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Preface

The liver is an essential organ with important roles in metabolism, digestion, and
immunity. When the liver is too injured and its role cannot be fulfilled at a minimum
required level, liver failure occurs and all aforementioned processes are disturbed
with a negative impact on patients. This stage is associated with important morbidity,
and mortality, and has limited therapeutical resources; sometimes liver transplant is
the only remaining option. Therefore, every potentially harmful agent for the liver
must be avoided.

However, some of these agents are deliberately recommended for their therapeutic
benefit in certain diseases and liver injury occurs as an adverse effect, which makes it
difficult for the prescribing physician. The medical option must be clearly explained
to patients who must understand why the treatment is important and that the drugs
may have an unwanted secondary effect on the liver. Some patients are diagnosed
with an incurable disease and the only role of the drug is to prolong survival for an
unknown variable period. For these patients, the possibility that a liver injury can
occur during therapy may influence their decision to give consent because it is hard
to admit that a treatment indicated to reduce the harmful impact of one disease can
lead to the appearance of a new disease. In these cases, the risks and benefits of the
potential hepatotoxic therapeutical agents must be carefully analyzed by one or more
experienced physicians and a decision individualized to the patient must be made.

Multiple medical specialties, especially oncology, rheumatology, and gastroenterology,
use therapeutic regimens that may contain agents that can have negative repercus-
sions on liver functions. As such, this book provides comprehensive information on
hepatotoxicity with the common purpose of better understanding the liver injury
that can occur due to certain drugs prescribed for multiple health problems. Chapters
present the latest data in terms of epidemiology, pathogenesis, clinical manifestations,
diagnostic methods, and treatment options for the topics addressed in this book.

This book is a useful resource for treating physicians across various specialties as well
as physicians in training.

Costin-Teodor Streba, Ion Rogoveanu and Cristin Constantin Vere
University of Medicine and Pharmacy of Craiova,
Craiova, Romania
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Chapter1
Drug-Induced Hepatotoxicity

Godwin Okwudiri Thegbovo and Chimaobi James Ononamadu

Abstract

This chapter aims at discussing the consequential effects of drug-induced
hepatotoxicity on man. The liver carries out drug detoxification among other roles,
but sometimes, drug toxicity can occur caused by either medication overdose or
imbalance drug metabolic reactions (Phase 1 & 2), resulting in the formation
of reactive (toxic) metabolites (electrophilic compounds or free radicals) that
binds covalently to hepatocytes, leading to liver injury/diseases like acute and
chronic hepatitis, cholestasis, steatosis among others. Mitochondrial dysfunction,
oxidative stress and lipid peroxidation are some of the mechanisms of liver injury.
Furthermore, drug hepatotoxicity results in hepatocellular, gastroenterological,
cholestatic as well as immunological disorders. The clinical manifestations of drug
toxicity arise from the abnormalities observed in liver’s biochemical and molecular
indicators. Our findings, revealed that in the event of liver injury, liver function
indices like aspartate and alanine aminotransferases, ALP (alkaline phosphatase)
and gamma glutamyl transferase (GGT) activities, intracellular calcium (Ca*) and
lipid peroxidation increases whereas indices of oxidative stress such as glutathione
and its allies, catalase and superoxide dismutase activity deplete. At molecular
level, the gene expression levels of Bcl-2 mRNA and microRNA genes (miR-122,
192 and 194) reduces while mitochondrial genes (MMP-2 and MMP-9) overex-
presses. Since drug abuse is deleterious to human health, therefore, adherence to
doctors’ prescription guidelines should be followed.

Keywords: liver, hepatotoxic agents, hepatotoxicity, liver indicators, gene expression

1. Introduction

The liver is a reddish-brown multifunctional organ that lies beneath the diaphragm in
the abdomen’s right upper quadrant and overlies the gallbladder. It performs varieties of
biological and metabolic functions, but one significant of them is xenobiotic metabolism/
detoxification, in which exogeneous lipophilic xenobiotics (drugs and herbal supple-
ments) are converted to hydrophilic compounds via biochemical processes catalysed
by cytochrome P450 enzyme systems. The metabolic products obtained are then actively
transported by hepatocyte transporter proteins into the plasma or bile for excretion by
the kidney or gastrointestinal tract [1, 2]. However, sometimes, these xenobiotics pro-
duce reactive (or toxic) metabolites or electrophiles that bind covalently to hepatocyrtes,
resulting to changes in protein conformation, DNA mutation or induce lipid peroxidation
respectively, thereby leading to hypersensitivity reaction or liver necrosis. This is known
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as drug-induced injury (or hepatogenous poisoning, toxic-liver disease, chemical-driven
injury). This situation often leads to hospitalisation and/or liver transplantation, depend-
ing on the magnitude of the liver injury [3]. There are over 1000 hepatotoxic agents avail-
able, however, drugs account for about 20-40% of the cases associated with liver failure/
injury [4]. Notably, there are two categories of drug-induced liver injury (DILI) namely:
intrinsic (or pharmacological) and idiosyncratic DILI respectively. Intrinsic DILI, refer to
a form of liver toxicity caused by a drug in a projectable and dose-dependent manner (e.g.
acetaminophen). In this circumstance, liver injury sets-in after an elevated concentration
of the drug is attained. On the other hand, idiosyncratic DILI (which occurs relatively),

is a non-projectable, non-dose-dependent response to drug and differs in the period of
latency (e.g. Trovafloxacin and Troglitazone). It is worthy of note, that approximately
75-80% cases of idiosyncratic reactions end up in death or liver transplantation and as
such precautionary measures should be observed in the use of drugs [5, 6]. The dreadful
incidences of DILI can be checked by creating drug pharmacovigilant awareness, in which
cases of adverse side effects after drug administration should be withdrawn or stopped
abruptly to avoid further harm to the body. Besides the harmful effects of acetamino-
phen (APAP) overdose that has been well documented, studies provide us with wide
spectrum of drug inducible agents like, Atypical antipsychotic (AAP), D-galactosamine
((D-GalN)), N-nitrosodiethylamine (NDEA), thioacetamide, Anti- Tuberculosis Drugs
(ATD), Anti- Retroviral Drugs (ARDs), Antimalarial Drugs, NSAIDs (Non-Steroidal
Anti-inflammatory Drugs), azacytidine, to mention but a few [3]. Therefore, this chapter
focuses on discussing the mechanism of action and toxicological implications of drug-
induced hepatotoxicity of the aforementioned drugs to human health.

2. Drugs and their role in hepatotoxicity
2.1 Paracetamol

As much as there are several analgesic drugs consumed by man as pain killer
agents, paracetamol seems to be the commonly used and contains acetaminophen -
the active ingredient, which has been shown to be well-tolerated in prescribed dose
but in the event of overdose, liver damage occurs. This is because, acetaminophen
metabolism catalysed by cytochrome P4s0 enzymes in the liver produces N-acetyl-p-
benzoquineimine (NAPBQI) — a highly reactive (toxic) intermediate metabolite [7].
In the normal sense, this metabolite gets detoxified by glutathione conjugation in
phase Il reaction. Nevertheless, during acetaminophen’s overdose, a high concentra-
tion of the toxic metabolite is produced, and thus overwhelms the detoxification
process, leading to hepatocellular necrosis. Reports have shown that liver injury
caused by this metabolite can be reduced by the administration of acetylcysteine - a
precursor of glutathione, by scavenging the toxic metabolite from the system [8].

2.2 Atypical antipsychotic (AAP)

Antipsychotic drugs are detoxified via the cytochrome-Pss50 system in the phase
1 and phase 11 reactions. In its metabolism, the enzyme known as mono-oxygenase
converts the drugs into less toxic metabolites through hydrolysis, oxido-reduction and
dealkylation processes. However, sometimes, the phase products may display high
level of toxicity, hence, phase 11 reaction becomes inevitable. The phase II reaction
mainly involves a biochemical process called conjugation reaction which makes use
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of glucuronic acid, sulphate, acetate, amino acids and glutathione to convert phase 1
products to a more body friendly form and subsequently for excretion. Many antipsy-
chotic drugs beside antisulpride, risperidone, and paliperidone are catabolised pri-
marily via the CYP2D6 and CYP3A4 systems while clozapine and olanzapine use the
CYP1A2 system for its drug metabolism. Experimentation shows that antipsychotic
drugs potentially damages liver cells through three mechanisms (i) By increasing

bile secretion and excretion leading to cholestasis which relates to immune-mediated
hypersensitivity (a typical mechanism of chlorpromazine) (ii) Accumulation of
toxic or reactive intermediates (or metabolites) that eventually attacks liver cells

(iii) By Increasing the risk of metabolic idiosyncratic syndrome leading to high risk
of non-alcoholic fatty liver diseases which is typical of olanzapine and clozapine.
Indiscriminate consumption of antipsychotic drugs presents some clinical manifesta-
tions (or side effects) and this can be encapsulated into four categories namely:

1. Hepatocellular disorder in which hepatic bio-indicators such as aminotransferases,
ALP (alkaline phosphatase) and y-glutamyl transferase (GGT) activities as well as
the levels of albumin and total bilirubin are found to increase significantly in the
serum.

2. Gastrointestinal disorders ranging from fatigue, appetite loss, excruciating pains
in the liver region and epigastric discomfort

3. Cholestasis and steatosis like coloured stool

4.Immunological or hypersensitivity disorders including eosinophilia, anthralgia,
rashes, acute liver failure (ALF), auto-immune diseases among others [9, 10].

2.3 D-galactosamine (D-GalN)

Galactosamine, one of the commonly used experimental model for hepatotoxicity
study in animals, is an amino sugar derivative found majorly as glycoprotein in living
cells. In addition, it forms a component of some hormonal systems like Luteinizing
hormone (LH) and Follicle stimulating hormone (FSH) respectively. Biochemical
investigation into the hepatotoxic effect of D-galactosamine revealed that it induces
liver damage by interfering with the products of galactosamine metabolism via
Leloir pathway of galactose metabolism. Firstly, galactosamine is transformed to
galactosamine-1-phosphate (Gal-1-P) catalysed by galactokinase while the second
phase involves the conversion of galactosaminr-1-phosphate to Uridine diphosphate-
galactosamine (UDPG) by galactose uridyltransferase. At low substrate specificity,
UDPG inhibits the activity of UDP-galactose-4'-epimerase, thereby causing a signifi-
cant accumulation in the hepatic cells and others like UDP-N-acetylglucosamine and
UDP-N-acetyl galactosamine with corresponding depletions of uridine triphosphate
(UTP), uridine diphosphate (UDP), uridine monophosphate (UMP) as well as
uridine diphosphate-glucose (UDP-Glu) and uridine diphosphate-galactose
(UDP-Gal), respectively. The outcome of this process then causes the loss of intracel-
lular Ca®* homeostasis, inhibits hepatocyte ATP metabolism and hepatitis which
invariably affects cell membrane, inhibits mRNA, protein and nucleic acid biosynthe-
sis. These effects increase protein gene (p53) expression and decreases Bcl-2 mRNA
levels in the liver. It is noteworthy, that the hepatoxic action of galactosamine is effec-
tive when in combination with lipopolysaccharide (GalN/LPS). This combination
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induces the Kupffer cells to secrete pro-inflammatory mediators that leads to liver
cell apoptosis [11]. Experimental design that involves the treatment of animals with
D-GalN alters albumin mRNA, glucose-6-phosphatase, histone-3 mRNA, alpha feto-
protein mRNA («FP mRNA), gamma-glutamyl transpeptidase (GGTP) expressions.
Furthermore, it also upregulates expression of tumour nuclear factor (TNF-a mRNA)
that has activity of necrotic factor-kappa B (NF- kB10) and alter membrane cofac-
tor protein (MCP-1) level in serum. Also, serum ALT and AST activities increases
substantially [12, 13].

