
Citation: Akkiz, H. Unraveling the

Molecular and Cellular Pathogenesis

of COVID-19-Associated Liver Injury.

Viruses 2023, 15, 1287. https://

doi.org/10.3390/v15061287

Academic Editor: Daniele Focosi

Received: 16 April 2023

Revised: 2 May 2023

Accepted: 4 May 2023

Published: 30 May 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Review

Unraveling the Molecular and Cellular Pathogenesis of
COVID-19-Associated Liver Injury
Hikmet Akkiz

Department of Gastroenterology and Hepatology, Medical Faculty, Bahçeşehir University, Istanbul 34349, Turkey;
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus (SARS-CoV-2) continues to cause substantial morbidity and mortality. Most
infections are mild; however, some patients experience severe and potentially fatal systemic inflam-
mation, tissue damage, cytokine storm, and acute respiratory distress syndrome. Patients with
chronic liver disease have been frequently affected, experiencing high morbidity and mortality. In
addition, elevated liver enzymes may be a risk factor for disease progression, even in the absence of
underlying liver disease. While the respiratory tract is a primary target of SARS-CoV-2, it has become
evident that COVID-19 is a multisystemic infectious disease. The hepatobiliary system might be
influenced during COVID-19 infection, ranging from a mild elevation of aminotransferases to the
development of autoimmune hepatitis and secondary sclerosing cholangitis. Furthermore, the virus
can promote existing chronic liver diseases to liver failure and activate the autoimmune liver disease.
Whether the direct cytopathic effects of the virus, host reaction, hypoxia, drugs, vaccination, or all
these risk factors cause liver injury has not been clarified to a large extent in COVID-19. This review
article discussed the molecular and cellular mechanisms involved in the pathogenesis of SARS-CoV-2
virus-associated liver injury and highlighted the emerging role of liver sinusoidal epithelial cells
(LSECs) in virus-related liver damage.

Keywords: SARS-CoV-2; COVID-19; liver injury; chronic liver disease; autoimmune liver disease;
vaccination

1. Introduction

In December 2019, severe acute respiratory coronavirus syndrome 2 (SARS-CoV-2) was
initially identified as a novel pathogen in Wuhan, China, that rapidly spread through-
out the world, leading to the COVID-19 pandemic [1,2]. SARS-CoV-2 causes upper
and lower respiratory tract infections that are frequently associated with fever, cough,
and loss of smell and taste [1,2]. Most patients have mild disease, and approximately
20–40% of patients are asymptomatic [1–3]. However, some patients experience more severe
disease and develop systemic inflammation, tissue damage, acute respiratory stress syn-
drome, thromboembolic complications, cardiac injury, and/or cytokine storm, which can be
fatal [3,4]. The risk of COVID-19 disease severity depends on comorbidities, including
diabetes, hypertension, and obesity, along with age, ethnicity, genetic factors, vaccination
status, and other conditions [2–5]. The disease consists of an early infection phase in which
the virus enters pulmonary epithelial cells through the surface ACE2 receptor, causing
viral pneumonia, followed by a systemic inflammatory phase characterized by respiratory
failure and multiorgan dysfunction [6,7].

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus that is a
member of the Betacoronavirus genus in the Coronaviridae family, and it is related closely
to SARS-CoV and Middle East respiratory syndrome CoV [3,8–10]. The SARS-CoV-2
virus encompasses a large genome of about 30 kbp coding for 16 nonstructural and
4 structural proteins including spike (S), envelope (E), membrane (M), and nucleocap-
sid (N) [8,11,12]. The spike protein is a type I glycoprotein that forms peplomers on the
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virion surface, and it plays a key role in the life cycle of the SARS-CoV-2 virus, including
viral attachment, fusion, entry, and transmission [11–14]. The spike protein has two func-
tional components: the S1 and S2 domains [8,11–13]. The S1 domain mediates receptor
binding and the S2 mediates downstream membrane fusion. The receptor binding domain
(RBD) located in the S1 unit is the most variable part of the coronavirus genome [11,12]. For
infection of most host cells, the SARS-CoV-2 S protein binds to its main cellular receptor,
angiotensin-converting enzyme 2 (ACE2) [8,11–13]. Additionally, the host transmembrane
proteases serine 2 (TMPRSS2) is important for proteolytic priming of the S protein for
receptor interaction and entry. Other host proteins, such as neuropilin-1, heparin sulfate
proteoglycans, C-type lectins, or furin, can also act as co-factors for viral entry [3,11,12].
Spike protein binds to a specific host cellular receptor (ACE2) and host proteases such as
TMPRSS2 that promote viral uptake and fusion [11,12]. ACE2 and TMPRSS2 are aberrantly
expressed in airways, lungs, nasal/oral mucosa, and the intestine [7,10,11]. The binding
affinity of the spike protein to the ACE2 receptor affects the SARS-CoV-2 replication fitness
and disease severity [11–13,15,16]. Although the RBD is immunodominant, the other spike
regions, particularly the NTD, play significant roles in antigenicity [11,12]. Researchers
have identified four deleted regions (RDRs) within the NTD, modulating NTD antigenicity.
RNA viruses have extremely high mutation rates because enzymes of the virus’s copying
RNA generally lack proofreading activity [11–13]. SARS-CoV-2 is continuing to evolve,
producing novel variants with spike protein mutations. By the end of 2021, the B.1.1.529
(omicron) SARS-CoV-2 variant displaced the B.1.617.2 (delta) variant as the predominant
circulating strain in many countries [13]. Compared to earlier variants, omicron is more
transmissible and resistant to neutralization by antibodies induced by current vaccine
platforms or following SARS-CoV-2 infection [13–16]. See Figure 1.
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Figure 1. The life cycle of the SARS-CoV-2 virus. SARS-CoV-2 proteins bind to the ACE2 receptor.
TMPRSS2 promotes viral uptake and fusion at the cellular and endosomal membranes. Following
entry, the release and uncoating of the genomic RNA subject it to the immediate translation of the
two large opening reading frames, ORF1a, and ORF1b. During the cellular life cycle, SARS-CoV-2
viruses express and replicate their genomic RNA to produce full-length copies that are incorporated
into newly produced viral particles.
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Although the SARS-CoV-2 virus primarily causes significant respiratory pathology,
it may lead to several extrapulmonary manifestations [17,18]. These conditions include
vascular complications, myocardial dysfunction, gastrointestinal symptoms, hepatocellular
and hepatobiliary injury, acute kidney injury, neurological complications, and dermatologic
conditions [17,18]. Additionally, novel studies have indicated that SARS-CoV-2 could also
have serious adverse effects on the reproductive system by altering sperm parameters in males
and increasing the rate of pregnancy-related disorders in females, such as preeclampsia [19].
The synergistic effects of several biological mechanisms on the testis can cause damage to the
testicular tissue and adversely affect male fertility, including the presence of SARS-CoV-2 in the
germ cells, the effect of the virus on productive hormones, and the inflammatory response [19].
Patients with COVID-19 often have liver injury associated with adverse outcomes such as
intensive care unit admission and death [20,21]. Histopathological studies of COVID-19 livers
revealed an increased prevalence of moderate steatosis, mild lobular and portal inflammation,
and sinusoidal thrombosis [21–24]. Although the mechanisms underlying liver injury have
not been completely elucidated, direct cytotoxicity, vascular alterations, COVID-19-related
immunological and inflammatory processes, COVID-19 vaccine-mediated immune responses,
and drug-induced liver injury (DILI) has been implicated in the pathogenesis of COVID-19-
associated liver injury [25–27].

