monitored during and after therapy [69].




4.5. Azithromycin


Azithromycin is an antimicrobial therapeutic drug used to treat several bacterial infections, which has been found to be very effective in reducing severe episodes of lower respiratory tract illness [70]. Results of in vitro studies have indicated the potential of azithromycin in obstructing the replication of Ebola and Zika viruses [71]. Recently there is evidence of its binding to the ACE2 receptor–SARS-CoV-2 spike protein complex with a subsequent decrease in the downstream process, and the deleterious effects of the virus [72]. As a result of these findings, studies have been carried out on the clinical efficacy and safety of azithromycin in treating COVID-19 patients.



Azithromycin is currently used as an antibiotic to treat COVID-19 patients as it inhibits the initial stage of SARS-CoV-2 replication. The results of clinical trials points to its use in supportive care treatment and it is administered alone or in combination with hydroxychloroquine [73,74]. However, there are recent reports of QT interval prolongation caused by azithromycin and hydroxychloroquine administration in COVID-19 patients [75], with prevalence showed in a meta-analysis of 13 studies involving 2138 patients [76].



There are very few reports that have indicated the impact of azithromycin use on liver function tests. In a case study of seven patients by Serviddio et al. the combination of lopinavir, ritonavir, hydroxychloroquine and azithromycin caused significant increase in transaminases levels up to five times the upper limit of normal in COVID-19 patients with no prior history of liver disease [68]. In a more recent retrospective study of 134 hospitalized patients with COVID-19 administered with hydroxychloroquine and azithromycin, there was higher risk of QT prolongation and hypoglycemia that was associated with elevated liver function tests [77].



There is need for more studies preferably well-controlled, prospective, randomized clinical studies to examine the side effects particularly as it related to liver injury and associated liver function test abnormality of the use of azithromycin alone or in combination with other drugs.




4.6. Paracetamol and Acetaminophen


Paracetamol and ibuprofen are repurposed and are regarded as supportive therapeutic option for COVID-19 patients [78,79]. Early administration of ibuprofen might prevent some complications of COVID-19 [80], and a recent study found that acute or chronic use was not concomitant with COVID-19 outcomes [81]. However, there is a concern that ibuprofen could elevate the expression of ACE2 that would make persons more at risk of becoming infected with SARS-CoV-2 [82].



Acetaminophen, a recommended antipyretic medication is a well-documented cause of fulminant liver failure at high dose [83] and therapeutic doses used to treat COVID-19 may cause mild liver injury and thus alterations in ALT and AST levels [84]. There are researchers that have observed that many COVID-19 patients had prior use of acetaminophen before presenting at hospitals and suggests that liver function tests should be closely monitored [85].



There are few studies that examined the clinical efficacy and safety of acetaminophen as a monotherapy in COVID-19 patients. Piano et al. conducted a multi-center, retrospective study comprising 565 in-hospital COVID-19 patients and found that 15.2% developed abnormal liver function tests after tocilizumab, lopinavir, ritonavir, and acetaminophen use [86]. Furthermore, Bertolini et al. state that because there is evidence that COVID-19 patients at admission commonly presents with liver function test abnormalities prior to treatment, keen attention should be given to the possibility of drug-induced liver injury as medications such as lopinavir, ritonavir, remdesivir and acetaminophen are possibly hepatotoxic [87].





5. Hypoxia-Related Liver Injury in COVID-19


The symptoms of COVID-19 vary widely in individuals, from slight respiratory symptoms to clinical syndromes such as pneumonia and acute respiratory distress syndrome with associated multiple-organ failure which may progress to death—particularly in older patients with a number of comorbidities including diabetes mellitus and hypertension [88]. Sepsis, septic shock, pneumonia and acute respiratory distress syndrome are clinical conditions of severe and complicated COVID-19 illness, and hypoxia had been found to be a major causative factor [89].



During systemic stress and shock, acute heart failure or respiratory failure may be evident in critically ill COVID-19 patients with a reduction of oxygen saturation levels and a decrease in systemic arterial pressure. This may lead to a decrease in arterial perfusion of the liver with subsequent hepatic ischemia and hypoxia-reperfusion dysfunction with accompanying hepatocellular hypoxia [90]. The primary hypoxic hepatic injury will result in deranged liver biochemistry tests with elevation primarily in AST and ALT levels [91].



Secondary hypoxic hepatic damage takes place owing to the presence of acute respiratory distress syndrome in COVID-19 patients with pneumonia as well an overactive inflammatory response to SARS CoV-2 infection, and multi-organ failure [91]. The mechanism of pneumonia-associated hypoxia is complex and equivocal but may include the role of free radicals such as reactive oxygen species and many pro-inflammatory factors that cause hepatocyte infiltration and liver damage [92]. In COVID-19 patients with severe illness, there may be marked increase in AST and ALT levels, calcium overloading and decrease bicarbonate signifying metabolic acidosis [93].



There is supporting evidence that hypoxia may be concomitant with hepatic injury and there is a negative association between the latter and blood oxygen saturation [94]. Symptoms of respiratory distress and hypoxia in severe COVID-19 patients may be due to the destruction of red blood cells with less functional cells with hemoglobin available to transport adequate oxygen to all the areas of the body [95]. The hypoxia and subsequent elevated transaminases are related to increased serum ferritin as iron released from the destroyed red blood cells is stored in ferritin [96].



Increasingly, COVID-19 patients with hepatic injury and gastrointestinal symptoms have been observed more frequently and one report found high prevalence of chronic liver disease in SARS-CoV-2 infected patients with gastrointestinal manifestations [97]. COVID-19 patients presenting with gastrointestinal symptoms such as diarrhea and epigastric pain have been associated with prolonged period and more severe illness with contributing factors including inflammatory response, hypoxia and cytokine release [98].



In a retrospective study of 838 hospitalized COVID-19 patients, 51.2% presented with liver injury and had abnormal liver biochemistry tests that were due to hypoxia, use of antiviral medications and hypoxia. The study found that the pattern of hepatocellular injury was related to hypoxia and the mortality was 25.0% [99]. Likewise, in a case series of seven patients with COVID-19, it was observed that liver injury occurred during the course of the illness and was associated with mild increase in ALT (1.2 times the upper limit of normal) and AST levels (2.0 times the upper limit of normal). The authors proposed that the elevated transaminase levels could be concomitant with hepatocellular injury as a result of ischemia and hypoxia as well as systemic immune response subsequent to the cytokine storm syndrome [100]. It is worth noting findings from a more recent multi-center, retrospective study of 482 COVID-19 patients in Wuhan, China, where 29.5% had abnormal liver tests on admission with elevated ALT (67.6%), AST (69.0%) and total bilirubin (16.2%) levels. The authors reported that patients with increase liver biochemistry tests were more likely to have hypoxia or severe inflammation [101].



Hypoxic hepatic injury caused by ischemia and inflammation results in deranged liver biochemistry tests in COVID-19 patients with severe illness. The pathogenesis regarding the mechanism of hypoxia requires further elucidation. However, it is recommended that special care should be given to monitoring inflammatory markers and hypoxia for the prevention and management of hepatic damage in COVID-19 patients with severe illness [102].




6. Systemic Inflammatory Response (Cytokine Storm)


SARS-CoV-2 enters the human body and infects cells of the upper and lower respiratory tract resulting in persons being asymptomatic or experiencing mild, moderate or severe COVID-19 [103]. The underlying mechanism and sequence of events with subsequent hepatic injury and deranged liver biochemistry tests are complex and involve a number of mediatory biomarkers. Particularly on moderate and severe COVID-19 the initial phase involved endothelial damage and the extreme immune response to SARS-CoV-2 [104]. There is the stimulation of complex intracellular proteins named inflammasomes that facilitate autocatalytic activation of caspase-1 with proteolytic maturing and exudation of pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6 and IL-18 [105]. These cytokines then trigger the expressions of other genes involved in the immune process and via intracellular signaling particularly by IL-6, there is the release of other pro-inflammatory cytokine biomarkers such as IL-2, IL-8, IL-17, IL-10, tumor necrosis factor alpha (TNF-α), interferon-inducible protein (IP-10) and granulocyte colony-stimulating factor monocyte chemoattractant protein [106]. Moreover, the IL-6 in the hyperactive and dysregulated immune system that attempts to destroy and overpower SARS-CoV-2 also activate many downstream pathways and there is increased synthesis of CRP and ferritin, increased recruitment of neutrophils, and decreased lymphocytes [107].



The ongoing cascade of exaggerated and abnormal inflammatory responses due to the stimulation of immune and adaptive immune cells triggers an overwhelming cytokine storm in an advanced and uncontrollable manner, cytokine storm syndrome [108]. It important to note that associated with the cytokine storm in COVID-19 patients with severe illness is elevated neutrophil count and reduced T lymphocytes mainly CD8+, CD3+ and CD4+ T-cells [109]. Decreased levels of these three T-lymphocyte subsets along with IL-6 and IL-10 were reported to be independent risk factors (OR ranging from 1.78 to 5.63) in COVID-19 patients with severe hepatic injury [110,111]. The deleterious cytokine storm syndrome may result in coagulopathy and shock, with impaired liver perfusion and ultimately hepatocellular damage and cell death [112].



There are a number of studies that have investigated the relationship between liver dysfunction and causative factors such as cytokine storm with the involvement of pro-inflammatory biomarkers in COVID-19. In a group of 150 hospitalized COVID-19 patients, 45.6% of the patients presented with elevated ALT levels that were associated with high AST/ALT ratio as well as raised GGT and ALP levels. The mild hepatitis observed in these patients may be due to immune-mediated hepatic injury caused by the inflammatory response subsequent to the SARS-CoV-2 infection [113]. Moreover, Kudaravalli et al. reported findings from a case series involving COVID-19 patients with a mortality rate of approximately 3.7%. The liver dysfunction in these patients could be explained by a number of factors including significant injury from cytokine storm, hypoxia-induced impairment, hepatitis due to SARS-CoV-2 infection and medication-induced hepatic injury [114].



Systematic inflammation and cytokine storm in COVID-19 patients with severe illness may contribute to acute liver injury [115]. In a recent study of 655 COVID-19 patients presented to the Emergency Department at a University Hospital of which 15% were hospitalized, 42% of hospitalized patients had elevated AST levels and higher serum CRP, lactate dehydrogenase (LDH), ferritin and IL-6 levels [116]. Liver injury was positively correlated with these biomarkers particularly in 15 patients admitted to intensive care unit [116]. Likewise, in a single-center retrospective cohort study of 109 hospitalized COVID patients with severe and critical illness, there was liver injury (define as peak aminotransferases ≥ 3 times the upper limit of normal) and inflammatory markers such as LDH, ferritin, CRP, and IL-6 were significantly elevated. These patients experienced prolonged hospital stay and the authors suggested that the cytokine storm described by the significantly elevated inflammatory biomarkers seemed to be concomitant with the incidence of liver injury in COVID-19 patients with severe or critical illness [117].