2.4 N-nitrosodiethylamine (NDEA)

N-nitrosodiethylamine (NDEA), is a member of the nitrosamine family and are
found in various foodstuff and underground water with high nitrate level. It has
hepatocarcinogenic property by yielding adducts of DNA carcinogen in the liver and
induces hepatic cancer. NDEA’s mechanism of hepatic damage is such that after treat-
ment, it stimulates increase in liver mitochondrial transitional permeability (MTP),
leading to increase hydrogen peroxide (H,0,) production, resulting in peroxidative
stress [14, 15]. Alternatively, cytochrome P50 activates NDEA, generating reactive
electrophilic molecules capable of increasing oxidative stress and liver cytotoxicity
and carcinogenicity [16].

2.5 Thioacetamide

Thioacetamide (TAA), is a white crystalline, organosulfur compound with high
affinity for water and alcohol. It is chemically designated as C,HsNS and generally
classified as class 2B human carcinogenic agent. NDEA exhibits wide range of rel-
evance such as serve as sulphide source in the synthesis of compounds (organic and
inorganic), controls the deterioration of orange fruits (fungicidal role), precipitates
cadmium sulphide from acidic solutions, drug development, pesticide produc-
tion, serve as cross-linking agent but to mention a few. However, scientific reports
documented that long-term oral consumption of TAA causes liver cell adenomas,
cholangiomas and hepatocarcinomas as well as affects protein, nuclei acid synthesis
and GGTP activity. The bio-transformation of TAA via oxidative bioactivation in
the liver microsomes catalysed by flavin-containing mono-oxygenases (FMOs) and
cytochrome P450 systems produce two toxic metabolites. Firstly, TAA is catalysed by
thioacetamide-S-oxygenase to form a reactive intermediate, thioacetamide-S-oxide
(TAASO) adduct through oxidation process, which then induces hepatocytic oxida-
tive stress, resulting to increase in nucleoli and Ca®* concentrations as well as inhibit
mitochondrial activity, thereby leading to hepatotoxicity with a resultant effect of
centrilobular necrosis. However, the action of CYP2E1 inhibitors (such as 4-meth-
ylpyrazole and diallyl sulphide) and TAA, block TAASO toxicity in a relative and
absolute manner respectively. The second phase of metabolism involves the conver-
sion of TAASO to thioacetamide-S-S-dioxide (TAASO, _ a reactive species) by the
action of thioacetamide-S-oxide-S-oxygenase and then covalently binds with protein
and nucleic acid causing hepatotoxicity with consequential effect of liver damage/
injury [17, 18]. The characteristic validation of the hepatotoxic effect of TAA includes
decrease in microRNA gene expression (miR-122, miR-192 and miR-194) and
increase in AST and ALT activities, mitochondrial membrane protein gene expression
(MMP-9 and MMP-2) as well as myeloperoxidase, interleukin-10 (IL-10) and tumour
nuclear factor (TNFa) respectively [19-21].
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2.6 Acetylaminofluorene (AAF)/DEN

This is a fluorine derivative compound with carcinogenic tenacity. Its incorporation
in diet and subsequent administration induces increased incidences of liver and urinary
bladder carcinomas in animal model. Acetylaminofluorene, a by-product of diethyl
nitrosamine (DEN) initiates carcinogenesis by increasing reactive oxygen species (ROS)
production and facilitate hyperproliferation [22]. Acetylaminofluorene metabolism by
cytochrome Pyso produces metabolites like 2-aminofluorene (AF), 2-glycoloylamino-
fluorene (2-GAF), N-hydroxy-2-acetylaminofluorene (NH-2-AAF), 2-acetylaminofluo-
ren-3-,-7-,-9-ol (3-, 7-, 9-hydroxy-AAF) and 2-acetylaminofluoren-9-one (AAF-9-one)
respectively and exhibits different toxicity pathway. For instance, N-hydroxy-2-
acetylaminofluorene and AAF binds covalently at Carbon - 8th positions in guanine;
causing single strand breaks in DNA with resultant effect of severe apoptosis. Sometimes,
AAF exposure increases expression of genes implicated in p53-signalling pathway, mRNA
genes [encode mitochondria drug resistance proteins (Mdrlb, Mrpl and Mrp3)] and
microRNA genes respectively, thereby resulting in apoptosis [23-25]. Studies showed that
at small dose of 2-AAF for long (2.24 or 22.4 mg/kg, 3 times/week for 31 days) or high
dose (448 mg/kg BW, i.g., 5 days/week for 8 weeks) produces maximum hepatocellular
carcinogenesis through AAF- DNA adducts [26, 27]. Interestingly, lower dose of 2-AAF
(50 mg/kg BW, i.p.) was reported to increase lipid peroxidation, deplete GSH level while
the activities of glutathione peroxidase (GPx), glutathione reductase (GR), catalase
(CAT), and glutathione-S-transferase (GST) were significantly reduced [28].

2.7 Anti- tuberculosis drugs (ATD)

Anti-tubercular drugs are the most auspicious prescription medication used for
the treatment of cases of tuberculosis - an infectious disease with high mortality
rate [29]. However, long- term administration of anti-tubercular drugs like rifampicin
(RIF), isoniazid (INH) and pyrazinamide (PZA) (first line anti-tubercular drugs),
significantly increase hepatotoxicity and induces liver injury in mammals [30]. The
mechanism that precipitates anti-tubercular drug’s liver damage maybe unclear,
nevertheless, studies show significant increases in alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and alkaline phosphatase (ALP) activities.
Furthermore, lipid peroxidation, intracellular calcium (Ca?*) level and CYP;s02EI
activity also increases while GSH level, GPx and catalase activities decreases [31].
Recently, research shows that acetylators generate high level of acetylated drug which
undergo further metabolism to yield other toxic intermediates which causes liver
disruption, for instance, Isoniazid acetylation by N-acetyltransferase (NTA2) enzyme
produces mono-acetyl hydrazine (MAH) that increases liver toxicity [32]. Notably,
polymorphism at gene loci of NTA2, CYP2E1 and GST (detoxifying enzymes) modu-
late the activities of these enzymes and hence increases the risk of hepatotoxicity
[33]. Studies have shown some administrable dose regimen of anti-tubercular drugs
that can be used for biochemical evaluation, for example, intraperitoneal administra-
tion of 50 mg/kg BW of isoniazid, 100 mg/kg BW of rifampicin and intragastric
administration of 350 mg/kg BW of pyrazinamide respectively. Also, when they are in
combined form such as INH and RIF as well as INH, RIF and PZA induces hepatotox-
icity. This observation was in agreement with previous work as reported by [34] that
daily oral administration of isoniazid (15 mg/kg BW), rifampicin (20 mg/kg BW)
and pyrazinamide (35 mg/kg BW) in combined form for 45 days, increases malondi-
aldehyde level (MDA).
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2.8 Anti- retroviral drugs (ARDs)

The therapeutic action of highly active antiretroviral drugs (HAART) like
Protease inhibitors (PI), non-Nucleoside reverse transcriptase inhibitors (nNRTT)
and Nucleoside/Nucleotide reverse transcriptase inhibitors (NRTI) used in the
management of human immunodeficiency virus (HIV) undergo various pathways,
nonetheless, their adverse effects are targeted/localised at the hepatic cells [35, 36].
Take for example, all anti-retroviral therapy-native (ART-naive) like atazanavir or
ritonavir and NRTIs (such as zidovudine or didanosine) alongside N-Apostolova
Efavirenz (nNRTI) causes hepatic mitochondrial dysfunction and acute mitotoxic
effect and oxidative stress respectively [37, 38]. Furthermore, administration of
50 pM of Efavirenz (EFV) can activate the activities of caspase-3 and caspase —9,
trigger apoptotic mitochondrial intrinsic pathway and directly inhibit mitochon-
drial complex 1 subunit (MC1s) expression [39, 40]. The therapeutic efficacy of
antiretroviral drugs is seen when used in combinations such as nNRTI and NRTIs
but reports have documented that this combination produces deleterious effects on
the mitochondria and also cause hepatic steatosis [41]. Another typical mechanism
of action of some antiretroviral drug like stavudine (NRTI) is its ability to arrest
cell cycle in growth phase (G1 phase) through upregulation of cyclic-dependent
kinase inhibitor (CDKN2A) as well as p21 genes and inhibiting mitochondrial DNA
replication [42].

2.9 Anti-malarial drugs

Amodiaquine (an anti-malarial drug) hepatotoxic effect is achieved in humans
when it is being oxidised by liver microsomes and peroxidases, produces iminoqui-
none, (a reactive metabolite) which binds to proteins irreversibly, causing direct liver
toxicity by disrupting the hepatocyte function [43].

2.10 Anti-hyperlipidemic drugs

This class of drugs act mainly by hepatocellular or mixed reactions and rarely
by cholestatic reaction. The Niacin and Statin are the commonly used drugs in the
treatment of hyperlipidemic conditions, however, they have potential to induce
liver injury. Studies revealed that the administration of Lovastatin and Simvastatin
in animal model (rabbits or Guinea pig) resulted in hepatocellular necrosis while
Atorvastatin produced a mixed pattern of liver injury. It is noteworthy, that
Simvastatin in combination with other drugs like flutamide, troglitazone and dil-
tiazem gives a more pronounced hepatic effect and this has been attributed to the
drug-drug interaction mechanism [1].

2.11 Non-steroidal anti-inflammatory drugs (NSAIDs)

The liver damaging effects of NSAIDs like acetylsalicylic acid ranges from elevated
ALT, AST and ALP activities to acute cytolytic, cholestatic or mixed hepatitis as well
as increases in bilirubin and prothrombin time. The mechanistic action of NSAID-
induced hepatotoxicity is unclear but both intrinsic (Aspirin and phenylbutazone)
and idiosyncratic (Ibuprofen, sulindac, phenylbutazone, piroxicam, diclofenac and
indomethacin) reactions have been documented [44]. Suggestively, hypersensitiv-
ity and metabolic aberrations are thought to responsible for liver injury. Unlike
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hypersensitivity reactions that are characterised by considerable anti-nuclear factor
or anti-smooth muscle antibody titres as well as lymphadenopathy and eosinophilia,
metabolic aberrations are caused by genetic polymorphisms, altering susceptibility

to variety of drugs [45]. Diclofenac hepatotoxicity in humans and rats, for example,

is linked to mitochondrial ATP synthesis impairment and the production of N-5-
dihydroxydiclofenac (active metabolites), which causes cytotoxicity. Also, diclofenac-
induced liver injury results in mitochondrial transition permeability (MTP), causing
ROS formation, protein thiols production, mitochondrial swelling and oxidation of
NADP* (Nicotinamide adenine dinucleotide phosphate) respectively [45].

2.12 Anti-hypertensive drug

This anti-hypertensive drug called methyl dopa metabolises in the liver by
Cytochrome Py59, however, the oxidative reaction of methyl dopa by CYP,s, produces
superoxide anions (free radicals) to a reactive quinone or semi-quinone that binds
tightly to the hepatic cells causing liver injury such as acute/chronic hepatitis and
cholestasis with clinical evidence of elevated activities of ALT, AST and ALP respec-
tively in the blood system [1].