The immune system is a key driver in the development, progression, and clinical out-
come of COVID-19 infection [9,12–15]. Innate immune responses mitigate viral entry, trans-
lation, replication, and assembly, and they facilitate recognition and elimination of infected
cells, as well as accelerate the activation of adaptive immunity [3,9–11,16]. Cell surface, en-
dosomal, and cytosolic pattern recognition receptors (PRRs) respond to pathogen-associated
molecular patterns (PAMPs) to stimulate inflammatory responses and programmed cell
death, which mitigate viral replication and induce eradication [3,15]. On the other hand,
aberrant activation of the immune system can result in systemic inflammation and severe
disease [3,9,28,29]. In response to innate immune-dependent viral eradication mechanisms,
coronaviruses have developed escape strategies that limit host control and foster replica-
tion [28–31]. The adaptive immune system is a main determinant of the clinical outcome
after SARS-CoV-2 infection and plays an important role in the effectiveness of the vac-
cine [9,29,30]. T cell immunity develops early during COVID-19 infection and correlates
with protection [3,9,28,29]. The T cell immune response against SARS-CoV-2 is impaired
in severe disease and is associated with aberrant activation of T cell immunity and lym-
phopenia [10,30,32]. T cell memory comprises broad recognition of viral proteins, which
recognizes about 30 epitopes within each individual [9,28,32]. This recognition capacity
of T cells can mitigate the effect of viral mutations and can protect against severe disease
caused by SARS-CoV-2 variants of concern, including Omicron [3,9,13,29,30]. Recent studies
have indicated that the level of baseline viral load and the efficacy of the innate immune
response, particularly that mediated by type 1 interferon, appear to be critical in the context
of subsequent adaptive response and the clinical outcome [9,10,31–35].

2. Mechanisms Involved in Liver Injury in COVID-19

SARS-CoV-2 can lead to hepatocellular and hepatobiliary injury in the liver and many
diseases as a result. All of these are considered collateral damage to the liver caused by
COVID-19 [17,18,20,22–24]. Although there is no standard definition, liver injury is defined
by abnormal liver biochemistry parameters, particularly elevations in ALT and AST levels.
Among patients who are hospitalized with symptomatic COVID-19 infection, abnormal
liver function tests (LFTs) are common, ranging from 3% to 53% [21–23,26,27]. The large
variation in the frequency of liver injury in cohorts with COVID-19 reported by research
groups may be due to differences in the parameter used in the definition of liver injury,
threshold values, and liver injury pattern [20–24]. As such, there is currently an urgent need
for an international definition of liver injury. Hepatic dysfunction is significantly higher
in critically ill patients in the intensive care unit (ICU) who require mechanical ventilation,
reaching up to 45% of cases [25–27,36,37]. Furthermore, some studies have reported that
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COVID-19 patients with elevated liver enzymes are often male, elderly, and obese [37,38].
Liver enzyme alterations can be detected in patients with or without preexisting liver disease
in COVID-19 [21,25–27]. The most commonly detected abnormalities are hypoalbuminemia,
elevated gamma-glutamyl transferase (GGT), mild elevation of aminotransferases, and
hyperbilirubinemia [25,26]. Increases are usually mild (<5 times the upper limit of normal)
and occur in the early stages of infection [21,26,27]. The pattern of liver injury is typically
hepatocellular rather than cholestatic [36–40]. However, in the later stages of the disease,
a progressive elevation of cholestasis parameters (alkaline phosphatase, gamma-glutamyl
transferase) has been reported [21,25–27,36–38]. Liver injury generally does not result in
liver failure in patients without preexisting liver disease [27,36,39,40]. However, patients
with decompensated cirrhosis are at substantial risk of developing acute-on-chronic liver
failure [25,26].

2.1. Direct Cytotoxicity

Until recently, liver injury in COVID-19 was considered to be mediated by systemic
inflammation rather than the direct cytopathic effect of the virus on liver cells. Although
viral proteins and RNA can be detected in the liver tissue of patients with COVID-19, active
infection of parenchymal liver cells has not yet been indicated [25]. In addition, the low
prevalence of clinically significant liver injury in patients without chronic liver disease
(CLD) indicates that direct infection of parenchymal liver cells is unlikely to be a major
mechanism of liver injury [25,26]. On the other hand, in vitro, data have demonstrated that
SARS-CoV-2 can infect the hepatobiliary system and potentially can cause direct viral dam-
age [39,41–43]. ACE2 and TMPRSS2 receptors, which are required for SARS-CoV-2 cellular
entry, are expressed at only low levels on hepatocytes and non-parenchymal cells [13,25,39].
In a healthy liver, the highest expression of the ACE2 receptor is in the human intrahep-
atic biliary epithelial cells (BECs) [26,39,44,45]. Studies from liver-derived and induced
pluripotent stem cell (iPSC)-derived organoids indicate that SARS-CoV-2 can infect and
replicate in BECs [26,39,43,45–47]. Furthermore, cholangiocytes are highly susceptible
to SARS-CoV-2 entry and replication [26,39,45,46]. While histopathological studies have
reported the detection of SARS-CoV-2 RNA and/or proteins in human liver tissue and
bile samples, it remains elusive whether SARS-CoV-2 replicates in BECs in vivo [32,40]. It
can be assumed that the SARS-CoV-2 virus has a cytopathic effect on liver cells, but the
route of the virus to the liver is not known [32,40]. SARS-CoV-2 may have reached the liver
through the blood because, in patients with severe disease, viral RNA and virion can be
detected [39,48]. In addition, the virus can reach the liver via the ascending route from the
biliary tract or the portal vein as a result of translocation from enterocytes [39,48,49].

In contrast, hepatocytes express low levels of ACE2, indicating a low potential for
the SARS-CoV-2 virus, although the virus can complete its life cycle in hepatoma cell lines
(e.g., Huh7, HepG2) and liver-derived organoids [26,50,51]. Electron microscopic trials
indicate the presence of intracellular virus particles within the hepatocyte, associated with
mitochondrial swelling and structural damage, strongly suggesting a direct cytopathic
effect of SARS-CoV-2 in hepatocytes [26,52,53]. A cirrhotic liver is associated with increased
expression of hepatocyte ACE2; as such, the entry potential of the SARS-CoV-2 may be
increased in this context. Increased hepatic expression of hepatocyte ACE2 has been indi-
cated in patients with NAFLD and HBV-related cirrhosis [54,55]. Increased expression of
ACE2 is thought to be an injury response to liver fibrosis; therefore, ACE2 was suggested to
be a therapeutic target for CLD [56]. The potential mechanism for exaggerated liver injury
due to SARS-CoV-2 in CLD is the increased infection burden and consequent extensive hep-
atocyte death. Indeed, liver-derived organoids from patients with NASH-related cirrhosis
indicate remarkably increased permissiveness to SARS-CoV-2 and pro-inflammatory gene
expression compared to liver organoids from non-cirrhotic donors [57]. To understand
whether the liver injury in COVID-19 is due to the direct cytopathic effect of the virus or
is the result of severe illness/systemic inflammation, it is useful to compare it with other
severe respiratory viruses. For example, the influenza virus is considered to only infect
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respiratory epithelial cells, and seasonal influenza does not lead to liver injury. However,
the more severe influenza A/H1N1 virus is associated with liver injury, which is correlated
with a degree of hypoxia and systemic inflammation [26,58]. Recently, in another retro-
spective study, researchers compared influenza and COVID-19 in hospitalized patients
and found similar predictors of disease severity on multivariate analysis in both groups,
including aminotransferases, age, sex, and degree of systemic inflammation. As such, these
data support that hypoxia or inflammation/immune-mediated mechanisms are the main
drivers of liver injury in these respiratory infections [26,59].