Studies have examined the risk factors of hepatic injury in patients with severe COVID-19. In a retrospective of 657 COVID-19 patients of which 46.1% had inflammatory-liver injury, there were increased neutrophils and white blood cells, decreased lymphocytes, elevated inflammatory markers such as TNF-α, hs-CRP, ferritin, IL-2R and procalcitonin [118]. COVID-19 patients with neutrophil-to-lymphocyte ratio ≥ 5 and higher serum hs-CRP (≥10 mg/L) were at increased odds of hepatic injury [118]. In a retrospective study comprising 2623 adult COVID-19 patients of which 615 (23.4%) were critically ill, the infection induced cytokine storm characterized by elevated inflammatory cytokines that cause hepatotoxicity and significant hypoalbuminemia, was associated with disease progression and death in critically ill individuals [119].




7. Interconnection between SARS-CoV-2 Infection and Preexisting Liver Co-Morbidity


7.1. Chronic Liver Disease and Cirrhosis


Deranged liver function tests due to hepatic injury could arise from underlying chronic liver diseases. Reported prevalence rates of underlying liver diseases present in COVID-19 patients from large observational studies ranged from 3–11% [30,120]. Oyelade et al. carried out a meta-analysis involving 22 observational studies with 5595 COVID-19 patients and found there was a case fatality rate of 16%. They posited that 57.33% COVID-19 patients with underlying chronic liver disease had increased risk of severe illness and 17.65% higher odds of death [121]. The severity of the COVID-19 illness and higher mortality could be associated with abnormal hematological parameters such as low platelets and total lymphocyte counts [122]. Moreover, another recent study involving 123 COVID-19 patients of which 12.2% had chronic hepatitis B infection found that individuals with liver disorder were more susceptible to COVID-19 and greater incidence of liver cirrhosis [123].



However, there are conflicting findings from a pooled analysis of six studies by Lippi et al. comprising 904 COVID-19 patients where underlying chronic hepatic disease was not significantly related with higher odds of severe illness or mortality [124]. Moreover, a review of large case studies [125] and a retrospective study of 1099 COVID-19 patients [126] suggest that there is no association between COVID-19 severity and chronic viral hepatitis.



Patients with cirrhosis have long-lasting and irreparable scarring of the liver and with less functional mass there is impairment in liver function [127]. Generally, these patients have elevated risk of contracting SARS-CoV-2 with subsequent development of more severe disease, progressing to hepatic decompensation and ultimately death if they remain untreated [128]. According to Kushner et al. COVID-19 patients with preexisting cirrhosis and in the compensated phase have increased propensity to become decompensated, characterized by deteriorating ascites and hepatic liver encephalopathy [129]. Moreover, septic shock and stress coupled with the dysregulated immune system and cytokine storm are challenging in COVID-19 patients with underlying decompensated liver cirrhosis as there can be activation of acute-on-chronic liver failure with subsequent short-term death [130].



There are studies which demonstrated that presence of comorbid conditions such as liver cirrhosis in patients with COVID-19 was associated with worse prognosis [131,132]. A multi-center international study of 103 COVID-19 patients with cirrhosis and 49 non-cirrhotics conducted in early 2020 found that those individuals who developed liver decompensation during the COVID-19 illness had increased risk of death compared with those devoid of hepatic compensation (63.2% vs. 26.2%) [133]. Moreover, Bajaj et al. in a multi-center study of hospitalized COVID-19 patients reported that those with the respiratory disease and cirrhosis had significantly higher mortality compared to patients with COVID-19 alone (30% vs. 13%, p = 0.03) but not substantially different from those individuals with only cirrhosis (30% vs. 20%, p = 0.16) [134].



Notably, in The APCOLIS Study that investigated liver patterns in 288 COVID19 patients including 43 with cirrhosis and reviewing data from 13 Asian countries, patients with both conditions and elevated baseline liver function tests had increased risk of mortality. The study also found that patents in the decompensation phase with Child-Pugh class B cirrhosis had a 43% mortality with noted predictors such as increasing AST/ALT ratio and total bilirubin levels [135]. Likewise, a recent multicenter retrospective study of 363 hospitalized COVID-19 patients of which 15.2% had chronic hepatic disease found cirrhosis to be an autonomous prognosticator of death (aOR = 12.5, 95% CI: 2.16–72.5) [136]. Interestingly, in a multicenter retrospective study that examined clinical outcomes in COVID-19 patients with underlying cirrhosis, a 30-day-death rate was greater in patients with both conditions [137].




7.2. Non-Alcoholic Fatty Liver Disease


Non-alcoholic fatty liver disease also called metabolic associated fatty liver disease is characterized by the accumulation of significantly elevated lipids in the liver in the absence of alcohol use [138]. In a prospective cohort study of 202 COVID-19 patients, those individuals with non-alcoholic fatty liver disease had a greater risk of progression of the respiratory illness, significantly elevated liver function tests and prolonged SARS-CoV-2 shedding time compared to individuals without the liver condition [139]. Greater risk of severe COVID-19 disease was found in patients with metabolic associated fatty liver disease and non-diabetics (four-fold) [140], particularly for individuals less than 60 years old (2-fold) [47] as well as persons with intermediate (unadjusted OR = 4.32) or high (unadjusted-OR = 5.73) [141] risk for severe disease.



The mechanism by which non-alcoholic fatty liver disease could cause severe COVID-19 might be due to the presence of mild chronic systemic inflammation, dysregulated and suppressed immune response, involvement of pro-inflammatory markers and stimulation of macrophages in inflammatory reaction and metabolic pathways [142,143]. Additionally, a recent analysis of 22 studies showed that underlying diabetes mellitus with non-alcoholic fatty liver disease was concomitant with about two-fold higher risk of severe or critical COVID-19 [144], and patients with the liver disease were associated with a higher risk of COVID-19 (OR = 6.4; 95% CI: 1.5–31.2) [143].




7.3. Liver Transplant


The management and wellbeing of patients who are liver transplant recipients are important and can be daunting during the COVID-19 pandemic as these persons receive immunosuppressive drugs that make them more susceptible to SARS-CoV-2 and likely protracted vital shedding [145]. Quin and colleagues described the first case of COVID-19 (and liver transplant), which was that of a 37-year old-man diagnosed with hepatocellular carcinoma who subsequently underwent an orthotopic liver transplant. The procedure was successful as the recipient recovered with no evidence of multi-system organ damage and was discharged after approximately three months [146].



The data pertaining to the management of liver transplant recipients with COVID-19, risk and severity of the respiratory illness is sparse and is an area that warrants urgent investigation. The literature reports a retrospective single-center study comprising 37 liver transplant recipients who were diagnosed with COVID-19. The mortality was 18% while 71% were hospitalized, and the study also found that of the hospitalized patients 46% had severe COVID-19 disease, 79% decreased immunosuppression and 54% presented with acute kidney injury [147]. Similar findings were stated in a study by Pereira et al. where 24% of liver transplant recipients with COVID-19 were hospitalized and 18% died [148]. On the contrary, there are reports of mild COVID-19 and associated 3% mortality in longstanding liver transplant recipients [149].



There is also evidence that liver transplant recipients who contracted SARS-CoV-2, older and presented with co-morbidities such as obesity may have worse clinical outcomes [26]. In a small single-center retrospective case series of five long-term liver transplant recipients with COVID-19, two of the patients died while the other three others, one of whom had renal failure and the fourth and fifth immunosuppressed subsequently recovered from the respiratory illness [150]. Finally, a prospective study performed in Spain comprising 111 liver transplant recipients diagnosed with COVID-19 showed greater risk of SARS-CoV-2 infection with a mortality rate of 18%, and 31.5% of the patients had severe disease [151]. Notably, mycophenolate, an immunosuppressant medication was an independent prognosticator of severe disease especially at high dose (RR = 3.94; 95% CI 1.59–9.74; p = 0.003) [151].



In summary, most of the studies mentioned above had a small number of patients, which was one of the major limitations. The findings highlight the negative effect of COVID-19 on liver transplant recipients particularly those with co-morbidities. This points to the need for the implementation of preventative strategies and the wearing of personal protective equipment in high-risk situations as these patients are chronically immunosuppressed and are more susceptible to contracting SARS-CoV-2 with probably worse clinical outcomes.





8. Deranged LFTs in COVID Patients with Severe Illness


COVID-19 patients with severe illness are likely to present with atypical liver biochemistry tests. A number of systematic and meta-analysis studies have examined pooled odds ratios of hepatocellular and hepatobiliary enzymes to differentiate between severe and non-severe COVID-19 illness. In a meta-analysis of 8 studies involving 7467 COVID-19 patients by Xin et al. individuals had pooled odds ratio of 3.21, 2.35 and 1.87 for elevated AST, ALT and total bilirubin levels respectively in severe illness [152]. Kaushik et al. reported a prevalence of 59.04% for abnormal liver function tests in COVID-19 patients. Patients with severe illness presented at admissions with significant higher incidence of elevated AST levels (RR = 2.91), but non-significantly higher incidence of elevated ALT levels (RR = 2.32) and total bilirubin levels (RR = 1.95) [153]. Moreover, in a meta-analysis of 128 studies, the relative risk of elevated liver function tests in severe compared with non-severe COVID-19 patients were 1.76 (ALT), 2.30 (AST), 2.31 (GGT), and for decreased albumin levels a value of 2.65 [154]. In addition, severe COVID-19 had a significantly higher pooled incidence for elevated ALT, AST, GGT, ALP and total bilirubin at admission compared with non-severe cases (Table 1) [155]. Of note is a single-center retrospective study of 115 cases where most of the COVID-19 patients with severe illness demonstrated significantly decreased albumin levels, which was even lower during the progression of the disease [125].



At the time of admission liver function test of COVID-19 patients are usually determined and the prevalence are reported in a number of observational cohort and retrospective studies. The reported prevalence of deranged liver function tests for COVID-19 patients in China was approximately 14.9% on analysis of 14 recent studies comprising of 2595 individuals [156], compared with the United Stare of America with stated 40.0–67.5% in prospective cohort studies with populations up to 1059 persons [157,158,159]. In a case series of 44 consecutive hospitalized COVID-19 patients, 70% had elevated AST and 15.8% ALT levels on admission [160]. Moreover, in a retrospective cohort study comprising 1827 patients, 41.6% ALT, 66.9% AST, 4.3% total bilirubin and 13.5% ALP levels were elevated at admission [37].





[image: Table] 





Table 1. Abnormal liver biochemistry tests in COVID-19 patients with severe illness.
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	Reference
	Liver Biochemistry Test
	Type of Study/Number of Articles
	Study Design
	Sample Size
	Main Findings/Incidence





	Xin et al., 2020 [152]
	AST, ALT and total bilirubin
	Review (8 articles)
	Systematic review and meta-analysis
	7467
	The ORs for severe COVID-19 patients were 2.35 (ALT), 3.21 (AST) and 1.87 (total bilirubin).



	Kaushik et al., 2020 [153]
	AST, ALT and total bilirubin
	Original
	Cross-sectional
	105
	Prevalence of abnormal LFTs is 59.04%. The RR for AST is 2.91, 2.32 for ALT and 1.95 for total bilirubin in severe COVID-19.



	Wu et al., 2020 [155]
	ALT, AST, GGT, ALP and total bilirubin
	Review (45 articles)
	Systematic review and meta-analysis
	-
	Pooled incidence of abnormal LFTs at admission was 27.2%. Severe patients had a significantly higher pooled incidence of abnormal LFTs (ALT, AST, GGT, ALP and total bilirubin).