2.13 Azacytidine drug

Azacytidine (or Azacitidine), is a pyrimidine nucleoside analogue of cytidine
which is metabolised to a triphosphate molecule in the intracellular domain and then
introduced into the RNA and DNA molecule firmly held together covalently by DNA
methyltransferase 1(DNMT 1) - an enzyme that adds methyl to DNA molecule at the
carbon 5 position of cytosine. Azacitidine has an anticancer effect but at low doses, it
inhibits DNA methylation resulting in its deactivation leading to DNA hypomethyl-
ation shortly after cell division in the absence of DNMT1. The antineoplastic activity
of this drug comes from its hypomethylation, leading to tumour suppressor gene
(TSG) reactivation which is rapidly lost in myelodysplastic syndrome (MDS) —a
disorder associated with clonal haematopoietic stem cell, caused mainly due to
ineffective cellular maturation with side effects as peripheral blood cytopenia and
abnormalities in functional blood cell. The cytotoxic effect of azacytidine is achieved
when the product of its phosphorylation is incorporated into RNA molecule, thereby
leading to an elevated level of CDKN2B - a gene that encodes the protein p15 (a cell
growth inhibitor responsible for myeloid differentiation as well as tumour suppres-
sion) in their bone marrow [46, 47].

2.14 Acetylcholinesterase inhibitors

Administration of tacrine (a reversible cholinesterase inhibitor) in the treatment
of Alzheimer disease, gives rise to an elevated ALT activity in the bloodstream, infer-
ring that there is disruption in the integrity of the hepatocytes. Tacrine’s mechanism
of liver toxicity may be probably due to the inhibition of cholinesterase activity,
resulting in the stimulation of cholinergic coeliac ganglion sensory (or afferent)
sympathetic pathway, in which blood constricts, leading to impaired perfusion of the
sinusoids and reperfusion injury-mediated by ROS [1].

Despite the basic biochemical indicators discussed above that are associated with
drug-induced hepatotoxicity, recent studies have further identified other indicators
and these are represented in Table 1 as shown below:
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Drug-induced Biomarkers of Liver toxicity References
hepatotoxicity
Acetaminophen (APAP) Upregulation of mRNA expression of IL-10, IL-36, HO-1, TNFa, [48]
MT 1and 2 and MMP 12 genes.
D-Galactosamine Increase in the expressions of NLRP3, NF-kBp65,, IL-6, IL-1p [49]
and TNFa« genes.
N-nitrosodiethylamine Increase MDA level and decrease SOD, CAT, GST, GR, GPx [50]
(NDEA) activity.
Thioacetamide (TAA) Increase in Anti-PLT Ig level, Increase in the expression of TNFao, [51]
HMGB-1 and IL-6 genes. Increase in AST and ALT activity.
2-Acetylaminofluorene Overexpression of iNOS, COX-2, NF-KB, PCNA genes. Increase [52]
(2-AAF) in xanthine oxidase (XO) activity. Decrease in the activity of
SOD, CAT, GST, GR and GPx. Increase in AST and ALT activity.
High density of mast cell infiltration.
Anti-Tuberculosis drugs Over-expression of NAT2, CYP2E1, ABCBI genes. Increase in [53]
NAD and Bilirubin levels and decrease in HAT activity. Decrease
in GST, SOD, CAT activity.
Anti-retroviral drugs Increase in ABCB1 gene expression (that is c3435C > T of [54, 55]

ABCB1) and CYPs genes (CYP2B6, CYP3A4 and CYP3A5).
Increase in IL-1RN, IL-1p, IL-10, HLA-B and C and HLA-DRB1
genes. ALP activity and Total bilirubin (TBil) level increases.

Anti-hyperlipidemic Increase in the expression of HLA-DRB1 and SREBP2 genes while [56]
drugs CK and HMG-CoA reductase activities increases.

Abbreviations: IL (Interleukin), HO 1 (Heme oxygenase 1), TNFa (Alpha tumour nuclear factor), MT (Mitochondrial
transition), MMP12 (Mitochondrial membrane permeability 12), NLRP3 (NOD-like receptor protein 3), MDA
(Malondialdehyde), iNOS (Inducible nitric oxide synthase), COX 2 (Cyclo-oxygenase 2), NTA2 (N-acetyltransferase
2), HAT (Histone acetyltransferase), CYP (Cytochrome), ABCB1 (ATP binding cassette B1), NAD (Nicotinamide
adenine dinucleotide), HLA (Human leucocyte antigen), CK (Creatinine kinase), HMG-CoA (Hydroxylmethylglutaryl
Coenzgyme A), anti-PLT (anti-platelet), SOD (Superoxide dismutase), CAT (Catalase), GST (Glutathione-S-
transferase), GR (Glutathione reductase), GPx (Glutathione peroxidase), ALP (Alkaline phosphatase), HMGB1 (High
mobility group box protein 1), SREBP2 (Sterol regulatory element binding protein 2).

Table 1.
Some recent findings on drug-induced liver toxicity.

3. Conclusions

Drugs primarily serve as therapeutic agents in the treatment and management of
various diseases, but over dependent or illicit consumption of drugs, results in hepa-
totoxicity which confers a detrimental effect on the liver’s architecture and functions
respectively. Our findings showed that drug-induced hepatotoxicity can cause liver
inflammation (associated with excruciating pains), liver transplantation (economically
burdensome) as well as death. As a result of these frightening effects outlined above,
we hereby conclude that doctor’s prescription guideline should be adhered to strictly,
indiscriminate use of illicit drugs should be discouraged while regulatory bodies and
law enforcement agencies should be empowered to prosecute drug offenders promptly.
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Abstract

Drug-induced liver injury (DILI) represents a large group of hepatic disease
caused by various treatments, including oncological agents. The liver is an impor-
tant organ with a role in drug metabolization and excretion and may be affected
when oncologic treatment is initiated. The most common liver disease patterns
induced by oncologic therapy are steatosis and steatohepatitis, focal nodular
hyperplasia, pseudocirrhosis, acute hepatitis, hepatic necrosis, immune-mediated
hepatitis, cholestasis, fibrosis and cirrhosis, sinusal obstructive syndrome. In rare
cases, chemotherapy treatment is associated with a high-risk hepatic adenoma or
hepatocellular carcinoma development. It was demonstrated that the majority of
chemotherapy classes can induce these effects on the liver, for example, alkylat-
ing agents, antimetabolites, and antitumor antibiotics, but also immunotherapy
agents can be involved. The majority of patients that receive oncological treatment
who developed liver injury as adverse reactions are identified by symptoms and/
or blood test abnormalities. Imaging techniques may be helpful in the diagnosis of
oncological-therapy-associated liver injuries, for example, focal nodular hyper-
plasia, pseudocirrhosis, and sinusal obstructive syndrome. If liver disease occurs
as an adverse effect of these agents, the recommendation to stop or continue the
administration of oncologic treatment with close monitoring relies upon the risk
and benefits of this medication.

Keywords: oncological therapy, immunotherapy, hepatic toxicity, adverse effects,
chemotherapy-induced liver injuries

1. Introduction

Drug-induced liver injury (DILI) represents a large group of hepatic diseases
caused by various therapeutical agents.

There are two types of DILI, with differences in pharmacologic mechanism
and clinical onset patterns. The first type, the predictable one, named intrinsic or
direct, is typically dose-related and affects a large proportion of exposed individu-
als if the safe amount is exceeded. It produces distinctive liver lesions, and the
onset of clinical and laboratory abnormalities is usually after a short time after
drug consumption, hours to days. The effects can be also reproduced using routine
animal testing [1].
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The second type of DILI, the unpredictable one, named idiosyncratic, affects only
a small proportion of susceptible individuals exposed to various doses (not dose-
related). It produces variable liver injuries, and the onset of clinical and laboratory
abnormalities may begin from days to weeks after drug consumption. Usually, the
effects cannot be reproduced using routine animal testing [2].

Even the acetaminophen consumption is the cause of the majority of DILI in
the USA, in this chapter, our focus will be on injuries induced by oncologic treat-
ment [3]. Despite the chemotherapy possibility of decreasing tumor size and
stage, fighting against micrometastatic disease, and prolonging overall survival, it
is associated with side effects. The liver is an important organ with a role in drug
metabolization and excretion and may be affected when oncologic treatment is
initiated.

Several risk factors are associated with a higher incidence of adverse drug reac-
tions, including DILI induced by chemotherapy. Host-related risk factors such as
the old age, female sex, HLA class I allele A*33:01, chronic liver disease, and drug-
related risk factors such as dose, site of metabolization, and lipophilicity, appear
to influence the frequency of occurrence of oncologic treatment hepatic adverse
effects. Identifying the risk factors for the development of liver injury after chemo-
therapy initiation can influence the treatment decision and also improve the patient
outcome.

The majority of patients that receive oncological treatment who developed liver
injury as adverse reactions are identified by symptoms and/or blood test abnormali-
ties. Elevation of alanine transaminase (ALT), aspartate transaminase (AST), con-
jugated and total bilirubin (TB), and international normalized ratio (INR) with low
values of albumin is frequently revealed in these patients. Symptoms may be absent
or nonspecific, or patients can present jaundice, encephalopathy, or coagulopathy
manifestation.

DILI, which includes the liver injuries produced by oncological agents, is
defined if one of the following criteria is present: (a) more than 5x upper limit of
normal ALT value, (b) more than 2x upper limit of normal ALP value (often with
the elevation of gamma-glutamyltransferase (GGT)), or (c) more than 3x upper
limit of normal ALT value accompanied by more than 2x upper limit of normal TB
level value. In practice, there are situations when patients presented with elevated
values of the aforementioned blood tests before starting the potential liver harmful
treatment, and in this case, the mean of these values replaces the upper limit of
normal.

DILI pattern Hepatocellular injury Cholestatic injury Mixed injury
Liver >5x ULN elevation in ALT >2x ULN serum activity of ALT to ALP
biochemical OR elevation in ALP is between 2 and 5.
blood tests Serum activity ALT to ALP is OR
abnormalities 5 or more. Serum activity ALT to
ALPis2 or less.
Histological Inflammation, necrosis, and Canalicular and more similar changes to
abnormalities apoptosis; severe necrosis hepatocelular that of cholestatic than
involved zone 3. cholestasis in zone 3. hepatocellular type.
Table 1.

DILI pattern with his associated biochemical blood tests and histological abnormalities, adapted after EASL
clinical practice guidelines, 2019: drug-induced liver injury [2].
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The most recent guidelines of EASL (European Association For The Study Of The

Liver) classified DILI in “hepatocellular,” “cholestatic,” or “mixed” types due to the
pattern of changes in liver enzymes (Table 1) [2].

2. Patterns of oncological-therapy-related liver injury

The most common liver disease patterns induced by oncologic therapy are dis-
cussed below, and the agents frequently involved are listed in Tables 2 and 3.

2.1 Steatosis and steatohepatitis

NAFLD affects 10-39% of the global population, and only 2% of these patients
are caused by drugs. A common effect of chemotherapy is to increase the amount of
hepatocellular fat content. Two entities are described, steatosis and steatohepatitis, often
known as chemotherapy-induced acute steatohepatitis, “CASH.” Steatosis is defined by
the accumulation of lipids within hepatocytes without inflammatory foci. Steatohepatitis
is the lipid accumulation with concurrent inflammation of liver parenchyma on hepato-
cytes that appear enlarged (ballooning phenomes) and can lead to degeneration [4-6].