2.2. Vascular Alterations following COVID-19 in Liver

One of the major concerning properties of SARS-CoV-2 infection is a coagulopathy
characterized by high D-dimer and fibrinogen levels with minor changes in prothrombin
time and platelet count [59,60]. This SARS-CoV-2-associated coagulopathy leads to a pro-
thrombotic state which is highly prevalent in COVID-19, and thrombotic complications
are a key cause of morbidity and mortality [61]. Detection of ACE2 receptors on vascular
endothelial cells, as well as the presence of endothelitis and viral protein in endothelial
cells, has increased suspicion for endothelial cell injury or activation as a central property
of the pathophysiology of COVID-19, especially during the inflammatory phase of the
infection [60–62]. On liver histology, steatosis and mild inflammatory infiltration in the
hepatic lobule and portal tract have been observed in patients with COVID-19, and several
studies have reported sinusoidal thrombosis [25,61–64]. Liver injury in COVID-19 has
been associated with some hypercoagulable parameters, with evidence of microthrombi
on liver histopathology. This finding suggests a role for vascular pathology in liver injury
in COVID-19, but mechanistic details are lacking [61]. The most prevalent histopathologi-
cal findings of COVID-19 livers are moderate macrovesicular steatosis and mild lobular
and portal inflammation, and sinusoidal thrombosis [65–67]. In addition, COVID-19 has
been reported to be more severe in patients with obesity and metabolic syndrome [65].
While steatosis and lobular and portal inflammation are frequent properties of metabolic
liver disease, sinusoidal thrombosis may be a potential candidate for a specific feature of
COVID-19-related liver injury [65]. Patients with COVID-19 present coagulopathy and en-
dotheliopathy, characterized by elevated levels of von Willebrand factor (vWF) and soluble
thrombomodulin, which has been associated with disease severity and mortality [61,66,67].
McConnel et al. has also indicated remarkable elevated activity of factor VIII, which is
expressed primarily by liver sinusoidal endothelial cells (LSECs), in critically ill patients
with COVID-19, suggesting a role for hypercoagulable LSECs in COVID-19-related liver
injury [61,65]. Indeed, COVID-19 is a prothrombotic disease associated with a high risk of
venous thrombosis, pulmonary embolism, and endotheliopathy, and sinusoidal thrombosis
was also detected in liver histopathological studies of severe COVID-19 [65,68]. Studies
have demonstrated that endotheliopathy and platelet activation are important features of
COVID-19 in hospitalized patients [65]. Although initial studies have investigated vWB
elevations exclusively in the ICU setting, Goshua et al. reported that vWB was also elevated
in non-critically ill patients with COVID-19 [66]. The same study demonstrated that critical
illness was associated with further elevations in vWB when compared with controls [66].

2.3. The Impact of Immunological and Inflammatory Processes of COVID-19 on the Liver

The robust systemic proinflammatory response is a hallmark of COVID-19, which can
lead to uncontrolled massive cytokine release that can cause multi-organ failure [65,66].
Interleukin 6 (IL-6) is a pivotal proinflammatory cytokine in COVID-19 pathogenesis,
and IL-6 inhibition can improve clinical outcomes and survival of patients with severe
disease [65,69]. IL-6 is expressed by macrophages, endothelial cells, T cells, and fibroblasts
upon stimulation of Toll-like receptor 4, IL-1, or TNF-α [61,65,66,69,70]. IL-6 stimulates
downstream signaling through Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) activation by 2 pathways [61,65,70]. Classical IL-6 signaling is a
through IL-6 binding to the ligand-binding alpha subunit of its receptor (gp80/IL-6Ra)
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and subsequently recruiting the signaling beta subunit (glycoprotein 130 (gp130) to induce
downstream signaling [61,66,67]. This classical pathway of signal transduction restricts IL-6
signaling to cells expressing IL-6R in the liver, such as hepatocytes and cholangiocytes [61].
Trans-signaling occurs with IL-6 binding to a soluble form of the receptor alpha subunit
(sIL-6R) to build an IL-6/sIL-6R complex that crosstalks with the beta subunit (gp130)
on target cells, which may not produce IL-6R [61,65]. IL-6 trans-signaling is considered
the main pathway of IL-6 signaling to LSECs and was implicated in endotheliopathy in
COVID-19. IL-6R can be also cleaved into a soluble receptor (sIL-6R), which can build a
complex with IL-6 and bind to gp130 on the cell surface of IL-6R-negative cells [65]. Baseline
levels of sIL-6R are relatively high and were indicated to increase in COVID-19 [69–73].
Thus, IL-6 is an appealing potential mediator of endotheliopathy in the liver. Once initiated,
the classical and trans-signaling of IL-6 both lead to the activation of the tyrosine kinase
JAK1, MAP kinase, and STAT1 and STAT3 pathways [61,65]. Initial trials have indicated
that IL-6 promotes both the acute phase response and liver regeneration, carcinogenesis,
and modulation of glucose metabolism [70].

Recently, McConnell, Kawaguchi, et al. published a landmark paper adding an-
other piece to the puzzle in our understanding of the pathogenesis of liver injury in
COVID-19 [61]. Researchers first demonstrated that the most common liver pathological
features in COVID-19 patients were liver congestion (98%), steatosis (47%), sinusoidal
erythrocytes recruitment (44%), and neutrophil infiltration [61]. Among COVID-19 patients,
patients with higher alanine aminotransferase (ALT > 3×) had higher plasma levels of
IL-6 and pro-coagulation factors and the liver histopathological examination demonstrated
substantially higher intralobular neutrophil infiltration and trends toward a higher preva-
lence of steatosis and sinusoidal erythrocyte recruitment [61]. One of the key findings of
this study was that immunostaining analysis indicated that LSECs in COVID-19 patients
were highly positive for vWF and demonstrated platelet recruitment at their surface [61].
Additionally, vWF production and platelet recruitment in LSECs are higher in patients
with ALT < 3× and correlated with intralobular neutrophil infiltration and plasma IL-6
levels [61]. Functional trials in LSECs indicated that IL-6 trans-signaling increases the
production of procoagulant factors (Factor VIII and vWF), pro-inflammatory molecules
(IL-6, CXCL1, and CXCL2), and cell adhesion molecules such as ICAM1, P- and E-selectin
that promote platelet attachment and neutrophil recruitment [73]. Furthermore, this trial
enables evidence that activated LSECs foster the systemic inflammatory response through
interacting with hepatocytes and increasing their expression of acute phase reactants such
as fibrinogen [73]. IL-6 plays an important role in these processes and could be pharmaco-
logically improved through JAK1 inhibitors that are under evaluation for the treatment of
severe COVID-19. Based on their findings, LSECs respond to IL-6 through differentiating
into a procoagulant and proinflammatory phenotype that stimulates platelet recruitment in
sinusoids and liver neutrophil aggregation, promoting COVID-19-related liver injury [74].
Although LSECs do not produce IL-6R, the researchers reported that LSECs respond to
IL-6R trans-signaling and interact with hepatocytes to express pro-coagulant and pro-
inflammatory molecules [61,65]. See Figure 2.
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Figure 2. LSEC activation and cellular interaction during SARS-CoV-2 infection. SARS-CoV-2
infection stimulates a systemic release of IL-6 that induces LSECs through a trans-signaling pathway
involving the sIL-6R and gp130. Activated LSECs acquired a procoagulant and proinflammatory
phenotype, which express vWF, Factor VIII, CXCL1, and 2 and cell adhesion molecules, which
eventually promote platelet and neutrophil recruitment in the liver. Additionally, LSECs express IL-6
and interact with hepatocytes, which respond to IL-6 through a classical signaling pathway involving
the IL-6R. Hepatocytes play a critical role in the systemic response to SARS-CoV-2 via expressing
fibrinogen and acute phase proteins.