	Kumar-M [154]
	ALT, AST, GGT and albumin
	Review (128 articles)
	Systematic review and meta-analysis
	-
	The RRs for severe COVID-19 patients were 1.76 (ALT), 2.30 (AST), 2.31 (GGT), and for albumin, 2.65.



	Sultan et al., 2020 [156]
	ALT and AST
	Review (47 articles)
	Systematic review and meta-analysis
	10,890
	The pooled prevalence estimates of 15.0% for AST and 15.0% for ALT in hospitalized COVID-19 patients.



	Cholankeril et al., 2020 [157]
	ALT, AST, GGT and total bilirubin
	Original
	Retrospective
	116
	40% of patients had abnormal liver function tests (ALT, AST, GGT and total bilirubin).



	Hajifathalian et al., 2020 [158]
	ALT, AST, GGT and total bilirubin
	Original
	Retrospective
	1059
	62% presented with at least one elevated liver enzyme.



	Schattenberg et al., 2020 [160]
	ALT and AST
	Original
	Case series
	44
	70% of COVID-19 patients had elevated AST and 15.8% increased ALT on admission.



	Hundt et al., 2020 [161]
	ALT, AST, GGT and total bilirubin
	Original
	Retrospective
	1827
	41.6% ALT, 66.9% AST, 4.3% total bilirubin and 13.5% ALP were elevated at admission.









9. Deranged LFTs in COVID Patients and Mortality


A number of studies have examined the relationship between liver function tests on admission and prognostic outcome in COVID-19 patients. AST and ALT, biomarkers of hepatocellular damage were significantly increased in a retrospective study including 675 COVID-19 patients, and individuals with AST > 3 times the upper limit of normal had the greatest risk of death [161]. In a meta-analysis and systematic review, AST (OR = 5.39) and ALT (OR = 2.49) levels were associated with a high rate of mortality [162]. Moreover, in another retrospective study comprising 544 COVID-19 patients where there were elevated AST and ALT levels, the AST/ALT ratio > 1 was concomitant with increased mortality (Table 2) [163]. AST along with LDH levels were significantly elevated in a non-survival group of COVID-19 patients with an area under the ROC curve of 0.854 in predicting disease prognosis [164]. Decreased levels of albumin and higher levels of AST were also associated with the mortality of COVID-19 patients [165]. However, abnormal liver function tests were not associated with survival in hospitalized COVID-19 patients [166] but with increased risk of ICU admission [167].



Studies have also investigated the relationship between cholangiocyte-related enzymes and hepatobiliary biomarkers such as ALP, GGT, direct and total bilirubin, and the hepatocellular biochemical markers ALT and AST, and clinical outcomes. In a multi-center retrospective cohort study comprising 5771 adult COVID-19 patients that examine temporal patterns of liver function biomarkers in a longitudinal manner, significant increase in AST than ALT levels were observed followed by mildly elevated total bilirubin and modest increase in ALP levels in hospitalized patients. The study reported that elevated AST levels were related to the highest mortality risks in hospitalized patients [168] (Table 2). Likewise, in a large retrospective cohort study comprising 2071 COVID-19 patients in China, 14.3% had liver injury and the prevalence of abnormal liver biochemistry results was 61.8%. The study also found that early after the onset of symptoms AST and direct bilirubin were significantly increased and their levels at admission were independent risk factors of mortality [AST (adjusted HR = 1.39) and direct bilirubin (adjusted HR = 1.66)] [169]. In addition, in a study that examined the various hepatic injury pattern in COVID-19 patients and associated prognosis, 51.2% presented with hepatic injury and the mortality of the cholestatic pattern was the highest with 28.2% of individuals followed by hepatocellular injury pattern with 25.0% and mixed pattern with 22.3% [99].



There are studies that assert that in severe hospitalized COVID-19 patients there is significant elevation of GGT, direct and total bilirubin and moderate elevations of ALP. The alterations in the liver biochemistry tests could possibly be due to the dysfunction of cholangiocytes as they possess a significant amount of ACE2 receptors, which can become infected by SARS-CoV-2 [13]. Elevated GGT levels observed in some studies could be related to bile duct injury [170]. Wang et al. reported significantly elevated serum ALT, total bilirubin and GGT levels in severe and critically ill COVID-19 patients than in those who were moderately ill, and there were more deceased patients with total bilirubin two times above the upper limit of normal than survivors (Table 2) [118]. In a similar manner, Bernal-Monterde reported that elevated GGT levels were observed in 47.0% and 60.5% of COVID-19 patients at admission and during hospitalization respectively [166]. Supporting findings also comes from two Chinese cohorts of COVID-19 patients where GGT levels were elevated in more than one-half of the individuals [11,125]. Bernal-Monterde and colleagues also find a strong relationship between longitudinal changes in GGT levels and to a minor extent total bilirubin levels and suggests that elevated biomarkers indicate cholestatic liver injury and may have a negative impact on survival [166]. However, in the meta-analysis by Vancsa et al. ALP was not a significant prognostic biomarker of mortality in patients with acute liver injury related to COVID-19 [162].
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Table 2. Abnormal liver biochemistry tests and clinical outcome (mortality) in COVID-19 patients.
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	Reference
	Liver Biochemistry Test
	Type of Study
	Study Design
	Sample Size
	Main Findings/Incidence





	Vancsa et al. 2020 [162]
	AST and ALT
	Review (50 articles)
	Systematic review and meta-analysis
	-
	AST (OR = 5.39) and ALT (OR = 2.49) levels were associated with a high rate of mortality.



	Medetalibeyoglu et al., 2021 [163]
	AST and ALT
	Original
	Retrospective
	614
	AST/ALT ratio > 1 was associated with mortality risk (AUC = 0.713, p = 0.001).



	Li et al., 2020 [155]
	AST and albumin
	Original
	Retrospective
	80
	Decreased levels of albumin and higher levels of AST were also associated with mortality of COVID-19 patients (p = 0.002 and p = 0.009 respectively).



	Bernal-Monterde et al., 2020 [156]
	AST and GGT
	Original
	Retrospective
	540
	Increased AST (40.9%) and GGT (47.3%) were not associated with survival.



	Lei et al., 2020 [168]
	AST, ALT, ALP and total bilirubin
	Original
	Retrospective
	5771
	Significantly elevated AST and ALT, mild total bilirubin and modest ALP; elevated AST was associated with highest mortality risks.



	Ding et al., 2020 [169]
	AST and total bilirubin
	Original
	Retrospective
	2071
	Significantly elevated AST and direct bilirubin and their levels at admission were independent risk factors of mortality.



	Chu et al., 2020 [170]
	AST, ALT, ALP, GGT and total bilirubin
	Original
	Retrospective
	838
	Mortality of the cholestatic pattern was the highest with 28.2% of individuals followed by hepatocellular injury pattern with 25.0% and mixed pattern with 22.3%.



	Wang et al., 2020 [118]
	Total bilirubin
	Original
	Retrospective
	657
	More COVID-19 patients who died (17%) had significantly elevated serum total bilirubin than discharged patients (4.7%).



	Xu et al., 2021 [171]
	AST, ALT and total bilirubin
	Original
	Retrospective
	1003
	AST > 2 ULN (HR = 34.7), ALT > 2 ULN (HR = 7.0) and total bilirubin > 2 ULN were significantly related to higher mortality.



	Ponziani et al., 2020 [167]
	ALP
	Original
	Prospective
	515
	Peak values of ALP were associated with risk of death (OR 1.007, p = 0.005).









10. Discussion


This article is a comprehensive systematic review of the literature on abnormal liver biochemistry tests in COVID-19 patients and the possible pathogenesis involved. It also affords robust findings regarding the severity, hepatocellular and cholestatic pattern, incidence and ongoing changes in liver function tests as well as related clinical outcomes in COVID-19 patients.



The mechanism involved in acute hepatic injury in COVID-19 patients is equivocal and multifaceted. There is documented in vitro and in vivo evidence of the involvement of ACE2 for cellular entry of SARS-CoV-2 and in terms of the liver, increased ACE2 receptor expression on cholangiocytes. Damage to cholangiocytes due to SARS-CoV-2 infection accounts for cholestatic and mixed hepatocellular/hepatobillary patterns in liver injury with resulting increased GGT, direct bilirubin, total bilirubin and ALP levels. There is also significant data published in the last year on liver injury caused by therapeutic drugs such as lopinavir, ritonavir, remdesivir, hydroxychloroquine and azithromycin. Drugs such as lopinavir are broken down by cytochrome P450 3A4 enzymes in hepatocytes, which may contribute to the elevated ALT and AST levels due to hepatocellular damage [172]. Antipyretic drugs containing acetaminophen at high doses used in treating COVID-19 patients can be hepatotoxic and may cause hepatocellular damage. Besides, the mechanism of liver injury due to hypoxia reperfusion dysfunction and liver ischemia is being unraveled and there is increased data that accounts for the correlation with elevated ALT and AST levels. However, data also demonstrates the effective use of antiviral therapy in halting the progression of the COVID-19 disease [173].



Notwithstanding, the increased knowledge of the pathogenesis of liver injury particular by use of these repositioned therapeutic agents, point to the need for more studies preferably well-controlled, prospective, randomized clinical studies to examine the side effects and deranged liver biochemistry tests associated with liver injury due to the use of these drugs singly or in combination. Furthermore, there is no standardized criteria for liver injury due to COVID-19. Therefore, more observational studies are necessary to define the levels of liver biochemistry tests that equate to COVID-19-induced hepatic injury to guide appropriate care and management of these patients.



The essential mechanism that is intricately involved in hepatic injury in COVID-19 patients comprise immune reconstitution due to SARS-CoV-2 infection as well as cytokine storm-induced systemic inflammation. This review documents studies that found decreased T-lymphocytes subsets mainly CD4+ T and CD8+ T cells as well as elevated cytokines such as IL-6 in severe and critically ill COVID-19 patients. These inflammatory biological mediators when significantly elevated above their respective upper limit of normal have been found to be associated with worse clinical outcomes in COVID-19 patients. The inflammatory biomarker IL-6 is an indicator of COVID-19 severity and tocilizumab has been employed in clinical trials for treating critically ill persons.



The evidence in this analysis indicates that COVID-19 patients with abnormal liver biochemistry tests at admission are likely to progress to severe illness. This means that liver function tests, particularly AST and ALT should be carefully monitored and their levels should be utilized to decide on therapeutic dosages of medications prescribed to COVID-19 patients in the management of their condition. Besides, there are limited studies that have reported low albumin levels in COVID-19 patients with severe illness as well as cholestatic liver biomarkers such as GGT and ALP, which are usually deranged in persons with severe disease. The reduced albumin may be related to the progression of the disease particularly in severe and critically ill COVID-19 patients. The reasons for decreased albumin warrant further investigation, which could be due to the contribution of humoral immunity or modifications in vascular permeability.



Patients who are liver transplant recipients treated with immunosuppressant drugs are of particular concern as they are at a greater risk of SARS-CoV-2 infection as reported by studies in this review. Those patients with comorbidities such as hypertension and diabetes mellitus are more immunocompromised and therefore significant complications and higher mortality are observed in this group of patients. Another group of patients that must be carefully monitored are those with nonalcoholic fatty liver disease since there is evidence that those with COVID-19 are more ill as the respiratory disease progress more rapidly and there is extended SARS-CoV-2 shedding time. While it is unclear regarding the severity of COVID-19 in patients with nonalcoholic fatty liver disease, the literatures cite possible causative factors such as low-grade inflammation and modifications in the immune response. This is an area which warrants further research, so that these patients can have better clinical outcomes.