Class Drug name Patterns of drug-associated liver adverse effects

Alkylating agents Cyclophosphamide sinusoidal obstructive syndrome; cholestasis; acute hepatitis;
hepatic necrosis;

Chlorambucil cholestasis; sinusoidal obstructive syndrome;
Oxaliplatin sinusoidal obstructive syndrome; pseudocirrhosis; steatosis; focal
nodular hyperplasia;
Ifosfamide acute hepatitis;
Melphalan sinusoidal obstructive syndrome; acute hepatitis;
Busulfan sinusoidal obstructive syndrome; acute hepatitis; cholestasis;
Anti-metabolites 5-Fluorouracil pseudocirrhosis; steatosis; acute hepatitis; sinusoidal obstructive

syndrome; cholestasis;

Methotrexate hepatic necrosis; steatosis; steatohepatitis; focal nodular
hyperplasia; acute hepatitis; fibrosis and cirrhosis;

6-mercaptopurine sinusoidal obstructive syndrome; cholestasis; focal nodular
hyperplasia; acute hepatitis;

6-thioguanine sinusoidal obstructive syndrome; focal nodular hyperplasia;
peliosis hepatitis; fibrosis;

Capecitabine acute hepatitis;

Gemcitabine pseudocirrhosis; acute hepatitis; cholestasis;

Cytarabine cholestasis; sinusoidal obstructive syndrome;

Floxuridine acute hepatitis; cholestasis; steatosis;

Azathioprine cholestasis; sinusoidal obstructive syndrome;
Antitumor Doxorubicin acute hepatitis; cholestasis; sinusoidal obstructive syndrome;
antibiotics Dacarbazine sinusoidal obstructive syndrome; hepatic necrosis;

Dactinomycin sinusoidal obstructive syndrome; steatosis;
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Class Drugname Patterns of drug-associated liver adverse effects
Mitomycin C sinusoidal obstructive syndrome; acute hepatitis; steatosis;
Actinomycin acute hepatitis; sinusoidal obstructive syndrome;
Bleomycin acute hepatitis; steatosis;
Mithramycin hepatic necrosis;

Isomerase Etoposide hepatic necrosis; acute hepatitis; cholestasis;

inhibitors . . e . .
Irinotecan steatosis; steatohepatitis; sinusoidal obstructive syndrome;
Topotecan cholestasis;

Taxanes Paclitaxel cholestasis; sinusoidal obstructive syndrome;
Docetaxel cholestasis;

Hormone therapy Tamoxifen steatosis; steatohepatitis; cholestasis;
Anastrozole steatosis; acute hepatitis;
Estrogens cholestasis; hepatic adenoma and hepatocellular carcinoma;

peliosis hepatis; sinusoidal obstructive syndrome;

Vinca alkaloids Vincristine sinusoidal obstructive syndrome; acute hepatitis;
Vinorelbine cholestasis;
Vinblastine acute hepatitis;

Platinum agents Cisplatine acute hepatitis; steatosis; sinusoidal obstructive syndrome;

cholestasis;

Carboplatin sinusoidal obstructive syndrome;

Nitrosoureas Carmustine acute hepatitis; sinusoidal obstructive syndrome;
Lomustine acute hepatitis;

Table 2.

Commonly used agents in chemotherapy and their associated liver-velated side effects.

Various therapeutic agents used in oncology can induce steatosis or steato-
hepatitis. Regimens that contain antitumoral molecules such as 5-fluorouracil,
methotrexate, tamoxifen, irinotecan, L-asparaginase, oxaliplatin, mitomycin C,
bleomycin sulfate, and dactinomycin were linked with fatty liver transforma-
tion [7, 8]. Usually, specific changes are detected after a period of 3-12 months of
chemotherapy.

Treatments recommended for patients diagnosed with cancer contain not only
antitumoral agents. Associated medication used in oncology can also induce non-
alcoholic fatty liver disease. Glucocorticoids used for induction treatment of acute
leukemia may cause macrovesicular steatosis [9].

A high number, up to 85%, of patients treated with regimens mentioned above
develop CASH due to altered lipoprotein synthesis and therefore abnormal lipid
metabolism. The development of steatohepatitis is based on an abnormal func-
tion of hepatocyte mitochondria and peroxisomes, inside which the process of
oxidation of fatty acids (FAO) takes place. Several chemotherapy agents inhibit
free fatty acids (FFA) B-oxidation, which promotes the accumulation of reactive
oxygen species (ROS) and lipid peroxidation and increases oxidative stress in
hepatocytes. All these processes lead to CASH. At the same time, lipid peroxida-
tion stimulates stellate cell activation, fibrosis, and necrosis of hepatocytes.
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Class Drugname Patterns of drug-associated liver adverse effects
Tyrosine kinase inhibitors Imatinib acute hepatitis;
Erlotinib cholestasis;
Lapatinib acute hepatitis;
Gefitinib acute hepatitis;
Pazopanib hepatic necrosis;
Sorafenib acute hepatitis; cholestasis;
Regorafenib hepatic necrosis;
Sunitinib hepatic necrosis;
Bortezomib acute hepatitis;
Idelalisib acute hepatitis;
Monoclonal antibodies Trastuzumab acute hepatitis; nodular regenerative hyperplasia;
Ipilimumab immune-mediated hepatitis;
Durvalumab immune-mediated hepatitis;
Nivolumab immune-mediated hepatitis;
Cetuximab steatosis;
Pembrolizumab immune-mediated hepatitis;
Atezolizumab immune-mediated hepatitis;
Gemtuzumab sinusoidal obstructive syndrome;
Rituximab acute hepatitis;
Bretuximab hepatic necrosis;
vedotin
Avelumab immune-mediated hepatitis;
Immunomodulatory Lenalidomide cholestasis;
drugs Pegylated immune-mediated hepatitis;

interferon a

Interleukin?2 cholestasis; acute hepatitis; sinusoidal obstructive

syndrome;

Biological agents L-Asparaginase hepatic necrosis; steatosis;

Table 3.
Immunomodulatory agents in chemotherapy and their associated liver-velated side effects.

The intramitochondrial accumulation of tamoxifen leads to the inhibition of FFA
p-oxidation, ATP synthesis, and cellular respiration. Another mechanism of steato-
sis and steatohepatitis is explained by the alteration of lysosomal phospholipid
metabolism, which promotes the activation of the adenosine pathway and there-
fore increases FFA synthesis and also coenzyme A sequestration. This mechanism
was observed in patients undergoing treatment with irinotecan and methotrexate.
For methotrexate, the increased level of homocysteine due to impaired methy-
lenetetrahydrofolate reductase leads to increased pro-inflammatory cytokines and
hepatic stellate cell activation, which promote liver fibrosis. Increased expression
of acyl-coenzyme A oxidase 1 (ACOX1) was observed for patients treated with
5-fluorouracil and irinotecan. Inhibition of mitochondrial FFA p -oxidation and
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reduced expression of carnitine palmitoyl-transferase and ACOX1 induction were
observed for irinotecan [10].

ACOX1 is the first limiting enzyme of peroxisomal FAO and may be increased
as a response to decreased mitochondrial FFA p-oxidation. A high level of ACOX1
leads to increased expression of pro-inflammatory genes and a high amount
of ROS, processes associated with immune cell infiltration. A hepatic steato-
sis liver can progress to steatohepatitis if contained hepatocytes own altered
mitochondrial FFA p-oxidation and high amounts of ROS and inflammation.
Mitochondria can be a direct target of every chemotherapy agent via cytotoxic-
ity effect, and every agent can also have multiple pathways to induce steatosis or
steatohepatitis [11].

Histologically, there are no marked differences between metabolic steatohepatitis
and CASH. Even actually is rare recommended, if liver biopsy is performed on this
patient, microvesicular steatosis is usually described. Distribution can be focal, mul-
tifocal, or diffuse. Macroscopic, fatty liver has a yellowish appearance and may be
enlarged.

Recognition of this liver disease is important for adequate management
that improves the prognosis. Usually, clinical manifestations of patients with
chemotherapy-induced steatosis and steatohepatitis are subtle. Transaminase levels
show elevation of ALT/AST. Steatosis and steatohepatitis liver is characterized by
hyperechogenicity with posterior beam attenuation on transabdominal ultrasound
examination. On computed tomography, a reduction in liver parenchymal attenua-
tion can be observed when compared with the spleen. With high accuracy, magnetic
resonance imaging can quantify the number of lipids in the liver due to spectroscopy
and elastography available modes. A reduction in liver signal intensity is described in
out-of-phase imaging for patients with steatohepatitis [12-14]. Delayed regeneration
and prolonged liver disfunction were observed in oncologic patients with steatosis
and more obvious with steatohepatitis, which was associated with a higher risk of
postoperative hepatic failure, infections, and longer period of the intensive-care-unit
stay [4, 15]. Repeated chemotherapy cycles are responsible for more severe inflamma-
tion, fact that worsens hepatocellular damage and leads to the development of fibro-
sis, cirrhosis, and liver failure [16, 17]. A limited CASH risk with the best oncologic
treatment effects was observed for chemotherapy regimens with a maximum duration
of 4 months [18].

For patients diagnosed with cancer, blood lipid and transaminase levels should be
performed before initiation and regularly during oncologic treatment. Steatosis and
steatohepatitis are in most cases reversible even though they can persist for a few weeks
or months after treatment completion [7, 19]. Once the diagnosis was confirmed, the
recommendation to stop or continue the administration of oncologic agents with close
monitoring relies upon the risk and benefits of this medication. Healthy eating habits
and limited high-fat alimentation are recommended to prevent increased blood lipid
levels and worsening steatosis or steatohepatitis. Hepatoprotective drug administra-
tion, to prevent the worsening damage to the liver, is indicated [20].

Risk factors for CASH occurrence can be patient-related (metabolic syndromes,
obesity, diabetes, dyslipidemia, alcohol abuse, preexisting chronic liver disease or
hepatic location of the tumor, genetic polymorphism, gut microbiota, and chemo-
therapy history) or drug-related (cumulative or maximum dose of treatment or
combination of more agents) [4]. Special attention is required for women with breast
cancer with the A2 allele of CYP17A1 due to the associated increased risk of develop-
ing steatosis when treated with tamoxifen [21, 22].
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2.2 Focal nodular hyperplasia

Focal nodular hyperplasia is the second most common benign hepatic lesion with
unclear pathogenesis. Some explanations for this lesion may include a similar mecha-
nism to focal sinusoidal obstruction syndrome [23].

Some agents used in oncology such as 6-thioguanine and oxaliplatin have an
increased risk of inducing nodular hyperplasia and early fibrosis [24, 25]. Focal nodu-
lar hyperplasia is characterized by solitary or multiple lesions in liver parenchyma,
which usually appear on CT as homogeneous, isodense, or mildly hypodense images.
Contrast-enhanced CT shows arterial hyperenhancement, and late enhancement
can be seen when a central scar is visible. These lesions may be incorrectly labeled
as hypervascular liver metastasis. Characteristic MRI features for focal nodular
hyperplasia are nonspherical shape lesions with imprecise margins and particularly
hyperenhanced zones in the hepatobiliary phase for specific contrast agents. Signal
isointensity on T1- and T2-weighted images, the absence of halo enhancement, and
the absence of restriction to water diffusion in the echo-planar sequence are other
characteristics that support the diagnosis of focal nodular hyperplasia [23, 26].

2.3 Pseudocirrhosis

Pseudocirrhosis is an imagistic term characterized by hepatic nodularity due to
diffuse regenerative nodular hyperplasia but with insignificant fibrosis, different
from the classic histopathological attributes of cirrhosis, features that appear after
oncologic treatment initiation [27]. Pseudocirrhosis is associated with antineoplastic
drugs used for the treatment of metastatic breast, colon, and pancreatic cancers.
These agents are oxaliplatin, 5-fluorouracil, gemcitabine, capecitabine, irinotecan,
methotrexate, and tamoxifen [28]. It can also appear in patients with carcinoid
tumors and Hodgkin lymphoma.