As previously highlighted, the immune system and cytokines play a key role in the
development and clinical outcome of COVID-19. Sustained high levels of some cytokines
such as CXCL10, CCL7, and IL-1RA are associated with liver injury as well as fatal out-
comes [16,75,76]. Effective viral control is associated with a type 1 CD4+ phenotype; a
type 2 profile is often observed in those with severe disease [9,76–78]. High expression
levels of effector molecules by CD8+ T cells in acute COVID-19 are associated with im-
proved clinical outcomes [9,79]. However, excessively high levels of T cell activation are
associated with poor clinical outcomes [80]. Furthermore, the expression of potential
exhaustion markers, such as PD-1 and Tim-3, is associated with disease progression [9].
Patients with fatal outcomes presented increased levels of interferon-λ, TGF-α, thymic
stromal lymphopoietin (TSLP), IL-16, IL-23, and IL-33, and markers linked to coagulopathy,
such as thrombopoietin [81]. On the other hand, anti-SARS-CoV-2 antibodies can exert
protective functions, such as neutralization, antibody-dependent phagocytosis (ADP), and
antibody-dependent cellular cytotoxicity (ADCC) [29]. The Fab-mediated mechanisms
include neutralization, in which the entry of the virus into the host cell is inhibited [29].
Fc mechanisms include complement activation, ADCC, and ADP. Fc-effector functions,
such as ADP, have been associated with protection against coronaviruses [29]. Neutralizing
antibody titers are higher in patients with severe disease than in those patients with mild
disease [29]. However, antibody effector functions can also promote inflammation and
amplify liver damage [29]. The pathological effects of antibodies in COVID-19 are related
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in part to aberrant glycosylation patterns, which are observed in the anti-SARS-CoV-2 IgG
antibodies of patients with severe, but not mild, disease [82,83]. Neutrophils are the most
abundant leukocytes, which express the Fc alpha receptor (FcαR/CD89) and can exhibit
various effector functions, including ADP and neutrophil extracellular trap formation (NE-
Tosis) [29,84,85]. These structural modifications can trigger inflammatory processes, such
as cytokine production, immune cell infiltration into some organs, or platelet-mediated
thrombosis [84]. See Figure 3.
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Figure 3. Clinical outcomes of SARS-CoV-2-related immunopathology. COVID-19 patients with
lymphopenia are susceptible to infections with the microbe, which promotes disease progression
and increased severity. Furthermore, cytokine storms can trigger inflammatory-associated multiple
organ dysfunction, including lung injury that can result in ARDS, liver injury with ALT, AST, GGT
elevation, kidney injury with increased BUN and creatinine levels, and heart injury with increased
creatinine kinase (CK) and lactate dehydrogenase (LDH) levels.

The relationship between autoimmunity and COVID-19 is complex [21,25]. Some of
the clinical manifestations of COVID-19, including hyperinflammation and macrophage
activation, are similar to the immunopathology of various autoimmune diseases such as
juvenile idiopathic arthritis and systemic lupus erythematosus (SLE) [86,87]. Growing
evidence demonstrates that the SARS-CoV-2 virus may trigger De novo autoimmunity,
including SLS, and autoimmune/autoimmune-like hepatitis (AIH) [21,88,89]. Mechanisti-
cally, this could be related to virus-induced molecular mimicry, resulting in the development
of new-onset autoantibodies targeting traditional autoantigens or cytokines [90]. Molecular
mimicry generally occurs when microbial peptides share the same antigenic sequences
with host self-proteins [89,90]. It has been demonstrated that hexapeptide sequences of
SARS-CoV-2 share a similar sequence with human proteins, which can cause a wide range
of complications from vascular disease to autoimmune liver disease [89,90]. Hexapep-
tides of N and surface glycoprotein of SARS-CoV-2 have indicated substantial sequence
homology with three human proteins, namely DAB1, AIFM, and SURF1, that are involved
in neuron development and mitochondrial metabolism [89–92]. Multiple trials have re-
ported that CD4+ T cells and CD8+ T cells are active with high proportions of HLA-DR
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CD3, CD28, and CD38, and increase the expression of the proliferation marker Ki67 in
COVID-19 [80,93]. CD8+ T cells have an enormous potential to eliminate SARS-CoV-2
infected cells with long-lasting immunity followed by COVID-19 [28,29]. In addition,
during the clonal expansion of reactive T cells to an infection, a substantial proportion of
self-reactive T cells may be increased in COVID-19 [89,90]. Cytokines can also play a critical
role in the pathogenesis of autoimmune liver diseases. SARS-CoV-2 induces the secretion of
proinflammatory cytokines, leading to an aberrant innate and adaptive immune response
and loss of tolerance to self-antigens [89,90]. CD4+ T cells (Tregs) orchestrate immune
homeostasis by inhibiting the proinflammatory function of effector T cells [89,90]. The num-
ber of Tregs is decreased, and they often become exhausted during COVID-19 [90]. CD8+

have also become exhausted upon persistent antigen stimulation, which is characterized by
progressive loss of effector and proliferative potential, [28,89,90].

2.4. Liver Injury following COVID-19 Vaccination

The COVID-19 pandemic has resulted in enormous global morbidity and mortality
rates. One of the most effective strategies for limiting COVID-19 is vaccination; this can
build an immune barrier in the general population, attenuating the speed and scope
of SARS-CoV-2 transmission [29,30,89,94]. Given the huge socio-economic effect of the
pandemic, vaccines against SARS-CoV-2 have been developed at an unprecedented speed
and scale to fight this worldwide challenge common to all human beings. In December
2020, two mRNA vaccines (BNT 162b2 Pfizer-BioNTech and mRNA-1273 Moderna, and
one adenovirus (ADV) vector-based vaccine (ChAdOx1 nCOV-10 Oxford University/Astra
Zeneca)) were approved by the most important drug regulatory agencies [95–97]. As
of 4 April 2023, approximately 68% of the global population has received at least one
dose anti-SARS-CoV-2 vaccine, with 13 337 398 544 doses being implemented around the
world [8,89].