The preventative measures against SARS-CoV-2 infection and transmission are critical and patients must be aware of the benefits of such procedures. These measures include regular washing of hands with soap for at least twenty seconds, the use of approved hand sanitizers, correct wearing of masks (surgical and N-95), and avoiding contacts with persons who are suspected or confirm with COVID-19.




11. Conclusions


In summary, the pathogenesis and mechanism for liver injury in COVID-19 patients are multifactorial and involved hepatotoxicity by repositioned therapeutic agents, liver damage caused by SARS-CoV-2, hepatic ischemia associated with hypoxia and cytokine storm syndrome due to systemic inflammatory response amongst others. The acute hepatic injury is evidenced by deranged liver function tests such as AST and ALT that increased with disease progression. There is also up regulation of hepatobiliary biomarkers such as GGT and to a lesser extent ALP, which are prognostic factors with poor clinical outcomes. Therefore, liver biochemistry tests in COVID-19 patients should be closely monitored particularly in high-risk individuals such as the elderly, patients with underlying liver disease and liver transplant recipients. Larger observational studies are warranted to define the role of liver biochemistry tests in risk stratification and diagnostic algorithms.







Author Contributions


Conceptualization, D.A.M.; writing—original draft preparation, D.A.M.; writing—review and editing, F.M., M.A.C., L.A.-J., S.B. and L.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Pal, M.; Berhanu, G.; Desalegn, C.; Kandi, V. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2): An update. Cureus 2020, 12, e7423. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Wang, Y.; Shao, C.; Huang, J.; Gan, J.; Huang, X.; Bucci, E.; Piacentini, M.; Ippolito, G.; Melino, G. COVID-19 infection: The perspectives on immune responses. Cell Death Differ. 2020, 27, 1451–1454. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, S.F.; Ho, Y.-C. SARS-CoV-2: A storm is raging. J. Clin. Investig. 2020, 130, 2202–2205. [Google Scholar] [CrossRef] [PubMed]

	



Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; Gkavogianni, T.; Adami, M.-E.; Katsaounou, P.; et al. Complex immune dysregulation in COVID-19 patients with severe respiratory failure. Cell Host Microbe 2020, 27, 992–1000.e3. [Google Scholar] [CrossRef]

	



Cappanera, S.; Palumbo, M.; Kwan, S.H.; Priante, G.; Martella, L.A.; Saraca, L.M.; Sicari, F.; Vernelli, C.; Di Giuli, C.; Andreani, P.; et al. When does the cytokine storm begin in COVID-19 patients? A quick score to recognize it. J. Clin. Med. 2021, 10, 297. [Google Scholar] [CrossRef]

	



Zhang, Y.; Geng, X.; Tan, Y.; Li, Q.; Xu, C.; Xu, J.; Hao, L.; Zeng, Z.; Luo, X.; Liu, F.; et al. New understanding of the damage of SARS-CoV-2 infection outside the respiratory system. Biomed. Pharmacother. 2020, 127, 110195. [Google Scholar] [CrossRef]

	



Mokhtari, T.; Hassani, F.; Ghaffari, N.; Ebrahimi, B.; Yarahmadi, A.; Hassanzadeh, G. COVID-19 and multi-organ failure: A narrative review on potential mechanisms. J. Mol. Histol. 2020, 51, 613–628. [Google Scholar] [CrossRef]

	



Kukla, M.; Skonieczna-Żydecka, K.; Kotfis, K. COVID-19, MERS and SARS with concomitant liver injury-systematic review of the existing literature. J. Clin. Med. 2020, 9, 1420. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet 2020, 395, 507–513. [Google Scholar] [CrossRef]

	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Cai, Q.; Huang, D.; Yu, H.; Zhu, Z.; Xia, Z.; Su, Y.; Li, Z.; Zhou, G.; Gou, J.; Qu, J.; et al. COVID-19: Abnormal liver function tests. J. Hepatol. 2020, 73, 566–574. [Google Scholar] [CrossRef]

	



Xu, L.; Liu, J.; Lu, M.; Yang, D.; Zheng, X. Liver injury during highly pathogenic human coronavirus infections. Liver Int. 2020, 40, 998–1004. [Google Scholar] [CrossRef] [PubMed]

	



Chai, X.; Hu, L.; Zhang, Y.; Han, W.; Lu, Z.; Ke, A.; Zhou, J.; Shi, G.; Fang, N.; Fan, J.; et al. Specific ACE2 expression in cholangiocytes may cause liver damage after 2019-nCoV infection. BioRxiv. 2020. [Google Scholar] [CrossRef]

	



Guy, J.L.; Lambert, D.W.; Warner, F.J.; Hooper, N.M.; Turner, A.J. Membrane-associated zinc peptidase families: Comparing ACE and ACE2. Biochim. Biophys. Acta 2005, 1751, 2–8. [Google Scholar] [CrossRef] [PubMed]

	



Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.; Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Long, X.; Zhang, B.; Zhang, W.; Chen, X.; Zhang, Z. ACE2 Expression in pancreas may cause pancreatic damage after SARS-CoV-2 infection. Clin. Gastroenterol. Hepatol. 2020, 18, 2128–2130.e2. [Google Scholar] [CrossRef] [PubMed]

	



Shulla, A.; Heald-Sargent, T.; Subramanya, G.; Zhao, J.; Perlman, S.; Gallagher, T. A transmembrane serine protease is linked to the severe acute respiratory syndrome coronavirus receptor and activates virus entry. J. Virol. 2011, 85, 873–882. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell 2020, 181, 271–280.e8. [Google Scholar] [CrossRef] [PubMed]

	



Lozano-Sepulveda, S.A.; Galan-Huerta, K.; Martínez-Acuña, N.; Arellanos-Soto, D.; Rivas-Estilla, A.M. SARS-CoV-2 another kind of liver aggressor, how does it do that? Ann. Hepatol. 2020, 19, 592–596. [Google Scholar] [CrossRef]

	



Zhao, B.; Ni, C.; Gao, R.; Wang, Y.; Yang, L.; Wei, J.; Lv, T.; Liang, J.; Zhang, Q.; Xu, W.; et al. Recapitulation of SARS-CoV-2 infection and cholangiocyte damage with human liver ductal organoids. Protein Cell 2020, 11, 771–775. [Google Scholar] [CrossRef]

	



Shao, T.; Tong, Y.; Lu, S.; Jeyarajan, A.J.; Su, F.; Dai, J.; Shi, J.; Huang, J.; Hu, C.; Wu, L.; et al. γ-Glutamyltransferase elevations are frequent in patients with COVID-19: A clinical epidemiologic study. Hepatol. Commun. 2020, 4, 1744–1750. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Hu, Y.; Yu, J.; Ma, T. Retrospective analysis of laboratory testing in 54 patients with severe- or critical-type 2019 novel coronavirus pneumonia. Lab. Investig. 2020, 100, 794–800. [Google Scholar] [CrossRef] [PubMed]

	



Farcas, G.A.; Poutanen, S.M.; Mazzulli, T.; Willey, B.M.; Butany, J.; Asa, S.L.; Faure, P.; Akhavan, P.; Low, D.E.; Kain, K.C. Fatal severe acute respiratory syndrome is associated with multiorgan involvement by coronavirus. J. Infect. Dis. 2005, 191, 193–197. [Google Scholar] [CrossRef]

	



Chau, T.N.; Lee, K.C.; Yao, H.; Tsang, T.Y.; Chow, T.C.; Yeung, Y.C.; Choi, K.W.; Tso, Y.K.; Lau, T.; Lai, S.T.; et al. SARS-associated viral hepatitis caused by a novel coronavirus: Report of three cases. Hepatology 2004, 39, 302–310. [Google Scholar] [CrossRef]

	



Boeckmans, J.; Rodrigues, R.M.; Demuyser, T.; Piérard, D.; Vanhaecke, T.; Rogiers, V. COVID-19 and drug-induced liver injury: A problem of plenty or a petty point? Arch. Toxicol. 2020, 94, 1367–1369. [Google Scholar] [CrossRef]

	



Marjot, T.; Webb, G.J.; Barritt, A.S., 4th; Moon, A.M.; Stamataki, Z.; Wong, V.W.; Barnes, E. COVID-19 and liver disease: Mechanistic and clinical perspectives. Nat. Rev. Gastroenterol. Hepatol. 2021, 10, 348–364. [Google Scholar] [CrossRef]

	



Kulkarni, A.V.; Kumar, P.; Tevethia, H.V. Systematic review with meta-analysis: Liver manifestations and outcomes in COVID-19. Aliment. Pharmacol. Ther. 2020, 52, 584–599. [Google Scholar] [CrossRef]

	



Osborne, V.; Davies, M.; Lane, S.; Evans, A.; Denyer, J.; Dhanda, S.; Roy, D.; Shakir, S. Lopinavir-Ritonavir in the treatment of COVID-19: A dynamic systematic benefit-risk assessment. Drug Saf. 2020, 43, 809–821. [Google Scholar] [CrossRef] [PubMed]

	



Cao, B.; Wang, Y.; Wen, D.; Liu, W.; Wang, J.; Fan, G.; Ruan, L.; Song, B.; Cai, Y.; Wei, M.; et al. A trial of lopinavir-ritonavir in adults hospitalized with severe Covid-19. N. Engl. J. Med. 2020, 382, 1787–1799. [Google Scholar] [CrossRef]

	



Fan, Z.; Chen, L.; Li, J.; Cheng, X.; Yang, J.; Tian, C.; Zhang, Y.; Huang, S.; Liu, Z.; Cheng, J. Clinical features of COVID-19-related liver functional abnormality. Clin. Gastroenterol. Hepatol. 2020, 18, 1561–1566. [Google Scholar] [CrossRef]

	



Li, Y.; Xie, Z.; Lin, W.; Cai, W.; Wen, C.; Guan, Y.; Mo, X.; Wang, J.; Wang, Y.; Peng, P.; et al. Efficacy and safety of lopinavir/ritonavir or arbidol in adult patients with mild/moderate COVID-19: An exploratory randomized controlled trial. Med 2020, 1, 105–113.e4. [Google Scholar] [CrossRef] [PubMed]

	



Warren, T.K.; Jordan, R.; Lo, M.K.; Ray, A.S.; Mackman, R.L.; Soloveva, V.; Siegel, D.; Perron, M.; Bannister, R.; Hui, H.C.; et al. Therapeutic efficacy of the small molecule GS-5734 against Ebola virus in rhesus monkeys. Nature 2016, 531, 381–385. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, C.J.; Tchesnokov, E.P.; Woolner, E.; Perry, J.K.; Feng, J.Y.; Porter, D.P.; Götte, M. Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase from severe acute respiratory syndrome coronavirus 2 with high potency. J. Biol. Chem. 2020, 295, 6785–6797. [Google Scholar] [CrossRef] [PubMed]

	



U.S. Food and Drug Administration. Remdesivir EUA Letter of Authorization. 2020. Available online: www.fda.gov/media/137564/download (accessed on 30 April 2021).