Pseudocirrhosis can represent a cause of portal hypertension and even liver fail-
ure, but it lacks the typical clinical and paraclinical features of cirrhosis. The synthetic
function of the liver is usually preserved.

On CT examination, pseudocirrhosis looks like macronodular cirrhosis with
capsular retraction, diffuse nodularity, lower liver volume, and hypertrophy of the
caudate lobe. For up to 9% of cases, signs of portal hypertension, including porto-
systemic shunts, can appear on imaging evaluation. The severe capsular retraction
has been described in some cases of liver metastasis from breast cancer, and those
must be excluded due to different treatments and prognoses that are associated with
this stage [6, 23].

2.4 Acute hepatitis

Multiple oncological agents are involved in acute hepatitis occurrence, with high-
frequency vinblastine, rituximab, etoposide, anastrozole, 6-mercaptopurine, 5-fluo-
rouracil, lapatinib [6, 29, 30]. Even though not routinely indicated, if liver biopsy is
performed on patients that underwent treatment with anastrozole, the histopathology
report revealed necrosis of hepatocytes limited in acinar zone 3. This zone is related
to P450 isoenzymes that are involved in drug metabolism. Histopathological report
of liver biopsy of patients treated with lapatinib revealed portal-to-portal and portal-
to-central bridging necrosis and hepatocellular necrosis in acinar zone 1 [31, 32].
Etoposide-induced acute hepatitis is described as a viral hepatitis pattern [29].
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Clinical manifestation of acute hepatitis can range from mild symptoms to ill-
appearing patients. Usually, AST and ALT are markedly increased. Imaging find-
ings are nonspecific and may include hepatomegaly with decreased attenuation,
splenomegaly, wall thickening of gallbladder, ascites, and periportal edema. Severe
forms of acute hepatitis appear in patients with prior chronic hepatitis B or C due to
reactivation when treated with rituximab. Patients with MHC class II alleles HLA-
DQA1x02:01, DQB1x02:02, or DRB1:07:01 are at high risk of liver injury if receiving
regimens with lapatinib [6, 33].

Acute hepatitis induced by anticancer treatment rapidly improved after drug
withdrawal. Liver enzymes and bilirubin return to normal values after a few months
of treatment discontinuation [5].

2.5 Hepatic necrosis

Acute liver failure due to hepatic necrosis is a major and worrisome complication
of chemotherapy-induced liver injury. Oncologic agents that produce acute hepatitis
are more likely to cause hepatic necrosis. Mithramycin, etoposide, and dacarbazine
are some of these offending drugs. Mithramycin also known as plicamycin is an
antineoplastic antibiotic that has been reported as the most hepatotoxic chemothera-
peutic drug capable of causing liver necrosis. Histopathologic reports of the hepatic
biopsy reveal centrilobular necrosis.

Clinically, patients with hepatic necrosis develop acute encephalopathy with
deterioration of liver synthetic function. Almost all patients receiving plicamycin
have increased levels of LDH, aminotransferases, and alkaline phosphatase with
normal values of bilirubin. These modifications occur on the first day of treatment,
reach the maximum level the next day, and then decrease to normal 3 weeks after
treatment cessation. When severe necrosis develops, a computer tomography scan
reveals a substantial decrease in the enhancement of liver parenchyma and cystic
appearance [6, 34, 35].

2.6 Immune-mediated hepatitis

Metastatic melanoma, non-small-cell lung cancer hepatocellular carcinoma, and
urothelial carcinoma are types of cancer that benefit from immunotherapy agents’
efficacy. Side effects are not rare for this class of treatment and are named immune-
related adverse effects, including the liver with immune-mediated hepatitis [36].

Immune checkpoints are cytotoxic T-lymphocyte antigen 4 (CTLA-4), pro-
grammed cell death 1 (PD-1), and programmed cell death ligand 1 (PD-L1).
Monoclonal antibodies against these targets are ipilimumab against CTLA-4, pem-
brolizumab, nivolumab against PD-1 and atezolizumab, avelumab, and durvalumab
against PD-L1. From this list, the higher hepatotoxicity was found for CTLA-4
inhibitors, ipilimumab. Patients diagnosed with metastatic melanoma develop
immune-mediated hepatitis in 2-9% of cases if they are treated with ipilimumab, and
if dacarbazine is associated, the percentage rises up to 31.6% [37, 38].

Immunotherapy contains agents that increase the host’s immune system to fight
against tumors, but the subsequent uncontrolled T cell activation is responsible
for hepatotoxicity and liver disease. Liver biopsy revealed diffuse T-cell infiltrate,
eosinophil infiltration, portal, and periportal inflammation, and spotty or conflu-
ent necrosis [39-41]. Usually, patients are asymptomatic and, in rare cases, fevers,
malaise, or symptoms related to fulminant liver failure can be present. Elevation in
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serum of ALT, AST, and bilirubin occurs especially after ipilimumab. Anti-nuclear,

anti-smooth muscle, or other autoimmune hepatitis antibodies are negative. These

clinical and paraclinical abnormalities occur from 6 to 14 weeks after immunotherapy

initiation or after three doses of this regimen [42, 43]. Some risk factors contribute

to a higher chance of liver injury development: a higher dose of treatment, multiple

agents association, preexisting liver disease, or autoimmune diathesis [44].
Treatment with corticosteroids or mycophenolate mofetil is indicated for

patients with important hepatotoxicity after immunotherapy for cancer [39].

HLA-DRB1*07:01 allele is associated with an increased risk for lapatinib liver injury.

Infliximab should not be indicated due to the risk of hepatotoxicity [45, 46].

2.7 Cholestasis

Chemotherapeutic regimens include kinase inhibitors (e.g., erlotinib, sorafenib,
nilotinib), thiopurines (6-mercaptopurine and azathioprine), estrogens, 5-fluoroura-
cil, cytarabine, interleukin-2, alkylating agents (chlorambucil, cyclophosphamide,
cisplatin), and mitomycin are associated with cholestatic liver injury [29, 35].

Thiopurines cause a variety of DILI phenotypes that can be intrinsic or idiosyn-
cratic with a mixed or cholestatic form of hepatic injury [47]. Intrahepatic cholestasis
is the most frequent type of injury in patients undergoing treatment with 6-mercapto-
purine (frequently when the daily dose exceeds 2 mg/kg). Azathioprine may produce
hepatic injury, but less frequently than 6-mercaptopurine, and this one has been
related to a mild form of liver toxicity; however, long-term use can cause cholestatic
liver disease [35].

Significant hepatotoxicity has been linked to fluorodeoxyuridine, a metabolite of
fluorouracil that was previously administered through the hepatic artery to patients
with hepatic metastases from colorectal cancer. In several cases, the treatment has
been linked to irreversible intrahepatic and extrahepatic biliary strictures. Monitoring
of aminotransferases helps with identifying the right time for drug discontinuation
when the liver is suffering [29].

Interleukin-2 therapy is used in melanoma and renal cell cancers, and a lot of
patients undergoing this treatment can develop a deep and reversible intrahepatic
cholestasis with increased serum levels of biochemical markers of cholestasis. Some
potential physiopathological mechanisms may include chemical hepatitis and biliary
sclerosis. Allopurinol can block xanthine oxidase involved in drug metabolism, which
rises hepatotoxicity. Histologically features of this hepatic injury appear as cholestasis
with variable hepatocellular necrosis. Laboratory tests show elevated levels of biliru-
bin, alkaline phosphatase, and aminotransferases. Jaundice is the clinical feature that
is associated with this type of hepatotoxicity [6]. In conclusion, cholestasis is induced
by a multitude of antineoplastic drugs and withdrawal usually leads to recovery of the
liver and jaundice disappearance [29].

2.8 Fibrosis and cirrhosis

Liver fibrosis and cirrhosis induced by chemotherapy are usually associated with
alkylating agents, 6-thioguanine, and methotrexate.

Methotrexate is a folic acid antagonist that inhibits the proliferation of certain
body cells, particularly those that are multiplying rapidly such as tumor cells, bone
marrow cells, and skin cells. Long-term methotrexate treatment, commonly used to
treat severe psoriasis or rheumatoid arthritis, can induce hepatic fibrosis, which leads
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to cirrhosis without producing significant symptoms [48]. The use of methotrexate
as maintenance therapy in children with acute leukemia was related to fibrosis and
cirrhosis development in multiple cases [49, 50]. Furthermore, cirrhosis induced by
methotrexate has led to the transplantation of the liver in an important number of
patients. Hepatic stellate cells have a central role in the physiopathological mecha-
nism. The hepatic test may be normal or ALT can be temporarily increased. In rare
cases, a liver biopsy may be necessary to confirm the diagnosis [29].

Patients who receive treatment with methotrexate need rigorous monitoring,
especially those who have both obesity and diabetes [51]. It has been demonstrated
that folic acid may reduce hepatic injury [29].

2.9 Sinusal obstructive syndrome

Previously named veno-occlusive disease, sinusoidal obstruction syndrome is the
last step of hepatic sinusoidal injury evolution. The most exposed are patients who
receive cytoreductive chemotherapy combined with radiotherapy or are in the setting
of bone marrow transplantation [52].

Cyclophosphamide, oxaliplatin, irinotecan, 5-fluorouracil, 6-mercaptopurine,
dacarbazine, vincristine, mitomycin-C, cytarabine, busulfan are chemotherapy agents
involved in hepatic sinusoidal injury [53-58]. Usually, sinusoidal obstruction syn-
drome occurs 5 weeks or later after administration of the aforementioned agents [23].

Direct injury of endothelial cells that lined the hepatic sinusoids is the mechanism
of this type of disease. Endothelial injury promotes erythrocyte extravasation and
aggregation into space of Disse, which impairs venous outflow. This leads to sinusoidal
congestion. The next step is a fibrotic reaction due to hepatic stellate cell activation,
which leads to presinusoidal collagen deposit and central venules obstruction with
sinusoidal obstruction syndrome development and centrilobular necrosis. Increased
activity of matrix metalloproteinase 2 and 9 may facilitate this process [59, 60].

No direct hepatocellular function alteration was observed for this entity [61, 62].
Histological findings vary from hepatic sinusoidal dilatation to subendothelial fibrin
deposits associated with centrilobular necrosis of hepatocytes and low grades of
nodular regenerative changes. The macroscopic liver had a bluish marbled appear-
ance. Due to the area affected, sinusoidal obstruction syndrome can be classified into
mild, moderate, or severe if less than 1/3, 1/3-2/3, or more than 2/3 of the lobule was
affected [7, 63]. There are three phases of sinusoidal obstruction syndrome: acute,
subacute, and chronic. Patients may present painful hepatomegaly, short periods of
jaundice, weight gain, and encephalopathy. Some patients have splenomegaly and
ascites due to portal hypertension. Transient elevation of transaminases and bilirubin
can be revealed on blood tests [64, 65].

Transabdominal ultrasound revealed hepatosplenomegaly, decreased flow in
portal vein on Doppler mode, ascites, and gallbladder wall thickening. In the hepato-
biliary phase of gadoxetic-acid-enhanced MRI, sinusoidal obstruction syndrome can
present a diffuse heterogenous reticular pattern. CT and MRI findings also include
narrowing of main hepatic veins [66, 67].