Several adverse events have been reported following COVID-19 vaccination, including
myocarditis, vaccine-induced immune thrombotic thrombocytopenia (VITT), IgA vasculitis,
and autoimmune diseases [89,94]. Autoimmune liver diseases encompass AIH, primary
sclerosing cholangitis (PSC), and primary biliary cholangitis (PBC). To date, many patients
with AIH following COVID-19 vaccination have been reported, however, the mechanisms
involved in the development of AIH related to COVID-19 remain largely unknown. As pre-
viously mentioned, SARS-CoV-2 could stimulate autoimmunity, and vaccines could trigger
autoimmune reactions [9,29]. Both the mRNA and ADV vaccines encode the intracellular
production of the SARS-CoV-2 spike protein, which is the primary target for neutralizing
antibodies originating from natural infection and triggering both innate and adaptive
responses [89]. Through their recognition by innate intracellular sensors, including TLR
3, 7,9, and inflammasome components, vaccines induce innate immunity through cellular
activation and release of FN-1, thus stimulating differentiation of CD4+ and CD8+ T cells
into effector and memory subsets [89,94,98]. Although the precise mechanisms have not
been elucidated, molecular mimicry is one of the major explanations of autoimmunity
following vaccination [89,90,98–100]. Significant homology of amino acid sequences be-
tween determinants of vaccines and self-antigen may result in the synthesis of anti-spike
antibodies that cross-react with structurally similar host peptide proteins [29,89,94,99,100].
Bystander activation and epitope spreading may be other mechanisms involved in the
pathogenesis of AIH due to the COVID-19 vaccine [94].

The first case of AIH after the COVID-19 vaccine was reported by Brill et al. [101]. To
date, most reported patients with COVID-19 vaccine-related AIH were female (83%), with
a mean age of 58.7 years (range: 27–82) [89,98,102]. In 25 patients, race and ethnicity have
not been reported; however, in the remaining cases, 11 patients were Caucasian, three were
Asian, and 1 was Arabic [89,102]. Seventeen patients (42.5%) had a history of either liver or
autoimmune disease [89,102]. One patient was three months postpartum. Most patients
(78%) exhibited symptomatic AIH, with a latency time after receiving the COVID-19 vaccine
of about two weeks (16.6 + 12.8 days, ranging from 2 to 60) [89,102]. Jaundice was the most
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common symptom (60%). Other frequent symptoms include fatigue (33%), choluria (25%),
and pruritus (20%). Two patients experienced worsening symptoms after receiving the
second dose. In terms of laboratory data, most patients exhibited a hepatocellular pattern
of liver injury, with a substantial elevation of aminotransferases [89,103,104]. Mean GGT,
ALP, and bilirubin were detected as mildly elevated. Immunoglobulin G was > 20 g/L
in 13 patients (46.5%) with a mean value of 21.7 g/L. Thirty-seven patients (93%) had
at least one positive antibody, and ANA was positive in 33 (83%) [89,103,104]. A liver
biopsy was performed in almost all patients (98%), and the histopathological findings
were typical for AIH in 3 patients and compatible with AIH in 31 patients [89,103,104].
Although five patients were receiving potentially hepatotoxic drugs, including substitutive
hormonal therapy, statin, azathioprine, Peg-IFN, and nitrofurantoin, each patient had been
receiving drugs for a long time without recent regimen changes [89]. The trigger vaccine
was Pfizer-BioNThec in 17 patients ((43%), Moderna in 11 (28%), and Oxford AstraZeneca
in 10 (20%), while CoronaVac was the trigger of AIH in two cases (5%) [89]. Steroids
were implemented as a first-line treatment in 38 (95%), and azathioprine was used as a
second drug in 8 patients. A decrease in laboratory data and resolution of the disease were
observed in 37 of 40 patients; however, 3 patients died [89].

2.5. Drug-Induced Liver Injury

Drug-induced liver injury (DILI) is a further potential mechanism for aminotrans-
ferase elevation in COVID-19, either as a consequence of drugs used commonly in critical
care or anti-viral drugs. DILI is a common feature, particularly in hospitalized patients
with COVID-19. A recent systematic review article and meta-analysis reported a total
incidence of liver injury in patients with COVID-19 to be 25.4% (95% Cl, 14.2–41.4) [105].
Liver injury has been observed in 15.2% of patients treated with remdesivir and in 37.2% of
patients treated with lopinavir/ritonavir [97]. DILI was not life-threatening in COVID-19
patients [105]. Additionally, immunosuppressive drugs, such as tocilizumab, tofacitinib,
and dexamethasone, used in patients with severe COVID-19 may cause liver injury through
HBV reactivation in patients with occult infection [105,106]. However, randomized con-
trolled trials investigating the efficacy and safety of remdesivir and tocilizumab in patients
with COVID-19 did not indicate a significant difference in the prevalence of liver injury
between the placebo group and the treatment group [107,108]. Furthermore, antibiotics
and nonsteroidal anti-inflammatory drugs can also lead to liver injury in patients with
COVID-19 when implemented with different indications, such as bacterial superinfection,
myalgias, or fever [25].

3. SARS-CoV-2 Infection in Special Populations with CLD
3.1. Cirrhosis

COVID-19 may increase the risk of hepatic decompensation by directly causing many
complications in patients with CLD. Furthermore, it also affects indirect outcomes in the
management of patients with CLD, particularly in those having decompensated cirrhosis
and HCC [109]. Patients with cirrhosis have an increased risk of liver decompensation
and acute-on-chronic liver failure (ACLF) following viral infection, such as influenza [110].
COVID-19 in patients with cirrhosis were revealed to be associated with worsening MELD
score, ACLF, and death [111]. A European registry study including 745 COVID-19 pa-
tients detected that cirrhotic patients had a significantly higher mortality rate than patients
without cirrhosis (32% vs. 8%, p < 0.01) [112]. Similar stepwise trends have been found
in the rates of ICU admission, renal replacement therapy, and mechanical ventilation.
Decompensated cirrhosis was also demonstrated as an independent risk factor for death
based on outcome data from patients with CLD. Another multicenter study involving
2780 patients with SARS-CoV-2 infection revealed that patients with CLD had a relatively
higher mortality rate than control (relative risk (RR) 2.8, 95% confidence interval (CI) 1.9–4.0,
p < 0.001), which was further increased in cirrhotic patients (RR 4.6, 95% CI 2.6–8.3;
p < 0.001) [113]. A study comparing liver-related outcomes between 185 patients with



Viruses 2023, 15, 1287 11 of 18

CLD but without cirrhosis and 43 cirrhotic patients found a higher rate of severe liver
injury and death with more advanced stages of liver disease following COVID-19 [114].
Twenty percent of patients with cirrhosis developed either ACLF or acute decompensation.
A further retrospective study showed that SARS-CoV-2 infection was associated with a
2-fold increased risk of mechanical ventilation, hospitalization, and mortality in cirrhotic
patients compared to noncirrhotic individuals [115]. Comorbidity and smoking increase
mortality in patients with COVID-19 [116].