	



Lee, S.; Santarelli, A.; Caine, K.; Schritter, S.; Dietrich, T.; Ashurst, J. Remdesivir for the treatment of severe COVID-19: A community hospital’s experience. J. Am. Osteopath. Assoc. 2020, 120, 926–933. [Google Scholar] [CrossRef]

	



Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.; Kline, S.; et al. Remdesivir for the treatment of Covid-19—Final Report. N. Engl. J. Med. 2020, 383, 1813–1826. [Google Scholar] [CrossRef] [PubMed]

	



Hundt, M.A.; Deng, Y.; Ciarleglio, M.M.; Nathanson, M.H.; Lim, J.K. Abnormal liver tests in COVID-19: A retrospective observational cohort study of 1827 patients in a major U.S. hospital network. Hepatology 2020, 72, 1169–1176. [Google Scholar] [CrossRef] [PubMed]

	



Goldman, J.D.; Lye, D.C.B.; Hui, D.S.; Marks, K.M.; Bruno, R.; Montejano, R.; Spinner, C.D.; Galli, M.; Ahn, M.Y.; Nahass, R.G.; et al. Remdesivir for 5 or 10 days in patients with severe Covid-19. N. Engl. J. Med. 2020, 383, 1827–1837. [Google Scholar] [CrossRef]

	



Carothers, C.; Birrer, K.; Vo, M. Acetylcysteine for the treatment of suspected remdesivir-Associated acute liver failure in COVID-19: A case series. Pharmacotherapy 2020, 40, 1166–1171. [Google Scholar] [CrossRef] [PubMed]

	



Grein, J.; Ohmagari, N.; Shin, D. Compassionate use of remdesivir for patients with severe Covid-19. N. Engl. J. Med. 2020, 382, 2327–2336. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, D.; Du, G. Remdesivir in adults with severe COVID-19: A randomized, double-blind, placebo-controlled, multi-centre trial. Lancet 2020, 395, 1569–1578. [Google Scholar] [CrossRef]

	



van Laar, S.A.; de Boer, M.G.J.; Gombert-Handoko, K.B.; Guchelaar, H.J.; Zwaveling, J.; LUMC-Covid-19 Research Group. Liver and kidney function in patients with Covid-19 treated with remdesivir. Br. J. Clin. Pharmacol. 2021. [Google Scholar] [CrossRef]

	



Lei, Z.N.; Wu, Z.X.; Dong, S.; Yang, D.H.; Zhang, L.; Ke, Z.; Zou, C.; Chen, Z.S. Chloroquine and hydroxychloroquine in the treatment of malaria and repurposing in treating COVID-19. Pharmacol. Ther. 2020, 216, 107672. [Google Scholar] [CrossRef]

	



Schrezenmeier, E.; Dörner, T. Mechanisms of action of hydroxychloroquine and chloroquine: Implications for rheumatology. Nat. Rev. Rheumatol. 2020, 16, 155–166. [Google Scholar] [CrossRef] [PubMed]

	



Infante, M.; Ricordi, C.; Alejandro, R.; Caprio, M.; Fabbri, A. Hydroxychloroquine in the COVID-19 pandemic era: In pursuit of a rational use for prophylaxis of SARS-CoV-2 infection. Expert Rev. Anti-Infect. Ther. 2021, 19, 5–16. [Google Scholar] [CrossRef] [PubMed]

	



Yao, X.; Ye, F.; Zhang, M.; Cui, C.; Huang, B.; Niu, P.; Liu, X.; Zhao, L.; Dong, E.; Song, C.; et al. In vitro antiviral activity and projection of optimized dosing design of hydroxychloroquine for the treatment of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 2020, 71, 732–739. [Google Scholar] [CrossRef]

	



Zhou, D.; Dai, S.M.; Tong, Q. COVID-19: A recommendation to examine the effect of hydroxychloroquine in preventing infection and progression. J. Antimicrob. Chemother. 2020, 75, 1667–1670. [Google Scholar] [CrossRef]

	



Liu, J.; Cao, R.; Xu, M.; Wang, X.; Zhang, H.; Hu, H.; Li, Y.; Hu, Z.; Zhong, W.; Wang, M. Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in inhibiting SARS-CoV-2 infection in vitro. Cell Discov. 2020, 6, 16. [Google Scholar] [CrossRef] [PubMed]

	



Geleris, J.; Sun, Y.; Platt, J.; Zucker, J.; Baldwin, M.; Hripcsak, G.; Labella, A.; Manson, D.K.; Kubin, C.; Barr, R.G.; et al. Observational study of hydroxychloroquine in hospitalized patients with Covid-19. N. Engl. J. Med. 2020, 382, 2411–2418. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, E.S.; Dufort, E.M.; Udo, T.; Wilberschied, L.A.; Kumar, J.; Tesoriero, J.; Weinberg, P.; Kirkwood, J.; Muse, A.; DeHovitz, J.; et al. Association of treatment with hydroxychloroquine or azithromycin with in-hospital mortality in patients with COVID-19 in New York state. JAMA 2020, 323, 2493–2502. [Google Scholar] [CrossRef]

	



Hernandez, A.V.; Roman, Y.M.; Pasupuleti, V.; Barboza, J.J.; White, C.M. Hydroxychloroquine or chloroquine for treatment or prophylaxis of COVID-19: A living systematic review. Ann. Intern. Med. 2020, 173, 287–296. [Google Scholar] [CrossRef]

	



Borba, M.G.S.; Val, F.F.A.; Sampaio, V.S.; Alexandre, M.A.A.; Melo, G.C.; Brito, M.; Mourão, M.P.G.; Brito-Sousa, J.D.; Baía-da-Silva, D.; Guerra, M.V.F.; et al. Effect of high vs. low doses of chloroquine diphosphate as adjunctive therapy for patients hospitalized with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. JAMA Netw. Open 2020, 3, e208857. [Google Scholar] [CrossRef]

	



Makin, A.J.; Wendon, J.; Fitt, S. Fulminant hepatic failure secondary to hydroxychloroquine. Gut 1994, 35, 569–570. [Google Scholar] [CrossRef] [PubMed]

	



Cheema, B.; Triplett, D.; Krishnamurthy, P. Hydroxychloroquine-induced acute liver injury. Am. J. Gastroenterol. 2019, 114, S1286. [Google Scholar] [CrossRef]

	



Gao, J.; Tian, Z.; Yang, X. Breakthrough: Chloroquine phosphate has shown apparent efficacy in treatment of COVID-19 associated pneumonia in clinical studies. Biosci. Trends 2020, 14, 72–73. [Google Scholar] [CrossRef]

	



Annie, F.H.; Sirbu, C.; Frazier, K.R.; Broce, M.; Lucas, B.D., Jr. Hydroxychloroquine in hospitalized patients with COVID-19: Real-world experience assessing mortality. Pharmacotherapy 2020, 40, 1072–1081. [Google Scholar] [CrossRef]

	



Nishimoto, N.; Kishimoto, T. Humanized antihuman IL-6 receptor antibody, tocilizumab. Handb. Exp. Pharmacol. 2008, 181, 151–160. [Google Scholar] [CrossRef]

	



Sheppard, M.; Laskou, F.; Stapleton, P.P.; Hadavi, S.; Dasgupta, B. Tocilizumab (Actemra). Hum. Vaccines Immunother. 2017, 13, 1972–1988. [Google Scholar] [CrossRef] [PubMed]

	



Samaee, H.; Mohsenzadegan, M.; Ala, S.; Maroufi, S.S.; Moradimajd, P. Tocilizumab for treatment patients with COVID-19: Recommended medication for novel disease. Int. Immunopharmacol. 2020, 89, 107018. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Zhu, X.F.; Huang, J.; Chen, C.; Zheng, Y.; He, W.; Zhao, L.H.; Gao, Q.; Huang, X.X.; Fu, L.J.; et al. Nomogram for prediction of fatal outcome in patients with severe COVID-19: A multicenter study. Mil. Med. Res. 2021, 8, 21. [Google Scholar] [CrossRef]

	



Amin, S.; Rahim, F.; Bahadur, S.; Noor, M.; Mahmood, A.; Gul, H. The effect of tocilizumab on inflammatory markers in survivors and non-survivors of severe COVID-19. J. Coll. Physicians Surg. Pak. 2021, 30, S7–S10. [Google Scholar] [CrossRef]

	



Capra, R.; De Rossi, N.; Mattioli, F.; Romanelli, G.; Scarpazza, C.; Sormani, M.P.; Cossi, S. Impact of low dose tocilizumab on mortality rate in patients with COVID-19 related pneumonia. Eur. J. Intern. Med. 2020, 76, 31–35. [Google Scholar] [CrossRef]

	



Campochiaro, C.; Della-Torre, E.; Cavalli, G.; De Luca, G.; Ripa, M.; Boffini, N.; Tomelleri, A.; Baldissera, E.; Rovere-Querini, P.; Ruggeri, A.; et al. Efficacy and safety of tocilizumab in severe COVID-19 patients: A single-centre retrospective cohort study. Eur. J. Intern. Med. 2020, 76, 43–49. [Google Scholar] [CrossRef] [PubMed]

	



Pettit, N.N.; Nguyen, C.T.; Mutlu, G.M.; Wu, D.; Kimmig, L.; Pitrak, D.; Pursell, K. Late onset infectious complications and safety of tocilizumab in the management of COVID-19. J. Med. Virol. 2021, 93, 1459–1464. [Google Scholar] [CrossRef]

	



Morena, V.; Milazzo, L.; Oreni, L.; Bestetti, G.; Fossali, T.; Bassoli, C.; Torre, A.; Cossu, M.V.; Minari, C.; Ballone, E.; et al. Off-label use of tocilizumab for the treatment of SARS-CoV-2 pneumonia in Milan, Italy. Eur. J. Intern. Med. 2020, 76, 36–42. [Google Scholar] [CrossRef]

	



Muhović, D.; Bojović, J.; Bulatović, A.; Vukčević, B.; Ratković, M.; Lazović, R.; Smolović, B. First case of drug-induced liver injury associated with the use of tocilizumab in a patient with COVID-19. Liver Int. 2020, 40, 1901–1905. [Google Scholar] [CrossRef] [PubMed]

	



Mazzitelli, M.; Arrighi, E.; Serapide, F.; Pelle, M.C.; Tassone, B.; Lionello, R.; Marrazzo, G.; Laganà, D.; Costanzo, F.S.; Matera, G.; et al. Use of subcutaneous tocilizumab in patients with COVID-19 pneumonia. J. Med. Virol. 2021, 93, 32–34. [Google Scholar] [CrossRef] [PubMed]

	



Serviddio, G.; Villani, R.; Stallone, G.; Scioscia, G.; Foschino-Barbaro, M.; Lacedonia, D. Tocilizumab and liver injury in patients with COVID-19. Ther. Adv. Gastroenterol. 2020, 13, 1756284820959183. [Google Scholar] [CrossRef]

	



Gatti, M.; Fusaroli, M.; Caraceni, P.; Poluzzi, E.; De Ponti, F.; Raschi, E. Serious adverse events with tocilizumab: Pharmacovigilance as an aid to prioritize monitoring in COVID-19. Br. J. Clin. Pharmacol. 2021, 87, 1533–1540. [Google Scholar] [CrossRef] [PubMed]