Viral hepatitis, Budd-Chiari syndrome, or other forms of DILI must be excluded
before sinusoidal obstruction syndrome diagnosis. The evolution of persistent
sinusoidal obstruction syndrome is represented by progression to regenerative
nodular hyperplasia followed by fibrosis and cirrhosis development. Also, sinusoidal
obstruction syndrome can impair chemotherapy response and liver regeneration after
resection, which worsens prognosis. Patients with hepatitis C infection, stem cell
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transplant recipients, and those treated for Hodgkin lymphoma are more susceptible
to developing sinusoidal obstruction syndrome after specific chemotherapeutic
regimens. In addition, patients with colorectal cancer with hepatic metastasis are
more susceptible to sinusoidal obstruction syndrome development if the oxaliplatin
or irinotecan treatment is combined with 5-fluorouracil [57, 58, 68].

Sinusoidal obstruction syndrome changes can be reversible after cessation of chemo-
therapy. Supportive therapy and administration of bevacizumab or defibrotide sodium can
reduce liver injury and may improve the efficacy of systemic treatment. Delaying surgery
for patients with suspected sinusoidal obstruction syndrome can be an option [69].

Except for the patterns discussed above, other chemotherapy-induced liver disease
exists, with a low frequency. For example, estrogens, which are used for advanced
prostate cancer, are associated with a high risk of peliosis hepatitis, hepatic adenoma,
or hepatocellular carcinoma development [70].

Despite the pattern of liver disease induced by oncologic agents administration, a
correct diagnosis and management may reduce the hepatic damage and improve the
prognosis of these patients.
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Chapter 3

Paracetamol-Induced Hepatotoxicity

Nida Mirza

Abstract

Drug-induced hepatotoxicity is common in clinical settings, one of the commonly
used drugs leading to liver injury is paracetamol. It is a commonly used analgesic
and antipyretic drug. The toxicity of paracetamol has been described in accidental,
iatrogenic, and intentional ingestion; also, the extent of liver injury varies from
person to person depending on host factors, nutritional status, age, etc. The toxic-
ity of paracetamol is not usually recognized by clinicians as initially, the symptoms
are subtle. There is a specific antidote available for paracetamol-induced liver injury
to prevent acute liver failure; however, it needs to be given time for proper action,
therefore a strong clinical suspicion is to be taken when there is no proper history of
ingestion.

Keywords: paracetamol, N-acetyl cysteine, drug-induced liver injury

1. Introduction

The liver contributes significantly to the metabolism and removal of drugs from
the human body [1]. Metabolization of drugs and xenobiotics to nontoxic substances
in the liver by enzymes is important for the proper function of the body, alteration in
these statuses leads to a shift of metabolism toward the production of oxidants, which
coheres to lipids or nuclear proteins which results in mutations, membrane damage,
and alteration of enzyme activity respectively which further leads to organ malfunc-
tion. The production of oxidants is the most common action in the pathogenesis of
liver damage by pharmaceutical drugs and herbal products [2]. Liver damage may
occur due to environmental toxicants, drugs, and microbial metabolites. There are
two sets of enzymes, phase I and phase I enzymes which play a very important role
in the metabolism and detoxification of various drugs and other toxins. Paracetamol
is one of the most commonly used drugs as an analgesic and antipyretic, it is a struc-
tural analog of phenacetin, which was withdrawn due to concerns for nephrotoxicity.
Paracetamol is relatively safe compared with other NSAIDS; however, overdose can
cause a spectrum of liver injuries from mild elevation in liver enzymes to acute liver
failure and encephalopathy [3]. A lot of research has been conducted to know the
pathogenesis of paracetamol-induced liver toxicity. N-acetyl cysteine (NAC) is used
as an antidote for paracetamol-overdosed patients; however, it should be adminis-
tered as early as possible [4]. It has now been recognized that paracetamol toxicity
consists of multiple pathways, including paracetamol metabolism, oxidative stress,
endoplasmic reticulum stress, autophagy, sterile inflammation, microcirculatory dys-
function, and compensatory liver repair and regeneration. Some patients with liver
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failure require liver transplantation for survival [5]. In this chapter, we have discussed
the paracetamol-induced hepatotoxicity, pathophysiology, and factors that increase
the risk of its toxicity, prevention, treatment, and patient outcome.

2. Epidemiology and pathogenesis
2.1Incidence of hepatotoxicity

Paracetamol overdose is among one of the commonest causes of acute liver failure
in some countries. The common settings for paracetamol-induced liver injury are sui-
cidal overdose, unintentionally or accidentally in alcoholics, and with therapeutic use
[6]. Studies done in the adult population have shown the most common etiology of
acute liver failure (40%) was paracetamol overdose, more with unintentional intake
rather than taken for suicide [7, 8]. However, a multicenter prospective study of pedi-
atric patients reported that only 14% of acute liver failure is attributed to paracetamol
overdose [9]. In a study on patients with an unintentional overdose of narcotic users,
around 30% of patients were also taking over-the-counter paracetamol along with
narcotic drugs. Patients sometimes are not knowing that their pain-reliving medicines
advised by a physician are in combination with paracetamol and thus may take these
medications along with oral over-the-counter paracetamol resulting in overdose.

Due to delayed presentation and treatment, risk of mortality is comparatively more
with unintentional overdose rather than intentional overdosage [10]. In 19% and
12.5% of indeterminate ALF, paracetamol-protein adducts were identified [11, 12].
In chronic alcoholics, paracetamol-induced hepatotoxicity has been well recognized
and reported to occur at lower doses compared with non-alcoholics [13, 14]. Ina
study on chronic alcoholics with paracetamol hepatotoxicity, the average toxic dose
of paracetamol was 7 g per day; however, a lower dose of 2.5 g per day has also found
to cause toxicity [15]. Paracetamol hepatotoxicity had been found with ingestion of
therapeutic doses in individuals with malnutrition, advanced age, chronic pulmonary
diseases, cardiac dysfunction, and chronic liver disease [16]. Drug interactions of
paracetamol with other drugs (e.g., anticonvulsants, antitubercular) also result in
hepatotoxicity at lower doses [17, 18].

2.2 Toxic dose in adults and children

In single oral ingestion, the toxic dose for children is more than 200 mg/kg of body
weight, whereas in adults and adolescents, it is more than 7.5 g. In children younger
than 6 years of age, toxicity occurs after ingestion of more than 75 mg/kg body weight
per day. Acute toxic dose is in a single dose in repeated dosing [19], However, toxic dose
also varies in different ethical groups like in Japanese lower doses may cause intoxica-
tion [20]. Children are found to be less sensitive to acute intoxication than adults, and
this may be due to larger glutathione stores and comparatively larger liver [21].

2.3 Pathophysiology

Paracetamol enters the enterohepatic circulation after absorption in the gut and
the liver by glucuronidation and sulfation 95% of its metabolized, and only a small
amount of the drug is removed by the kidneys. In therapeutic doses, 2.7 hours is the
mean elimination half-life of paracetamol ingestion [22]. N-acetyl-p-benzoquinone
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Figure 1.
Metabolism of paracetamol.

imine (NAPQI) is formed by oxidation reaction in approximately 5% fraction of the
drug, and this further binds to cysteine, DNA, and lipids. Antioxidant glutathione
(GSH) detoxifies NAPQI by forming a mercapturic metabolite, which is removed by
the kidneys (Figure 1). On ingestion of a higher dose of paracetamol, intracellular
GSH is depleted and there is a relative shunting of the metabolism of paracetamol
toward oxidation, thus forming increased amounts of NAPQI. CYP2E1 has a primary
role in the oxidation of paracetamol; however, some other CYP isoforms have been
identified, including CYP3A4 and CYP1A2. A major portion of CYP2E1 is distributed
in the centrilobular regions of the hepatic lobule, leading to centrilobular necrosis as
seen on biopsy [23]. The greatest intrinsic activity toward paracetamol is of CYP2E1
and CYP3A among all known CYPs. Studies conducted in the mouse model of
paracetamol overdose showed paracetamol adduct formation occurs in centrilobular
hepatocytes [24] liver biopsy if done, the histopathology of liver tissue shows centri-
zonal necrosis and mild inflammation [25]. The main autopsy finding in those who
died due to liver failure is centrizonal hemorrhagic necrosis with no or little inflam-
matory reaction and normal histologic appearance of portal tracts [26].

3. Clinical manifestations and laboratory findings

Paracetamol overdose identification is of significant value as an early start of
treatment can prevent morbidity and mortality significantly. Many a times, patients
may not tell the information about paracetamol ingestion and exact dosage. The most
common symptoms are malaise, nausea with/without vomiting, and abdominal pain,
as these symptoms are not peculiar leading to difficulty in making the diagnosis in
absence of a history of overdose. The clinical course of paracetamol hepatotoxicity
has four established sequential phases [27]. Each phase usually occurs following
a fixed time interval after the paracetamol over-ingestion; however, these may be
modified by factors like the formulation (mixed with opiate preparations, sustained
release, etc.), co-ingestion (alcohol, herbal supplements, or other pharmaceutical
drugs), and presence of chronic liver disease. The first phase starts within the first
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24 hours of intake of the drug and usually has symptoms such as nausea, vomit-

ing, muscle aches, dullness, and perspiration. However, some patients may remain
asymptomatic in this phase, which leads to a delay in the diagnosis in patients who
are unaware of their overdose. Biochemically liver transaminase values are usually
normal in this phase. In the second phase that occurs 24 hours to 72 hours after intake,
transaminases and bilirubin begin to rise and prothrombin time may be prolonged
[28, 29]. Liver transaminase [alanine aminotransferase (ALT) and aspartate amino-
transferase (AST)] may rise to several thousand IU [30]. There are lesser increases

in alkaline phosphatase and bilirubin. In phase III that occurs 72 hours to 96 hours
after ingestion, liver injury occurs maximally in this phase and is characterized by
continued progression of hepatotoxicity, possibly fulminant hepatic failure, and

the onset of multiorgan system failure and hypoglycemia, jaundice, oliguria, acute
tubular necrosis, encephalopathy, coagulopathy and lactic acidosis, central nervous
system symptoms including confusion, somnolence, or coma. The risk of mortality

is maximum in the third phase, mostly due to multi-organ dysfunction. There is a
“two-hit” mechanism in the development of lactic acidosis one is that NAPQI in
excess causes mitochondrial dysregulation, which is further followed subsequently
by tissue hypoxia and decreased hepatic metabolism and clearance of lactate [8, 31].
Phase IV occurs after approximately 96 hours after the recovery from the third phase,
the patient may either die from liver failure and its complications or start to recover.
Those who improve liver functions usually return to normal within three weeks, with
the histological improvement of the liver within 3 months. Usually, the fourth phase
lasts for 1 to 2 weeks, but its duration varies from patient to patient. Aminotransferase
elevations usually resolve within two weeks duration. An early signal of severe
toxicity is prolonged prothrombin time within 30-hour of paracetamol ingestion

[32]. Usually, bilirubin levels do not go higher as compared with liver failure due to
other etiology [33]. Acute renal failure may occur in association with hepatotoxicity
and also can occur as the liver injury is improving and some may even need dialysis
[34-36]. A distinguished feature of paracetamol overdose in chronic alcoholics is seen
in which laboratory abnormalities may include extremely high serum aminotransfer-
ase levels (AST > ALT) and prolonged prothrombin time within a small time frame of
ingestion [37].