There are several clinical features of COVID-19 in patients with cirrhosis. Novel or
worsening acute hepatic decompensation is a common presenting feature in up to 46% of
patients [114]. In 20–58% of patients, this decompensation develops in the absence of typical
respiratory symptoms of COVID-19 [114,115]. ACLF following SARS-CoV-2 infection is
also well known, being reported in up to 12–50% of decompensating patients [18,112,114].
Registry data from Asia supports a presentation with acute decompensation or ACLF in
20% of cirrhotic patients [114]. Data from Europe also support a presentation with acute
decompensation in 46% of cirrhotic patients with COVID-19, with about half of these
progressing to ACLF [112]. Hepatocyte cell death is a key property of the progression
to acute decompensation or ACLF in cirrhosis [26]. From a mechanistic perspective, the
aberrant release of inflammatory cytokines and the activation of the inflammasome pathway
in target cells may drive cell death following COVID-19 [116–118]. In cirrhosis, the liver
further becomes vulnerable to injury, due to prior upregulation and activation of canonical
and noncanonical inflammasome pathways [119]. Specifically, the SARS-CoV-2 virus
has been indicated to crosstalk and activate the canonical NLRP3 inflammasome and
non-canonical pyroptosis inflammasome pathways, which are both drivers of cytokine
storms [118,119]. Presentation with gastrointestinal symptoms is more common in cirrhotic
patients than compared to controls, and it is associated with a worse disease trajectory [120].
This phenomenon is thought to be associated with greater gut permeability and systemic
inflammation [121]. Historic trials have revealed a >30-fold increase in ACE2 expression in
cirrhotic vs. healthy livers, indicating that cirrhotic patients can be uniquely susceptible
to COVID-19-related hepatic dysfunction [26]. Taking all data into account, patients with
CLD are not at high risk of COVID-19, but these patients are at high risk of mortality [109].

3.2. Non-Alcoholic Fatty Liver Disease

The robust link between NAFLD and metabolic syndrome is well documented.
Metabolic syndrome is also a risk factor for severe COVID-19. As such, the impact of
NAFLD on COVID-19 outcomes has been closely investigated in several studies.
Several observational cohorts have revealed a significant increase in the risk of severe
COVID-19 in patients with NAFLD [122]. In a retrospective study involving 202 patients
with COVID-19, researchers indicated that NAFLD is associated with a higher risk of
progression to severe COVID-19 (OR6.4, 95% CI, 1.5–31.2), higher likelihood of abnormal
liver function from admission to discharge (70% (53/76) vs. 11.1% (14/126), p < 0.001),
and longer viral shedding time (17.5–5.2 days vs. 12.1–4.4 days, p < 0.001) compared to
patients without NAFLD [26,122]. A multicenter retrospective study from the US reported a
higher risk of ICU admission and need for mechanical ventilation but not overall mortality
among patients with NAFLD-related CLD [25,123]. In addition, among younger patients
(<60 years), the presence of NAFLD has been demonstrated to be associated with a >2-fold
higher prevalence of severe disease [26,123]. These observations may be related to gene
expression in NAFLD. Molecular studies have shown increased expression of key viral
entry receptors, such as ACE2, FURIN, and TMPRSS2, in patients with NAFLD and NASH.
Furthermore, ACE2 is upregulated in the liver and subcutaneous and visceral adipose tis-
sue in obese patients with NAFLD compared to obese controls without NAFLD [21,54,124].
Collectively, this demonstrates that NAFLD in the setting of the wider metabolic syndrome
likely contributes to more severe COVID-19 [21].
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3.3. Chronic Viral Hepatitis

Several studies have examined the clinical impact of co-existing chronic HBV or HCV
infection with COVID-19. A large retrospective cohort study from Hong Kong revealed
that COVID-19 outcomes were no difference between patients with HBV infection and the
control group including individuals without HBV infection [125]. In addition, the rates and
patterns of acute liver biochemistry abnormalities during COVID-19 were the same across
groups [125]. A retrospective review in Korea also indicated that chronic hepatitis B patients
did not have a significantly greater risk of severe COVID-19 [126]. Additionally, those with
COVID-19 had a lower rate of chronic hepatitis B than the general population, suggesting
that chronic hepatitis b patients may be less susceptible to COVID-19 [126]. This protective
effect may be mediated through the implementation of antiviral treatments, including
tenofovir and entecavir [126,127]. Analysis from a large American Veterans dataset revealed
that the rate of hospitalization was higher in HCV-positive patients with COVID-19 than
those with HCV-negative [128]. However, rates of ICU admission and mortality did not
differ between those with and without HCV infection [128]. Two subsequent trials have
indicated adverse outcomes in patients with co-existing HCV and SARS-CoV-2, including
increased ICU admissions and mortality, especially in those with high viremia [129,130].

3.4. Liver Transplantation

Liver transplant patients may have an increased risk for COVID-19 and a more severe
clinical course because of the need for immunosuppressive drugs [25,26]. In a prospective
study from Spain including a consecutive cohort of 111 LT recipients with COVID-19,
researchers found that LT patients have an increased risk of COVID-19 infection but lower
mortality compared with a matched general population [131]. Among immunosuppressive
treatments, only mycophenolate treatment was an independent risk factor for severe
COVID-19 [131]. An Italian study revealed that long-term LT patients were more prone
to severe disease than short-term LT recipients, suggesting that immunosuppression per
se does not increase the risk of severe disease [132]. However, the presence of chronic
comorbidities typically observed in long-term recipients, such as cardiovascular diseases,
kidney diseases, and diabetes, are associated with higher mortality and a more severe
course of COVID-19 [132]. As in the general population, the degree of liver injury remains
an independent predictor of mortality [132].

3.5. Hepatocellular Carcinoma

Several studies have investigated the impact of HCC in patients with COVID-19.
A study including 745 COVID-19 patients indicated that the presence of HCC was not
independently associated with mortality compared to patients without HCC [112]. A recent
study by Kim et al. indicated, in a different cohort, that HCC is an independent predictor
of death in COVID-19 patients (HR 3.31, 95% Cl 1.53–7.16). The difference between the
two studies may be related to cohort size and the number of HCC patients [133].