	



Bacharier, L.B.; Guilbert, T.W.; Mauger, D.T.; Boehmer, S.; Beigelman, A.; Fitzpatrick, A.M. Early administration of azithromycin and prevention of severe lower respiratory tract illnesses in preschool children with a history of such illnesses: A randomized clinical trial. JAMA 2015, 314, 2034–2044. [Google Scholar] [CrossRef]

	



Bosseboeuf, E.; Aubry, M.; Nhan, T.; Pina, J.J.; Rolain, J.M.; Raoult, D. Azithromycin inhibits the replication of Zika virus. J. Antivir. Antiretrovir. 2018, 10, 6–11. [Google Scholar] [CrossRef]

	



Sandeep, S.; McGregor, K. Energetics based modeling of hydroxychloroquine and azithromycin binding to the SARS-CoV-2 spike (S) protein-ACE2 complex. ChemRxiv 2020. [Google Scholar] [CrossRef]

	



Gautret, P.; Lagier, J.C.; Parola, P.; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.; Giordanengo, V.; Vieira, V.E.; et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19: Results of an open-label non-randomized clinical trial. Int. J. Antimicrob. Agents 2020, 56, 105949. [Google Scholar] [CrossRef] [PubMed]

	



Wahab, S.; Ahmad, M.F.; Hussain, A.; Usmani, S.; Shoaib, A.; Ahmad, W. Effectiveness of azithromycin as add-on therapy in COVID-19 management. Mini Rev. Med. Chem. 2021, 21, 1. [Google Scholar] [CrossRef]

	



Chorin, E.; Dai, M.; Shulman, E.; Wadhwani, L.; Bar-Cohen, R.; Barbhaiya, C.; Aizer, A.; Holmes, D.; Bernstein, S.; Spinelli, M.; et al. The QT interval prolongation in patients with COVID-19 treated with hydroxychloroquine and azithromycin. Nat. Med. 2020, 26, 808–809. [Google Scholar] [CrossRef] [PubMed]

	



Agstam, S.; Yadav, A.; Kumar-M, P.; Gupta, A. Hydroxychloroquine and QTc prolongation in patients with COVID-19: A systematic review and meta-analysis. Indian Pacing Electrophysiol. J. 2021, 21, 36–43. [Google Scholar] [CrossRef]

	



Kelly, M.; O’Connor, R.; Townsend, L.; Coghlan, M.; Relihan, E.; Moriarty, M.; Carr, B.; Melanophy, G.; Doyle, C.; Bannan, C.; et al. Clinical outcomes and adverse events in patients hospitalized with COVID-19, treated with off-label hydroxychloroquine and azithromycin. Br. J. Clin. Pharmacol. 2021, 87, 1150–1154. [Google Scholar] [CrossRef]

	



Moore, N.; Carleton, B.; Blin, P.; Bosco-Levy, P.; Droz, C. Does Ibuprofen Worsen COVID-19? Drug Saf. 2020, 43, 611–614. [Google Scholar] [CrossRef]

	



Dar-Odeh, N.; Elsayed, S.; Babkair, H.; Abu-Hammad, S.; Althagafi, N.; Bahabri, R.; Eldeen, Y.S.; Aljohani, W.; Abu-Hammad, O. What the dental practitioner needs to know about pharmaco-therapeutic modalities of COVID-19 treatment: A review. J. Dent. Sci. 2020, 16, 806–816. [Google Scholar] [CrossRef]

	



Kelleni, M.T. Early use of non-steroidal anti-inflammatory drugs in COVID-19 might reverse pathogenesis, prevent complications and improve clinical outcomes. Biomed. Pharmacother. 2021, 133, 110982. [Google Scholar] [CrossRef]

	



Abu Esba, L.C.; Alqahtani, R.A.; Thomas, A.; Shamas, N.; Alswaidan, L.; Mardawi, G. Ibuprofen and NSAID Use in COVID-19 Infected patients is not associated with worse outcomes: A prospective cohort study. Infect. Dis. Ther. 2021, 10, 253–268. [Google Scholar] [CrossRef]

	



Li, X.C.; Zhang, J.; Zhuo, J.L. The vasoprotective axes of the renin-angiotensin system: Physiological relevance and therapeutic implications in cardiovascular, hypertensive and kidney diseases. Pharmacol. Res. 2017, 125, 21–38. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, E.; Babar, A.; Choudhary, M.; Kutner, M.; Pyrsopoulos, N. Acetaminophen-Induced Hepatotoxicity: A Comprehensive Update. J. Clin. Transl. Hepatol. 2016, 4, 131–142. [Google Scholar] [CrossRef] [PubMed]

	



National Institute of Diabetes and Digestive and Kidney Diseases. Acetaminophen. In LiverTox: Clinical and Research Information on Drug-Induced Liver Injury; Updated 28 January 2016; National Institute of Diabetes and Digestive and Kidney Diseases: Bethesda, MD, USA, 2012. Available online: https://www.ncbi.nlm.nih.gov/books/NBK548162/ (accessed on 30 April 2021).

	



Metawea, M.I.; Yousif, W.I.; Moheb, I. COVID 19 and liver: An A-Z literature review. Dig. Liver Dis. 2021, 53, 146–152. [Google Scholar] [CrossRef] [PubMed]

	



Piano, S.; Dalbeni, A.; Vettore, E.; Benfaremo, D.; Mattioli, M.; Gambino, C.G.; Framba, V.; Cerruti, L.; Mantovani, A.; Martini, A.; et al. Abnormal liver function tests predict transfer to intensive care unit and death in COVID-19. Liver Int. 2020, 40, 2394–2406. [Google Scholar] [CrossRef] [PubMed]

	



Bertolini, A.; van de Peppel, I.P.; Bodewes, F.A.J.A.; Moshage, H.; Fantin, A.; Farinati, F.; Fiorotto, R.; Jonker, J.W.; Strazzabosco, M.; Verkade, H.J.; et al. Abnormal Liver Function Tests in Patients With COVID-19: Relevance and Potential Pathogenesis. Hepatology 2020, 72, 1864–1872. [Google Scholar] [CrossRef]

	



Sanyaolu, A.; Okorie, C.; Marinkovic, A.; Patidar, R.; Younis, K.; Desai, P.; Hosein, Z.; Padda, I.; Mangat, J.; Altaf, M. Comorbidity and its impact on patients with COVID-19. SN Compr. Clin. Med. 2020, 25, 1069–1076. [Google Scholar] [CrossRef]

	



Gibson, P.G.; Qin, L.; Puah, S.H. COVID-19 acute respiratory distress syndrome (ARDS): Clinical features and differences from typical pre-COVID-19 ARDS. Med. J. Aust. 2020, 213, 54–56. [Google Scholar] [CrossRef]

	



Zhao, J.N.; Fan, Y.; Wu, S.D. Liver injury in COVID-19: A minireview. World J. Clin. Cases 2020, 8, 4303–4310. [Google Scholar] [CrossRef]

	



Portincasa, P.; Krawczyk, M.; Machill, A.; Lammert, F.; Ciaula, A.D. Hepatic consequences of COVID-19 infection. Lapping or biting. Eur. J. Intern. Med. 2020, 77, 18–24. [Google Scholar] [CrossRef]

	



Hu, L.L.; Wang, W.J.; Zhu, Q.J.; Yang, L. Novel coronavirus pneumonia-related liver injury: Etiological analysis and treatment strategy. Zhonghua Gan Zang Bing Za Zhi 2020, 28, 97–99. [Google Scholar]

	



Guan, G.; Gao, L.; Wang, J.W.; Wen, X.J.; Mao, T.H.; Peng, S.W.; Zhang, T.; Chen, X.M.; Lu, F.M. Exploring the mechanism of liver enzyme abnormalities in patients with novel coronavirus-infected pneumonia. Zhonghua Gan Zang Bing Za Zhi 2020, 28, 100–106. [Google Scholar]

	



Giannini, E.G.; Testa, R.; Savarino, V. Liver enzyme alteration: A guide for clinicians. Can. Med. Assoc. J. 2005, 172, 367–379. [Google Scholar] [CrossRef]

	



Cavezzi, A.; Troiani, E.; Corrao, S. COVID-19: Hemoglobin, iron, and hypoxia beyond inflammation. A narrative review. Clin. Pract. 2020, 10, 1271. [Google Scholar] [CrossRef]

	



Edeas, M.; Saleh, J.; Peyssonnaux, C. Iron: Innocent bystander or vicious culprit in COVID-19 pathogenesis? Int. J. Infect. Dis. 2020, 97, 303–305. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, A.; Chen, A.; Ravindran, N.; To, C.; Thuluvath, P.J. Gastrointestinal and liver manifestations of COVID-19. J. Clin. Exp. Hepatol. 2020, 10, 263–265. [Google Scholar] [CrossRef]

	



Garland, V.; Kumar, A.B.; Borum, M.L. Gastrointestinal and hepatic manifestations of COVID-19: Evolving recognition and need for increased understanding in vulnerable populations. J. Natl. Med. Assoc. 2021, 113, 142–146. [Google Scholar] [CrossRef]

	



Chu, H.; Bai, T.; Chen, L.; Hu, L.; Xiao, L.; Yao, L.; Zhu, R.; Niu, X.; Li, Z.; Zhang, L.; et al. Multicenter analysis of liver injury patterns and mortality in COVID-19. Front. Med. (Lausanne) 2020, 7, 584342. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zhang, Z.C.; Zhang, P.L. Severe COVID-19 patients with liver injury: A seven-case series. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 7855–7860. [Google Scholar] [CrossRef]

	



Fu, Y.; Zhu, R.; Bai, T.; Han, P.; He, Q.; Jing, M.; Xiong, X.; Zhao, X.; Quan, R.; Chen, C.; et al. Clinical features of patients infected with coronavirus disease 2019 with elevated liver biochemistries: A multicenter, retrospective study. Hepatology 2021, 73, 1509–1520. [Google Scholar] [CrossRef]

	



Huang, C.; Li, Q.; Xu, W.; Chen, L. Molecular and cellular mechanisms of liver dysfunction in COVID-19. Discov. Med. 2020, 30, 107–112. [Google Scholar]

	



Sharma, A.; Tiwari, S.; Deb, M.K.; Marty, J.L. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2): A global pandemic and treatment strategies. Int. J. Antimicrob. Agents 2020, 56, 106054. [Google Scholar] [CrossRef]

	



García, L.F. Immune response, inflammation, and the clinical spectrum of COVID-19. Front. Immunol. 2020, 11, 1441. [Google Scholar] [CrossRef]

	



Shah, A. Novel Coronavirus-induced NLRP3 inflammasome activation: A potential drug target in the treatment of COVID-19. Front. Immunol. 2020, 11, 1021. [Google Scholar] [CrossRef]

	



Costela-Ruiz, V.J.; Illescas-Montes, R.; Puerta-Puerta, J.M.; Ruiz, C.; Melguizo-Rodríguez, L. SARS-CoV-2 infection: The role of cytokines in COVID-19 disease. Cytokine Growth Factor Rev. 2020, 54, 62–75. [Google Scholar] [CrossRef]

	



Samprathi, M.; Jayashree, M. Biomarkers in COVID-19: An up-to-date review. Front. Pediatrics 2021, 8, 607647. [Google Scholar] [CrossRef]