3.1 Kings college criteria

King’s College criteria are used for mortality prediction in ALF caused by
paracetamol. The criteria include the presence of metabolic acidosis (arterial
pH < 730) alone OR the presence of these three: Grade III or IV hepatic encephalopa-
thy (HE), prothrombin time (PT) > 100 sec, and creatinine level > 3.4 mg/dL [38].
4. Treatment
4.1 General management

On assessment of paracetamol overdose, a detailed history should be taken, which
should include ingested dose, co-intake of other pharmaceutical drugs or herbal

medications, alcohol intake (acute and chronic), presence of any liver disease or
disorder, and any other co-morbidity. Biochemical parameters including serum AST,
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ALT, bilirubin, prothrombin time, blood urea nitrogen (BUN), creatinine, electrolytes,
complete blood count, and urinalysis should be done. The plasma paracetamol levels
should be sent for measurement ideally 4 hours after ingestion or as early as 24 hours,
but not before 4 hours because continuous absorption of paracetamol leads to falsely
low levels. The test should be repeated after 4 hours of the first test and then at 16,

24, and 32 hours after ingestion. Management for paracetamol overdose includes
prevention of absorption from the gut, elimination of absorbed paracetamol from

the blood, inhibition of formation of toxic metabolite NAPQI, and detoxification

of NAPQI. The timing of presentation and the degree of hepatic decompensation
guide the choice of therapy. Gastric lavage, administration of activated charcoal, and
ipecacuanha (induces emesis) can prevent or decrease gut absorption within the first
few hours after ingestion [39, 40]. NAC is used as an antidote in paracetamol overdose,
and if initiated within the first 8 hours from the time of ingestion or overdose, a good
response is seen. Methionine and cysteamine also cause detoxification of NAPQI, but
have shown severe adverse central nervous system effects so not used commonly [41].
It has been found that starting NAC therapy as late as 36 hours after overdose leads to a
significantly better outcome in paracetamol hepatotoxicity [42]. NAC acts by restoring
glutathione levels (hydrolyzed to cysteine, which restores glutathione), attaching to
NAPQI and by increasing conjugation reaction in hepatocytes leading to the formation
of non-toxic products [43]. Mortality from paracetamol overdose had declined from
5% without the use of antidote to 0.7% with the use of NAC. Cimetidine was used
initially to prevent the formation of NAPQI as it inhibits cytochrome P450 but was not
effective in many trials [44, 45]. Liver transplantation should be considered to prevent
mortality in selected cases.

4.2 N-acetylcysteine

The standard dosage of oral NAC is a single dose of 140 mg per kg and after that
17 doses of 70 mg per kg over 72 hours. The total dose thus will be 1330 mg/kg. The
standard dosage of intravenous NAC is typically three weight-based doses; the first
dose is 150 mg per kg in the first 1 hour, the second dose is 50 mg per kg to be given
over 4 hours, and lastly, third dose is 100 mg per kg to be given over 16 hours [46].
Higher hepatic concentrations can be achieved by oral NAC therapy, and the only
issue is that it is unpalatable, also difficult for children to consume so many doses, and
may cause vomiting. Intravenous N-acetylcysteine therapy results in higher plasma
concentrations and is more convenient for those who are vomiting; side effects of
parentally given NAC can be an allergic reaction, which is mostly mild and treated by
antihistaminics and by temporarily stopping intravenous NAC [47].

4.3 The Rumack: Matthew nomogram

The Rumack-Matthew nomogram is the semilogarithmic plot of plasma
paracetamol levels with time and is used to assess potential hepatotoxicity. This
nomogram was developed retrospectively based on data from patients who has single
paracetamol overdose and acute ingestions of paracetamol and had not received treat-
ment with the antidote. The nomogram forecasts potential toxicity from 4 hours to
24 hours following ingestion. The upper line of the nomogram is the “probable” line,
also known as the Rumack-Matthew line (Figure 2). Around two-third of a patient
with paracetamol levels above this line will have a liver injury. The lower line is the
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Figure 2.

Rumack—Matthew nomogram: Serum paracetamol concentration vs. time post ingestion. Taken from Rumack and
Matthew [48].

“possible” line and includes a 25% margin of error in level estimation discrepancy or
unreliable ingestion time. Using the Rumack-Matthew nomogram patients treated
with supportive care only who had paracetamol levels above the probable hepatic
toxicity line had a 14-89% incidence of hepatotoxicity and a mortality of 5-24%

[49, 50]. Poor prognostic signs identified are age group >50 years a plasma factor V
concentration < 10% of normal [51].

4.4 N-acetylcysteine dosing and Rumack-Matthew nomogram

In a case of single ingestion of paracetamol overdose, obtain paracetamol concen-
tration at as early as possible but not before 4 hours. If the paracetamol concentration
on the Rumack-Matthew nomogram is above the “treatment line” (the line con-
necting 150 pg/mL [993 pmol/L] at 4 hours and 4.7 pg/mL [31 pmol/L] at 24 hours),
administration of NAC is indicated. If time of ingestion is not known exactly, then
it is less than 24 hours post-ingestion NAC should be started, if plotted above treat-
ment line. In a case where patient has ingested extended-release formulations or
co-ingested with other drugs like opioids, anticholinergics, or other medications that
slows gut motility, if the initial 4-hour concentration plots above the treatment line,
NAC should be initiated within 8 hours post-ingestion [52].
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4.5 Management for acute liver failure

Acute liver failure is defined as severe acute liver injury for fewer than 26-week
duration with encephalopathy and impaired synthetic function (INR >1.5 or higher)
in a patient without pre-existing liver disease. ALF can lead to multiorgan dysfunc-
tion, which can present as hypotension, acute renal failure, coagulopathy, encepha-
lopathy, sepsis, and cerebral edema. Intensive care is needed for patient with acute
liver failure as they may deteriorate rapidly. A proper centra venous line and arterial
line for hemodynamic monitoring and, as well as a urinary catheter for urine output
monitoring. Coagulation parameters, blood counts, metabolic panels, blood sugar,
and arterial blood gases are to be measured with proper time intervals. The neurologi-
cal status should be evaluated regularly, for cerebral edema and intracranial pressure
monitoring when intracranial hypertension is identified [53, 54]. Patient should be
admitted in intensive care unit in presence of encephalopathy and coagulopathy.

Due to risk of rapid deterioration, a proper communication with liver transplant
centers should be done and transfer decisions should be considered for those who

had rising INR, rising creatinine or decreasing urine output, metabolic acidosis,
hypotension, or/and encephalopathy [55]. Retrospective study showed treatment
after 10-36 hours with NAC was associated with a mortality of 37% when compared
with 58% in patients given supportive treatment only, while prospective study with
50 patients with established liver failure showed mortality was 20% in the treated
group versus 48% (P < 0.05) in the controls [56, 57]. Liver transplantation is another
therapeutic option for patients with paracetamol-induced fulminant hepatic failure.
Early recognition of poor prognostic factors can be useful in determining need for
transplant and providing time to obtain a donor. Many factors affect survival, and the
development of ALF after paracetamol overdose ALF in pediatric patients had 100%
survival with grade II, but only 18% with grade III, also the development of cerebral
edema reduced survival to 22% [58]. Significantly better survival is reported for
patients who sought medical care within 24 hours of ingestion compared with later
presentation. The overall mortality is as high as 28% for patients who develop ALF
from paracetamol overdose, which is better than rates for ALF due to other causes.
Reported survival rates for paracetamol-induced ALF vary from 65-73% without
liver transplantation. Requirement of inotropic support is a poor survival factor and
survival rate is below 10% in patients with metabolic acidosis that failed to respond to
adequate fluid resuscitation [59]. Serum creatinine concentrations and PT are closely
correlated with survival. Survival rate of 80% patients for peak PT below 90 seconds,
which reduces to 8% around for PT beyond 180 seconds [60]. Survival rate is around
65% for patients with serum creatinine below 100 mmol/L, which reduces to 23% if
above 300 mmol/L. Requirement of liver transplantation was less in paracetamol-
induced ALF than ALF due to other causes [61]. In a recent study, overall survival rate
after liver transplantation was about 70%, with 1-year survival of 73% after 1 year
and 67% at the end of 5 years. Multiorgan failure and neurologic complications are
attributed for most of the deaths after liver transplantation [62].

5. Conclusion

The morbidity and mortality from paracetamol overdose vary from patient to
patient, and also depend on underlying comorbidities, nutritional status, history of
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alcoholism and co ingestion of other drugs. Overdose nay result in mild liver injury,
clinically significant hepatotoxicity, or death, and timely administration of antidote
directs prognosis. Death from paracetamol overdose in developed countries has
decreased to 1-2% after the use of N-Acetyl cysteine, which was previously much
higher (6-25%).
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Chapter 4
Radiation Induced Liver Toxicity

Debnarayan Dutta and Yarlagadda Sreenija

Abstract

Liver was always considered to be ‘highly sensitive’ to radiation therapy (RT)
and was not considered ‘safe’ for radiation therapy treatment. The most significant
radiation induced liver toxicity was described by Ingold et al. as “Radiation hepatitis.”
Historically, radiation to liver lesions with curative intent or incidental exposure dur-
ing adjacent organ treatment or total body irradiation implied whole organ irradia-
tion due to lack of high precision technology. Whole organ irradiation led to classic
clinical picture termed as “Radiation Induced Liver Disease (RILD).” In conventional
fractionation, the whole liver could be treated only to the doses of 30-35Gy safely,
which mostly serves as palliation rather than cure. With the advent of technological
advancements like IMRT, especially stereotactic radiation therapy (SBRT), the notion
of highly precise and accurate treatment has been made practically possible. The
toxicity profile for this kind of focused radiation was certainly different from that of
whole organ irradiation. There have been attempts made to characterize the effects
caused by the high precision radiation. Thus, the QUANTEC liver paper distinguished
RILD to ‘classic’ and ‘non-classic’ types. Classic RILD is defined as ‘anicteric hepato-
megaly and ascites), and also can also have elevated alkaline phosphatase (more than
twice the upper limit of normal or baseline value). This is the type of clinical picture
encountered following irradiation of whole or greater part of the organ. Non-classic
RILD is defined by elevated liver transaminases more than five times the upper limit
of normal or a decline in liver function (measured by a worsening of Child-Pugh score
by 2 or more), in the absence of classic RILD. In patients with baseline values more
than five times the upper limit of normal, CTCAE Grade 4 levels are within 3 months
after completion of RT. This is the type of RILD that is encountered typically after
high-dose radiation to a smaller part of liver. It is commonly associated with infective
etiology. Emami et al. reported the liver tolerance doses or TD 5/5 (5% complication
rate in 5 years) as 50 Gy for one-third (33%) of the liver, 35 Gy for two-thirds (67%)
of the liver, and 30 Gy for the whole liver (100%). Liver function (Child Pugh Score),
infective etiology, performance status and co-morbidities influence the radiation
induced toxicity. Lyman—Kutcher-Burman (LKB)-NTCP model was used to assess
dose-volume risk of RILD. Lausch et al. at London Regional Cancer Program (LRCP),
developed a logistic TCP model. Quantitative Analysis of Normal Tissue Effects in the
Clinic (QUANTEC) reported recommendations that mean normal liver dose should
be <18 Gy for baseline CP-A patients and < 6 Gy for those with CP-B, for a 6-fraction
SBRT regimen. The University of Colorado phase 1 clinical trial of SBRT for liver
metastases described the importance of the liver volume spared, that is, ‘critical vol-
ume model’ It is estimated that a typical normal liver volume is approximately 2000
mL and specified that a minimum volume of 700 mL or 35% of normal liver should
remain uninjured by SBRT i.e. at least 700 mL of normal liver (entire liver minus
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cumulative GTV) had to receive at total dose less than 15 Gy. In treatment regimen of
48 Gy in 3 fractions, CP-A patients were required to either limit the dose to 33% of
the uninvolved liver (D33%) < 10 Gy and maintain the liver volume receiving <7 Gy
to <500 cc. In more conservative treatment regimen, such as in 40 Gy in 5 fractions
schedule, CP-B7 patients had to meet constraints of D33% < 18 Gy and/or > 500 cc
receiving <12 Gy. The concept of body surface area (BSA) and Basal Metabolic Index
(BMI) guided estimation of optimal liver volume is required to estimate the liver
volume need to be spared during SBRT treatment. Radiation induced liver injury is
potentially hazardous complication. There is no definitive treatment and a proportion
of patient may land up in gross decompensation. Usually supportive care, diuretics,
albumin supplement, and vitamin K replacement may be useful. Better case selection
will avert incidence of RILD. Precise imaging, contouring, planning and respecting
normal tissue constraints are critical. Radiation delivery with motion management
and image guidance will allow delivery of higher dose and spare normal liver and
hence will improve response to treatment and reduce RILD.