4. Conclusions

The presence of liver injury is usually associated with more severe liver disease and
higher mortality in patients with COVID-19. An elevated ALT level is the most robust
predictor of poor clinical outcomes. Although SARS-CoV-2 proteins and viral RNA were
found in tissue samples from COVID-19 patients and viral entry molecules are produced
on liver cells, it is unclear whether the virus can actively infect liver cells. Liver injury
and mortality in COVID-19 are likely multifactorial and result from dynamics such as a
sustained and excessive release of proinflammatory and prothrombotic cytokines following
the infection, iatrogenic injury, hemodynamic changes associated with mechanical ven-
tilation or vasopressor use, and worsening the underlying injury in patients with CLD.
The risk of de novo liver injury in patients without CLD is extremely limited, and, very
rarely, patients who develop COVID-19-associated ACLF have been reported. Patients with
NAFLD-related CLD exhibit an increased risk of severe disease, ICU admission, and need
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for mechanical ventilation independently of other comorbidities, including hypertension,
obesity, diabetes, and cardiovascular disease. Patients with cirrhosis and COVID-19 experi-
enced high mortality (up to 60%). Importantly, patients with liver transplantations have
lower mortality when compared with the general population, although mycophenolate
treatment was indicated to be an independent risk factor for SARS-CoV-2 infection.
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A.; Massoumi, H.; et al. Outcome of COVID-19 in Patients with Autoimmune Hepatitis: An International Multicenter Study.
Hepatology 2021, 73, 2099–2109. [CrossRef]

100. Durazo, F.A.; Kristbaum, K.; Miller, J.; Sacian, K.; Selim, M.; Hong, J.C. De novo Autoimmune Hepatitis after COVID-19 Infection
in an Unvaccinated Patient. Case Rep. Hepatol. 2022, 12, 8409269. [CrossRef]

101. Bril, F.; Al Diffalha, S.; Dean, M.; Fetting, D.M. Autoimmune hepatitis developing after coronavirus disease 2019 (COVID-19)
vaccine: Causality or casualty? J. Hepatol. 2021, 75, 222–224. [CrossRef] [PubMed]

102. Akinosoglou, K.; Tzivaki, I.; Marangos, M. COVID-19 vaccine, and autoimmunity: Awakening the sleeping drogan. Clin. Immunol.
2021, 226, 108721. [CrossRef]

103. Londono, M.C.; Gratacos-Gines, J.; Saez-Panataro, J. Another case of autoimmune hepatitis after SARS-CoV-2 vaccination-still
casualty. J. Hepatol. 2021, 75, 1248–1249. [CrossRef] [PubMed]

104. Zin Tun, G.S.; Gleeson, D.; Al-Joudeh, A.; Dube, A. Immone-mediated hepatitis with the Moderna vaccine, no longer a coincidence
but confirmed. J. Hepatol. 2022, 76, 747–749. [CrossRef]

105. Kulkarni, A.V.; Kumar, P.; Tevethia, H.V.; Premkumar, M.; Arab, J.B.; Candia, R.; Talukdar, R.; Sharma, M.; Qi, X.; Rao, P.N.; et al.
Systematic review with meta-analysis: Liver manifestations and outcomes in COVID-19. Aliment. Pharmacol. Ther. 2020, 52,
584–599. [CrossRef] [PubMed]

106. Hammond, A.; Ramersdorfer, C.; Palitzsch, K.D.; Schölmerich, J.; Lock, G. Fatal liver failure after corticosteroid treatment of a
hepatitis B carrier. Desch. Med. Microbe 1999, 124, 687–690.

107. Shiota, G.; Harada, K.; Oyama, K.; Udagawa, A.; Nomi, T.; Tanaka, K.; Tsutsumi, A.; Noguchi, N.; Kishimoto, Y.; Horie, Y.; et al.
Severe exacerbation of hepatitis after short-term corticosteroid therapy in patients with “latent” chronic hepatitis B. Liver 2000, 20,
415–420. [CrossRef]

108. 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. Eng. J. Med. 2020, 383, 1813–1826. [CrossRef]

109. Brandi, N.; Spinelli, D.; Granito, A.; Tovoli, F.; Piscaglia, F.; Golfieri, R.; Renzulli, M. COVID-19: Has the liver Been Spared? Int. J.
Mol. Sci. 2023, 24, 1091. [CrossRef]

110. Schütte, A.; Ciesek, S.; Wedemeyer, H.; Lange, C.M. Influenza virus infection is the precipitating event of acute-on-chronic liver
failure. J. Hepatol. 2019, 70, 797–799. [CrossRef]

111. Moon, A.M.; Webb, G.J.; Aloman, C.; Armstrong, M.J.; Cargill, T.; Dhanasekaran, R.; Genescà, J.; Gill, U.S.; James, T.W.; Jones, P.D.;
et al. 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. [CrossRef] [PubMed]

112. Marjot, T.; Moon, A.M.; Cook, J.A.; Abd-Elsalam, S.; Aloman, C.; Armstrong, M.J.; Pose, E.; Brenner, E.J.; Cargill, T.; Catana, M.A.;
et al. Outcomes following SARS-CoV-2 infection in patients with chronic liver disease: An international registry study. J. Hepatol.
2021, 74, 567–577. [CrossRef] [PubMed]

113. Singh, S.; Khan, A. Clinical characteristics and outcomes of coronavirus disease 2019 among patients with preexisting liver
disease in the United States: A multicenter research network study. Gastroenterology 2020, 159, 768–771. [CrossRef] [PubMed]

114. 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. Pre-existing
liver disease is associated with poor outcomes in patients with SARS-CoV-2 infection; The APCOLIS Study (APASL, COVID-19
liver Injury Spectrum Study). Hepatol. Intern. 2020, 14, 690–700. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cyto.2022.155873
https://doi.org/10.1016/j.autrev.2020.102591
https://www.ncbi.nlm.nih.gov/pubmed/32535095
https://doi.org/10.1007/s12192-020-01148-3
https://www.ncbi.nlm.nih.gov/pubmed/32754823
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.3389/fimmu.2022.1035073
https://www.ncbi.nlm.nih.gov/pubmed/36505482
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2105290
https://doi.org/10.1038/s41577-021-00526-x
https://www.ncbi.nlm.nih.gov/pubmed/33674759
https://doi.org/10.1002/hep.31797
https://doi.org/10.1155/2022/8409269
https://doi.org/10.1016/j.jhep.2021.04.003
https://www.ncbi.nlm.nih.gov/pubmed/33862041
https://doi.org/10.1016/j.clim.2021.108721
https://doi.org/10.1016/j.jhep.2021.06.004
https://www.ncbi.nlm.nih.gov/pubmed/34129886
https://doi.org/10.1016/j.jhep.2021.09.031
https://doi.org/10.1111/apt.15916
https://www.ncbi.nlm.nih.gov/pubmed/32638436
https://doi.org/10.1034/j.1600-0676.2000.020005415.x
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.3390/ijms24021091
https://doi.org/10.1016/j.jhep.2018.11.015
https://doi.org/10.1016/j.jhep.2020.05.013
https://www.ncbi.nlm.nih.gov/pubmed/32446714
https://doi.org/10.1016/j.jhep.2020.09.024
https://www.ncbi.nlm.nih.gov/pubmed/33035628
https://doi.org/10.1053/j.gastro.2020.04.064
https://www.ncbi.nlm.nih.gov/pubmed/32376408
https://doi.org/10.1007/s12072-020-10072-8
https://www.ncbi.nlm.nih.gov/pubmed/32623632


Viruses 2023, 15, 1287 18 of 18

115. Ioannou, G.N.; Liang, P.S.; Locke, E.; Green, P.; Berry, K.; O’Hare, A.M.; Shah, J.A.; Crothers, K.; Eastment, M.C.; Fan, V.S.; et al.
Cirrhosis and severe acute respiratory syndrome coronavirus 2 infections in US veterans: Risk of infection, hospitalization,
ventilation, and mortality. Hepatology 2021, 74, 322–335. [CrossRef]

116. Williamson, E.J.; Walker, A.J.; Bhaskaran, K.; Bacon, S.; Bates, C.; Morton, C.E.; Curtis, H.J.; Mehrkar, A.; Evans, D.; Inglesby, P.;
et al. Factors associated with COVID-19-related death. Nature 2020, 584, 430–436. [CrossRef]

117. Vora, S.M.; Lieberman, J.; Wu, H. Inflammasome activation of the crux of severe COVID-19. Nat. Rev. Immunol. 2021, 21, 694–703.
[CrossRef]

118. Szabo, G.; Csak, T. Inflammasomes in liver diseases. J. Hepatol. 2012, 57, 642–654. [CrossRef]
119. Junqueira, C.; Crespo, Â.; Ranjbar, S.; Lewandrowski, M.; Ingber, J.; de Lacerda, L.B.; Parry, B.; Ravid, S.; Clark, S.; Ho, F.; et al.