	



Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine storm in COVID-19: The current evidence and treatment strategies. Front. Immunol. 2020, 11, 1708. [Google Scholar] [CrossRef]

	



Mahmoudi, S.; Rezaei, M.; Mansouri, N.; Marjani, M.; Mansouri, D. Immunologic features in coronavirus disease 2019: Functional exhaustion of T cells and cytokine storm. J. Clin. Immunol. 2020, 40, 974–976. [Google Scholar] [CrossRef]

	



Zhan, K.; Liao, S.; Li, J.; Bai, Y.; Lv, L.; Yu, K.; Qiu, L.; Li, C.; Yuan, G.; Zhang, A.; et al. Risk factors in patients with COVID-19 developing severe liver injury during hospitalization. Gut 2021, 70, 628–629. [Google Scholar] [CrossRef]

	



Phipps, M.M.; Barraza, L.H.; LaSota, E.D.; Sobieszczyk, M.E.; Pereira, M.R.; Zheng, E.X.; Fox, A.N.; Zucker, J.; Verna, E.C. Acute liver injury in COVID-19: Prevalence and association with clinical outcomes in a large U.S. cohort. Hepatology 2020, 72, 807–817. [Google Scholar] [CrossRef]

	



Mangalmurti, N.; Hunter, C.A. Cytokine storms: Understanding COVID-19. Immunity 2020, 53, 19–25. [Google Scholar] [CrossRef]

	



Wiśniewska, H.; Skonieczna-Żydecka, K.; Parczewski, M.; Niścigorska-Olsen, J.; Karpińska, E.; Hornung, M.; Jurczyk, K.; Witak-Jędra, M.; Laurans, Ł.; Maciejewska, K.; et al. Hepatotropic properties of SARS-CoV-2-preliminary results of cross-sectional observational study from the first wave COVID-19 pandemic. J. Clin. Med. 2021, 10, 672. [Google Scholar] [CrossRef]

	



Kudaravalli, P.; Saleem, S.A.; Ibeche, B.; John, S. Case series and review of liver dysfunction in COVID-19 patients. Eur. J. Gastroenterol. Hepatol. 2020, 32, 1244–1250. [Google Scholar] [CrossRef]

	



Effenberger, M.; Grander, C.; Grabherr, F.; Griesmacher, A.; Ploner, T.; Hartig, F.; Bellmann-Weiler, R.; Joannidis, M.; Zoller, H.; Weiss, G.; et al. Systemic inflammation as fuel for acute liver injury in COVID-19. Dig. Liver Dis. 2021, 53, 158–165. [Google Scholar] [CrossRef]

	



Alqahtani, S.A.; Schattenberg, J.M. Liver injury in COVID-19: The current evidence. United Eur. Gastroenterol. J. 2020, 8, 509–519. [Google Scholar] [CrossRef]

	



Da, B.L.; Kushner, T.; El Halabi, M.; Paka, P.; Khalid, M.; Uberoi, A.; Lee, B.T.; Perumalswami, P.V.; Rutledge, S.M.; Schiano, T.D.; et al. Liver injury in hospitalized patients with COVID-19 correlates with hyper inflammatory response and elevated IL-6. Hepatol. Commun. 2020, 5, 177–188. [Google Scholar] [CrossRef]

	



Wang, M.; Yan, W.; Qi, W.; Wu, D.; Zhu, L.; Li, W.; Wang, X.; Ma, K.; Ni, M.; Xu, D.; et al. Clinical characteristics and risk factors of liver injury in COVID-19: A retrospective cohort study from Wuhan, China. Hepatol. Int. 2020, 14, 723–732. [Google Scholar] [CrossRef]

	



Huang, W.; Li, C.; Wang, Z.; Wang, H.; Zhou, N.; Jiang, J.; Ni, L.; Zhang, X.A.; Wang, D.W. Decreased serum albumin level indicates poor prognosis of COVID-19 patients: Hepatic injury analysis from 2,623 hospitalized cases. Sci. China Life Sci. 2020, 63, 1678–1687. [Google Scholar] [CrossRef]

	



Mantovani, A.; Beatrice, G.; Dalbeni, A. Coronavirus disease 2019 and prevalence of chronic liver disease: A meta-analysis. Liver Int. 2020, 40, 1316–1320. [Google Scholar] [CrossRef] [PubMed]

	



Oyelade, T.; Alqahtani, J.; Canciani, G. Prognosis of COVID-19 in patients with liver and kidney diseases: An early systematic review and meta-analysis. Trop. Med. Infect. Dis. 2020, 5, 80. [Google Scholar] [CrossRef]

	



Qi, X.; Liu, Y.; Wang, J.; Fallowfield, J.A.; Wang, J.; Li, X.; Shi, J.; Pan, H.; Zou, S.; Zhang, H.; et al. Clinical course and risk factors for mortality of COVID-19 patients with pre-existing cirrhosis: A multi-centre cohort study. Gut 2021, 70, 433–436. [Google Scholar] [CrossRef]

	



Chen, X.; Jiang, Q.; Ma, Z.; Ling, J.; Hu, W.; Cao, Q.; Mo, P.; Yao, L.; Yang, R.; Gao, S.; et al. Clinical characteristics of hospitalized patients with SARS-CoV-2 and hepatitis B virus co-infection. Virol. Sin. 2020, 35, 842–845. [Google Scholar] [CrossRef]

	



Lippi, G.; de Oliveira, M.; Henry, B.M. Chronic liver disease is not associated with severity or mortality in Coronavirus disease 2019 (COVID-19): A pooled analysis. Eur. J. Gastroenterol. Hepatol. 2021, 33, 114–115. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Shi, L.; Wang, F.S. Liver injury in COVID-19: Management and challenges. Lancet Gastroenterol. Hepatol. 2020, 5, 428–430. [Google Scholar] [CrossRef]

	



Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. China Medical Treatment Expert Group for Covid-19. Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [Google Scholar] [CrossRef]

	



Nusrat, S.; Khan, M.S.; Fazili, J.; Madhoun, M.F. Cirrhosis and its complications: Evidence based treatment. World J. Gastroenterol. 2014, 20, 5442–5460. [Google Scholar] [CrossRef]

	



Boettler, T.; Marjot, T.; Newsome, P.N.; Mondelli, M.U.; Maticic, M.; Cordero, E.; Jalan, R.; Moreau, R.; Cornberg, M.; Berg, T. Impact of COVID-19 on the care of patients with liver disease: EASL-ESCMID position paper after 6 months of the pandemic. JHEP Rep. 2020, 2, 100169. [Google Scholar] [CrossRef]

	



Kushner, T.; Cafardi, J. Chronic liver disease and COVID-19: Alcohol Use disorder/alcohol-associated liver disease, nonalcoholic fatty liver disease/nonalcoholic steatohepatitis, autoimmune liver disease, and compensated cirrhosis. Clin. Liver Dis. 2020, 15, 195–199. [Google Scholar] [CrossRef]

	



Strnad, P.; Tacke, F.; Koch, A.; Trautwein, C. Liver-guardian, modifier and target of sepsis. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 55–66. [Google Scholar] [CrossRef]

	



Galiero, R.; Pafundi, P.C.; Simeon, V.; Rinaldi, L.; Perrella, A.; Vetrano, E.; Caturano, A.; Alfano, M.; Beccia, D.; Nevola, R.; et al. Impact of chronic liver disease upon admission on COVID-19 in-hospital mortality: Findings from COVOCA study. PLoS ONE 2020, 15, e0243700. [Google Scholar] [CrossRef]

	



Téllez, L.; Martín Mateos, R.M. COVID-19 and liver disease: An update [Actualización en COVID-19 y enfermedad hepática]. Gastroenterol. Hepatol. (Engl. Ed.) 2020, 43, 472–480. [Google Scholar] [CrossRef] [PubMed]

	



Moon, A.M.; Webb, G.J.; Aloman, C. High mortality rates for SARS-CoV-2 infection in patients with pre-existing chronic liver disease and cirrhosis: Preliminary results from an international registry. J. Hepatol. 2020, 73, 705–708. [Google Scholar] [CrossRef]

	



Bajaj, J.S.; Garcia-Tsao, G.; Biggins, S.W.; Kamath, P.S.; Wong, F.; McGeorge, S.; Shaw, J.; Pearson, M.; Chew, M.; Fagan, A.; et al. Comparison of mortality risk in patients with cirrhosis and COVID-19 compared with patients with cirrhosis alone and COVID-19 alone: Multi-centre matched cohort. Gut 2021, 70, 531–536. [Google Scholar] [CrossRef]

	



Sarin, S.K.; Choudhury, A.; Lau, G.K.; Zheng, M.H.; Ji, D.; Abd-Elsalam, S.; Hwang, J.; Qi, X.; Cua, I.H.; Suh, J.I.; et al. APASL COVID Task Force, APASL COVID Liver Injury Spectrum Study (APCOLIS Study-NCT 04345640). Pre-existing liver disease is associated with poor outcome in patients with SARS CoV2 infection; The APCOLIS Study (APASL COVID-19 Liver Injury Spectrum Study). Hepatol. Int. 2020, 14, 690–700. [Google Scholar] [CrossRef] [PubMed]

	



Hashemi, N.; Viveiros, K.; Redd, W.D. Impact of chronic liver disease on outcomes of hospitalized patients with COVID-19: A multi-centre United States experience. Liver Int. 2020, 40, 2515–2521. [Google Scholar] [CrossRef] [PubMed]

	



Iavarone, M.; D’Ambrosio, R.; Soria, A.; Triolo, M.; Pugliese, N.; Del Poggio, P.; Perricone, G.; Massironi, S.; Spinetti, A.; Buscarini, E.; et al. High rates of 30-day mortality in patients with cirrhosis and COVID-19. J. Hepatol. 2020, 73, 1063–1071. [Google Scholar] [CrossRef]

	



Paschos, P.; Paletas, K. Non-alcoholic fatty liver disease and metabolic syndrome. Hippokratia 2009, 13, 9–19. [Google Scholar] [PubMed]

	



Ji, D.; Qin, E.; Xu, J.; Zhang, D.; Cheng, G.; Wang, Y.; Lau, G. Non-alcoholic fatty liver diseases in patients with COVID-19: A retrospective study. J. Hepatol. 2020, 73, 451–453. [Google Scholar] [CrossRef] [PubMed]

	



Gao, F.; Zheng, K.I.; Wang, X.; Yan, H.-D.; Sun, Q.-F.; Pan, K.-H.; Wang, T.Y.; Chen, Y.P.; George, J.; Zheng, M.H. Metabolic associated fatty liver disease increases coronavirus disease 2019 disease severity in nondiabetic patients. J. Gastroenterol. Hepatol. 2020, 36, 204–207. [Google Scholar] [CrossRef]

	



Targher, G.; Mantovani, A.; Byrne, C.D.; Wang, X.-B.; Yan, H.-D.; Sun, Q.-F.; Pan, K.H.; Zheng, K.I.; Chen, Y.P.; Eslam, M.; et al. Risk of severe illness from COVID-19 in patients with metabolic dysfunction-associated fatty liver disease and increased fibrosis scores. Gut 2020, 69, 1545–1547. [Google Scholar] [CrossRef]