SARS-CoV-2 infects blood monocytes to activate NLRP3 and AIM2 inflammasomes, pyroptosis, and cytokine release. Res. Sq.
2021, 3, 153628.

120. Mao, R.; Qiu, Y.; He, J.-S.; Tan, J.-Y.; Li, X.-H.; Liang, J.; Shen, J.; Zhu, L.-R.; Chen, Y.; Iacucci, M.; et al. Manifestations and
prognosis of gastrointestinal and liver involvement in patients with COVID-19: A systematic review and meta-analysis. Lancet
Gastroenterol. Hepatol. 2020, 5, 667–678. [CrossRef]

121. Hashemi, N.; Viveiros, K.; Redd, W.D.; Zhou, J.C.; McCarty, T.R.; Bazarbashi, A.N.; Hathorn, K.; Wong, D.; Njie, C.; Shen, L.; et al.
Impact of chronic liver disease on outcomes of hospitalized patients with COVID-19: A multicenter United States experience.
Liver Int. 2020, 40, 2515–2521. [CrossRef] [PubMed]

122. 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. [CrossRef] [PubMed]

123. Zhou, Y.J.; Zheng, K.I.; Wang, X.B.; Yan, H.D.; Sun, Q.F.; Pan, K.H.; Wang, T.-Y.; Ma, H.-L.; Chen, Y.-P.; George, J.; et al. Younger
patients with MAFLD are at increased risk of severe COVID-19 illness: A multicenter preliminary analysis. J. Hepatol. 2020, 73,
719–721. [CrossRef]

124. Fondevila, M.F.; Mercado-Gómez, M.; Rodríguez, A.; Gonzalez-Rellan, M.J.; Iruzubieta, P.; Valentí, V.; Escalada, J.; Schwaninger,
M.; Prevot, V.; Dieguez, C.; et al. Obese patients with NASH have increased hepatic expression of SARS-CoV-2 critical entry
points. J. Hepatol. 2021, 74, 469–471. [CrossRef] [PubMed]

125. Yip, T.C.; Wong, V.W.; Lui, G.C.; Chow, V.C.; Tse, Y.; Hui, V.W.; Liang, L.Y.; Chan, H.L.; Hui, D.S.; Wong, G.L. Current and past
infections of HBV do not increase mortality in patients with COVID-19. Hepatology 2021, 74, 1750–1765. [CrossRef]

126. Kang, S.H.; Cho, D.-H.; Choi, J.; Balk, S.K.; Gwon, J.G.; Kim, M.Y. Association between chronic hepatitis B infection and COVID-19
outcomes: A Korean nationwide cohort study. PLoS ONE 2021, 16, e258229. [CrossRef] [PubMed]

127. Lens, S.; Miquel, M.; Mateos-Munoz, B.; Garcia-Samaniego, J.; Forns, X. SARS-CoV-2 in patients with on antiviral HBV and HCV
therapy in Spain. J. Hepatol. 2020, 73, 1262–1263. [CrossRef]

128. But, A.A.; Yan, P.; Chotani, R.A.; Shaikh, O.S. Mortality is not increased in SARS-CoV-2 infected persons with hepatitis C virus
infection. Liver Int. 2021, 41, 1824–1831. [CrossRef]

129. Ronderos, D.; Omar, A.M.S.; Abbas, H.; Makker, J.; Baiomi, A.; Sun, H.; Mantri, N.; Choi, Y.; Fortuzi, K.; Shin, D.; et al. Chronic
hepatitis c infection in COVID-19 patients is associated with increased hospital mortality. World J. Clin. Cases 2021, 9, 8749–8762.
[CrossRef]

130. Cerbu, B.; Pantea, S.; Bratosin, F.; Vidican, I.; Turaiche, M.; Frent, S.; Borsi, E.; Marincu, I. Liver impairment and hematological
changes in patients with chronic hepatitis C and COVID-19: A retrospective study after one year of pandemic. Medicina 2021,
57, 597. [CrossRef]

131. Calmenero, J.; Rodriguez-Peralvarez, 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. Heaptol. 2021, 74, 148–155. [CrossRef] [PubMed]

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

133. Kim, D.; Adeniji, N.; Latt, N.; Kumar, S.; Bloom, P.P.; Aby, E.S.; Perumalswami, P.; Roytman, M.; Li, M.; Vogel, A.S.; et al.
Predictors and outcomes of COVID-19 in patients with chronic liver disease: US multicenter study. Clin. Gastroenterol. Hepatol.
2021, 18, 1469–1479.e19. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/hep.31649
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1038/s41577-021-00588-x
https://doi.org/10.1016/j.jhep.2012.03.035
https://doi.org/10.1016/S2468-1253(20)30126-6
https://doi.org/10.1111/liv.14583
https://www.ncbi.nlm.nih.gov/pubmed/32585065
https://doi.org/10.1016/j.jhep.2020.03.044
https://www.ncbi.nlm.nih.gov/pubmed/32278005
https://doi.org/10.1016/j.jhep.2020.04.027
https://doi.org/10.1016/j.jhep.2020.09.027
https://www.ncbi.nlm.nih.gov/pubmed/33096086
https://doi.org/10.1002/hep.31890
https://doi.org/10.1371/journal.pone.0258229
https://www.ncbi.nlm.nih.gov/pubmed/34610052
https://doi.org/10.1016/j.jhep.2020.07.007
https://doi.org/10.1111/liv.14804
https://doi.org/10.12998/wjcc.v9.i29.8749
https://doi.org/10.3390/medicina57060597
https://doi.org/10.1016/j.jhep.2020.07.040
https://www.ncbi.nlm.nih.gov/pubmed/32750442
https://doi.org/10.1016/S2468-1253(20)30116-3
https://www.ncbi.nlm.nih.gov/pubmed/32278366
https://doi.org/10.1016/j.cgh.2020.09.027
https://www.ncbi.nlm.nih.gov/pubmed/32950749

	Introduction 
	Mechanisms Involved in Liver Injury in COVID-19 
	Direct Cytotoxicity 
	Vascular Alterations following COVID-19 in Liver 
	The Impact of Immunological and Inflammatory Processes of COVID-19 on the Liver 
	Liver Injury following COVID-19 Vaccination 
	Drug-Induced Liver Injury 

	SARS-CoV-2 Infection in Special Populations with CLD 
	Cirrhosis 
	Non-Alcoholic Fatty Liver Disease 
	Chronic Viral Hepatitis 
	Liver Transplantation 
	Hepatocellular Carcinoma 

	Conclusions 
	References