	



Michalakis, K.; Ilias, I. SARS-CoV-2 infection and obesity: Common inflammatory and metabolic aspects. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 469–471. [Google Scholar] [CrossRef]

	



Chiappetta, S.; Sharma, A.M.; Bottino, V.; Stier, C. COVID-19 and the role of chronic inflammation in patients with obesity. Int. J. Obes. (Lond.) 2020, 44, 1790–1792. [Google Scholar] [CrossRef] [PubMed]

	



Mantovani, A.; Byrne, C.D.; Zheng, M.H.; Targher, G. Diabetes as a risk factor for greater COVID-19 severity and in-hospital death: A meta-analysis of observational studies. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1236–1248. [Google Scholar] [CrossRef]

	



Forns, X.; Navasa, M. Liver transplant immunosuppression during the COVID-19 pandemic [Inmunosupresión en el trasplante hepático en la era covid-19]. Gastroenterol. Hepatol. (Engl. Ed.) 2020, 43, 457–463. [Google Scholar] [CrossRef]

	



Qin, J.; Wang, H.; Qin, X.; Zhang, P.; Zhu, L.; Cai, J.; Yuan, Y.; Li, H. Perioperative presentation of COVID-19 disease in a liver transplant recipient. Hepatology 2020, 72, 1491–1493. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.T.; Perumalswami, P.V.; Im, G.Y.; Florman, S.; Schiano, T.D. COVID-19 in liver transplant recipients: An initial experience from the U.S. Gastroenterology 2020, 146, 1489–1499. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, M.R.; Mohan, S.; Cohen, D.J.; Husain, S.A.; Dube, G.K.; Ratner, L.E.; Arcasoy, S.; Aversa, M.M.; Benvenuto, L.J.; Dadhania, D.M.; et al. COVID-19 in solid organ transplant recipients: Initial report from the US epicenter. Am. J. Transplant. 2020, 20, 1800–1808. [Google Scholar] [CrossRef]

	



Bhoori, S.; Rossi, R.E.; Citterio, D.; Mazzaferro, V. COVID-19 in long-term liver transplant patients: Preliminary experience from an Italian transplant centre in Lombardy. Lancet Gastroenterol Hepatol. 2020, 5, 532–533. [Google Scholar] [CrossRef]

	



Waisberg, D.R.; Abdala, E.; Nacif, L.S.; Haddad, L.B.; Ducatti, L.; Santos, V.; Gouveia, L.N.; Lazari, C.S.; Martino, R.B.; Pinheiro, R.S.; et al. Liver transplant recipients infected with SARS-CoV-2 in the early postoperative period: Lessons from a single center in the epicenter of the pandemic. Transpl. Infect. Dis. 2021, 1, e13418. [Google Scholar] [CrossRef]

	



Colmenero, J.; Rodríguez-Perálvarez, M.; Salcedo, M.; Arias-Milla, A.; Muñoz-Serrano, A.; Graus, J.; Nuño, J.; Gastaca, M.; Bustamante-Schneider, J.; Cachero, A.; et al. Epidemiological pattern, incidence, and outcomes of COVID-19 in liver transplant patients. J. Hepatol. 2021, 74, 148–155. [Google Scholar] [CrossRef] [PubMed]

	



Xin, S.; Xu, J.; Yu, Y. Abnormal liver function tests of patients with coronavirus disease 2019 in Mainland China: A systematic review and meta—Analysis. J. Gastrointest. Liver Dis. 2020, 29, 219–226. [Google Scholar] [CrossRef]

	



Kaushik, A.; Wani, S.N.; Baba, M.A.; Agarwal, A.K. Prevalence of abnormal liver function tests in COVID-19 patients at a tertiary care centre. J. Assoc. Physicians India 2020, 68, 73–75. [Google Scholar] [PubMed]

	



Kumar, M.P.; Mishra, S.; Jha, D.K.; Shukla, J.; Choudhury, A.; Mohindra, R.; Mandavdhare, H.S.; Dutta, U.; Sharma, V. Coronavirus disease (COVID-19) and the liver: A comprehensive systematic review and meta-analysis. Hepatol. Int. 2020, 14, 711–722. [Google Scholar] [CrossRef]

	



Wu, Y.; Li, H.; Guo, X.; Yoshida, E.M.; Mendez-Sanchez, N.; Levi Sandri, G.B.; Teschke, R.; Romeiro, F.G.; Shukla, A.; Qi, X. Incidence, risk factors, and prognosis of abnormal liver biochemical tests in COVID-19 patients: A systematic review and meta-analysis. Hepatol. Int. 2020, 14, 621–637. [Google Scholar] [CrossRef] [PubMed]

	



Sultan, S.; Altayar, O.; Siddique, S.M.; Davitkov, P.; Feuerstein, J.D.; Lim, J.K.; Falck-Ytter, Y.; El-Serag, H.B.; AGA Institute. AGA Institute rapid review of the GI and liver manifestations of COVID-19, meta-analysis of international data, and recommendations for the consultative management of patients with COVID-19. Gastroenterology 2020, 159, 320–334.e27. [Google Scholar] [CrossRef]

	



Cholankeril, G.; Podboy, A.; Aivaliotis, V.I.; Tarlow, B.; Pham, E.A.; Spencer, S.; Kim, D.; Hsing, A.; Ahmed, A. High prevalence of concurrent gastrointestinal manifestations in patients with SARS-CoV-2: Early experience from California. Gastroenterology 2020, 159, 775–777. [Google Scholar] [CrossRef]

	



Hajifathalian, K.; Krisko, T.; Mehta, A.; Kumar, S.; Schwartz, R.; Fortune, B.; Sharaiha, R.Z.; WCM-GI Research Group. Gastrointestinal and hepatic manifestations of 2019 novel coronavirus disease in a large cohort of infected patients from New York: Clinical implications. Gastroenterology 2020, 159, 1137–1140.e2. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.; Khan, A. Clinical characteristics and outcomes of COVID-19 among patients with pre-existing liver disease in the United States: A multi-center research network study. Gastroenterology 2020, 159, 768–771.e3. [Google Scholar] [CrossRef]

	



Schattenberg, J.M.; Labenz, C.; Wörns, M.A.; Menge, P.; Weinmann, A.; Galle, P.R.; Sprinzl, M.F. Patterns of liver injury in COVID-19—A German case series. United Eur. Gastroenterol. J. 2020, 8, 814–819. [Google Scholar] [CrossRef]

	



Huang, H.; Chen, S.; Li, H.; Zhou, X.L.; Dai, Y.; Wu, J.; Zhang, J.; Shao, L.; Yan, R.; Wang, M.; et al. The association between markers of liver injury and clinical outcomes in patients with COVID-19 in Wuhan. Aliment. Pharmacol. Ther. 2020, 52, 1051–1059. [Google Scholar] [CrossRef]

	



Vancsa, S.; Hegyi, P.J.; Zádori, N.; Szakó, L.; Vörhendi, N.; Ocskay, K.; Földi, M.; Dembrovszky, F.; Dömötör, Z.R.; Jánosi, K.; et al. Pre-existing liver diseases and on-admission liver-related laboratory ests in COVID-19: A prognostic accuracy meta-analysis with systematic review. Front. Med. 2020, 7, 572115. [Google Scholar] [CrossRef]

	



Medetalibeyoglu, A.; Catma, Y.; Senkal, N.; Ormeci, A.; Cavus, B.; Kose, M.; Bayramlar, O.F.; Yildiz, G.; Akyuz, F.; Kaymakoglu, S.; et al. The effect of liver test abnormalities on the prognosis of COVID-19. Ann. Hepatol. 2020, 19, 614–621. [Google Scholar] [CrossRef]

	



Zhu, Y.; Du, Z.; Zhu, Y.; Li, W.; Miao, H.; Li, Z. Evaluation of organ function in patients with severe COVID-19 infections. Med. Clin. (Barc.) 2020, 155, 191–196. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Guo, Y.; Zhuang, X.; Huang, L.; Zhang, X.; Wei, F.; Yang, B. Abnormal liver-related biomarkers in COVID-19 patients and the role of pre-albumin. Saudi J. Gastroenterol. 2020, 26, 272–278. [Google Scholar] [CrossRef]

	



Bernal-Monterde, V.; Casas-Deza, D.; Letona-Giménez, L.; de la Llama-Celis, N.; Calmarza, P.; Sierra-Gabarda, O.; Betoré-Glaria, E.; Martínez-de Lagos, M.; Martínez-Barredo, L.; Espinosa-Pérez, M.M.; et al. SARS-CoV-2 infection induces a dual response in liver function tests: Association with mortality during hospitalization. Biomedicines 2020, 8, 328. [Google Scholar] [CrossRef]

	



Ponziani, F.R.; Del Zompo, F.; Nesci, A.; Santopaolo, F.; Ianiro, G.; Pompili, M.; Gasbarrini, A.; Gemelli against COVID-19 Group. Liver involvement is not associated with mortality: Results from a large cohort of SARS-CoV-2-positive patients. Aliment. Pharmacol. Ther. 2020, 52, 1060–1068. [Google Scholar] [CrossRef]

	



Lei, F.; Liu, Y.M.; Zhou, F.; Qin, J.J.; Zhang, P.; Zhu, L.; Zhang, X.J.; Cai, J.; Lin, L.; Ouyang, S.; et al. Longitudinal association between markers of liver injury and mortality in COVID-19 in China. Hepatology 2020, 72, 389–398. [Google Scholar] [CrossRef]

	



Ding, Z.Y.; Li, G.X.; Chen, L.; Shu, C.; Song, J.; Wang, W.; Wang, Y.W.; Chen, Q.; Jin, G.N.; Liu, T.T.; et al. Association of liver abnormalities with in-hospital mortality in patients with COVID-19. J. Hepatol. 2020, 74, 1295–1302. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.; Zhong, C.; Rao, S.; Lin, H.; Huang, R.; Chen, F. Clinical characteristics of 78 cases of patients infected with coronavirus disease 2019 in Wuhan, China. Exp. Ther. Med. 2021, 21, 7. [Google Scholar] [CrossRef]

	



Mitjà, O.; Clotet, B. Use of antiviral drugs to reduce COVID-19 transmission. Lancet Glob. Health 2020, 8, e639–e640. [Google Scholar] [CrossRef]

	



Xu, W.; Huang, C.; Fei, L.; Li, Q.; Chen, L. Dynamic changes in liver function tests and their correlation with illness severity and mortality in patients with COVID-19: A retrospective cohort study. Clin. Interv. Aging 2021, 16, 675–685. [Google Scholar] [CrossRef] [PubMed]

	



Lan, N.T.; Thu, N.T.; Barrail-Tran, A.; Duc, N.H.; Lan, N.N.; Laureillard, D.; Lien, T.T.; Borand, L.; Quillet, C.; Connolly, C.; et al. Randomized pharmacokinetic trial of rifabutin with lopinavir/ritonavir-antiretroviral therapy in patients with HIV-associated tuberculosis in Vietnam. PLoS ONE 2014, 9, e84866. [Google Scholar] [CrossRef] [PubMed]








[image: Diseases 09 00050 g001 550] 





Figure 1. Flow diagram showing the article selection process. 
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Figure 2. Possible mechanisms of hepatic injury in COVID-19 infection. 
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