Keywords: liver, toxicity, radiation therapy, RILD, SBRT, cyberknife, radiation therapy

1. Introduction

Liver was always considered to be ‘highly sensitive’ to radiation therapy and
was not considered ‘safe’ for radiation therapy treatment. For many years, maximal
tolerable dose (mean liver dose) for liver was considered to be low and radiation
dose required for therapeutic effect for liver tumors (Hepatocellular carcinoma,
Cholangiocarcinoma) was considered high. Hence, radiation therapy was mostly
not considered for liver tumors. Liver is a moving organ and movement of liver is
dependent on many factors such as breathing pattern, stomach filling, peristaltic
movements, and hence liver movement is not predictable. There were no appropriate
tracking technology or high dose radiation delivery technology in ‘moving’ targets like
liver. Hence, in early years of radiation therapy there are only a few anecdotal reports
of radiation therapy delivery in liver tumors. In recent years, with advent of motion
management system and technology to deliver high dose of radiation therapy that has
increased the usage and literature about radiation therapy in liver tumors regarding
both response to treatment and toxicities. In liver tumors, radiation therapy is mostly
recommended in hepatocellular carcinoma (HCC), intra-hepatic cholangiocarcinoma
and liver metastasis.

The most significant radiation induced liver toxicity was described by Ingold et al.
as “Radiation hepatitis” [1]. Historically, radiation to liver lesions with curative intent
or incidental exposure during adjacent organ treatment or total body irradiation
implied whole organ irradiation due to lack of high precision technology. This kind
of whole organ irradiation led to a classic clinical picture which was then termed as
“RILD.” In 1966, Reed et al. have worked on pathology of radiation injury to liver and
have established that the early changes are obliteration of small vasculature followed
by secondary effects such as hyperemia and cell loss. They have also concluded
that there is effective re-establishment of hepatic vasculature and return of normal
hepatic structure with time [2]. Liver consists of hepatocytes connected as parallel
structures and hence liver is considered a ‘parallel’ structure. This means, even if a
small portion of liver is damaged, other part of the liver will work as ‘parallel’ struc-
ture and there will be no functional damage. If a large portion of liver is damaged and
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hence the ‘parallel’ architecture is affected then there will be disruption of function.
This means, mean dose to liver is critical, whereas maximum dose or small high dose
to liver may not have clinical relevance. In conventional fractionation, the whole liver
could be treated only to the doses of 30-35Gy safely which serves only the purpose

of palliation rather than cure. This aspect had set radiation aside of the curative

liver therapy for many decades. With the advent of technological advancements like
IMRT, especially SBRT, the notion of highly precise and accurate treatment has been
made practically possible. This enabled focusing high doses of radiation to the tumor,
sparing the normal liver thus bringing back the option of radiation for liver lesions
into light once again. With the use of these, a significant portion of liver could be
saved from high doses of radiation. The toxicity profile for this kind of focused radia-
tion was certainly different from that of whole organ irradiation. There have been
attempts made to characterize the effects caused by the high precision radiation. Thus
the QUANTEC liver paper distinguished RILD to ‘classic’ and ‘non-classic’ types [3].

1.1 Classic RILD

Defined as ‘anicteric hepatomegaly and ascites’, also can also have elevated alkaline
phosphatase (more than twice the upper limit of normal or baseline value).

This is the type of clinical picture encountered following irradiation of whole
or greater part of the organ. As explained by Reed and Cox [2], this is related to the
hepatic vascular changes leading to hepatic parenchymal necrosis. Although it takes
time, this phenomenon is seen to be reversible in most of the cases. But the repair of
hepatic structure is dependent on the baseline liver status. The incidence described in
the 2000s was 5-10% if mean liver dose constraint of 30-35 Gy was met.

1.2 Non-classic RILD

Defined by elevated liver transaminases more than five times the upper limit of
normal or a decline in liver function (measured by a worsening of Child-Pugh score
by 2 or more), in the absence of classic RILD. In patients with baseline values more
than five times the upper limit of normal, CTCAE Grade 4 levels within 3 months
after completion of RT.

This is the type of RILD that is encountered typically after high dose radiation to
a smaller part of liver. It is commonly associated with infective etiology. Although
the exact pathogenesis is un-clear, it involves loss of regenerating hepatocytes. This is
usually not irreversible.

The characteristics of them are summarized in Table 1.

2. Grade of toxicity

Common Terminology Criteria for Adverse Events (CTCAE) version 5 has
graded various symptoms like hepatic pain, hepatic necrosis, hepatic hemorrhage
distinctly. Hepatic failure is defined as a disorder characterized by the inability of
the liver to metabolize chemicals in the body. Asterixis, mild encephalopathy is
grade 3 whereas moderate to severe encephalopathy and coma is grade 4 and death
is grade 5 (Table 2).

Taking into account the wider applicability in cancer treatment, the CTCAE
toxicity grading is non-specific to radiation induced toxicity. It does not take into
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Classic RILD Non-classic RILD
Time to 2 weeks to 3 months 1 week to 3 months
presentation
post Rx
Prone candidates Otherwise fairly well-functioning pre- Common in those with poor liver

treatment liver

function (hepatitis B infection,
Child-Pugh Classes B and C)

Patho-physiology

There is occlusion and obliteration of the
central veins of the hepatic lobules, retrograde
congestion, and secondary hepatocyte necrosis

Un-clear but involves loss of
regenerating hepatocytes and
reactivation of hepatitis

Jaundice

++

Ascites

+++

+

Laboratory findings

Increased
Bilirubin

Increased AST

2 times ULN

5times ULN

Increased ALP

+4++

+

Table 1.

Differences between classic and non-classic RILD.

consideration the performance status of the patient, baseline liver function and

the relative changes in liver function caused by radiation, which is more clinically

relevant and a predictor of reversibility of the RILD.
The Radiation Therapy Oncology Group (RTOG) liver toxicity grading includes

nausea, dyspepsia as grade 1, abnormal liver function tests with normal serum albumin
as grade 2, disabling hepatic insufficiency with low albumin, edema, ascites as grade 3
and necrosis, encephalopathy, hepatic coma as grade 4, death as grade 5 (Table 3) [4].

The drawback of this grading system is again the lack of specificity in scoring of
liver function tests.

3. Time of RILD and presenting symptoms

RILD can be an acute or sub-acute phenomenon. It typically occurs 4-8 weeks, but
can occur 7-90 days post radiation [5]. Rarely, it is seen to occur as late as 7 months.
Though there has not been much variation in time to presentation between classic and
non-classic RILD, classic tends to occur earlier. The clinical manifestations of RILD
are non-specific but patients typically present with symptoms like fatigue, weight
gain, increased abdominal girth, rarely abdominal pain. There can be signs of hepato-
megaly, ascites, altered liver function, elevated alkaline phosphatase disproportionate
to other liver enzymes. In case of non-classic RILD, there can be jaundice and marked
elevation of liver enzymes. RILD is essentially a diagnosis of exclusion. Radiologic
sequel is seen as sharply demarcated low attenuation areas on CT. In case of steatotac-
tic liver background, there can be areas of elevated attenuation. MRI can show areas
of increased T2 signal keeping in with acute inflammation [6].
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CTCAE term Grade1l Grade?2 Grade 3 Grade 4
Hepatic pain Mild pain Moderate Severe pain; —_
(Sensation of pain; limiting limiting self-care
marked discomfort instrumental ADL
in the liver region) ADL
Hepatic Mild Moderate Transfusion Life-threatening
hemorrhage symptoms; symptoms; indicated; invasive consequences;
(Bleeding from intervention intervention intervention urgent intervention
liver) not indicated indicated indicated; indicated
hospitalization
Hepatic necrosis — — — Life-threatening
(A disorder consequences;
characterized urgent invasive
by a necrotic intervention
process occurring indicated
in the hepatic
parenchyma)
Hepatic failure — — Asterixis, mild Life-threatening
(A disorder encephalopathy; consequences;
characterized by drug induced liver moderate to severe
the inability of the injury; limiting encephalopathy;
liver to metabolize ADL coma
chemicals in the
body)
Sinusoidal — Blood bilirubin Blood bilirubin Life-threatening
obstruction 2-5mg/ >5mg/dL; consequences
syndrome dL; minor coagulation (e.g., ventilatory
(A disorder interventions modifier indicated support, dialysis,
characterized by required (ie., (e.g., defibrotide); plasmapheresis,
severe hepatic blood product, reversal of flow on peritoneal drainage)
injury as a result of diuretic, ultrasound
the blood vessels of oxygen)
the liver becoming
inflamed and/or
blocked)
Table 2.
CTCAE Grading of liver toxicity.
Grade O Gradel Grade2 Grade 3 Grade 4 Grade5
Liver None Mild Moderate Disabling Necrosis/ Death
toxicity lassitude; symptoms; hepatitic Hepatic coma or directly
nausea, some insufficiency; encephalopathy related
dyspepsia; abnormal liver function to
slightly liver tests grossly radiation
abnormal function abnormal; induced
liver tests; serum low albumin; late
function albumin edema or effects
normal ascites
Table 3.

RTOG/EORTC late morbidity grading.
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4. Evaluation parameters of radiation toxicity

Various empiric end points have been used to describe RILD, which include
deterioration in Child Pugh score and RTOG/CTCAE grade 2-4 abnormal labora-
tory values. One such end point evaluated is Child Pugh (CP) score declining by 2 or
more scores. Chapman et al. tried to define clinically relevant endpoints in cirrhotic
patients post SBRT or proton beam therapy. In the retrospective review of 48 patients,
multivariate analysis showed that Child Pugh Score increase of >1 or > 2, CTCAE
AST toxicity grade change were the strongest predictors of OS and RILD specific
survival also [7]. This has been confirmed by other studies also. In a prospective study
evaluating Child Pugh score as a tool for assessment of acute toxicity of liver SBRT,

94 patients were analyzed and 15% had RILD. In CP score assessment at 2 month
follow up, 46 (38%) had no change in CP score. Decline of 1-, 2- & 3-point CP score
from baseline was in 17%, 10%, 14%. Improvement in CP score of 1- & 2- point from
baseline was in 9% and 1% respectively. CP score change after SBRT correlated with
the post RT acute toxicities in the study and hence CP score change was considered as
an objective scoring system to evaluate the radiation induced liver injury after SBRT
treatment [8].

Other parameters include Model for End-stage Liver Disease (MELD) score, CLIP
score, GRETCH score, albumin-bilirubin (ALBI) score, PIVKA, AFP grade (Figure1).

4.1 MELD scoring system

The MELD score is a chronic liver disease severity scoring system that is calculated
from serum bilirubin, creatinine and INR, but modified to include serum sodium
concentration (MELD-Na) [9]. It was originally developed to predict three-month
mortality following transjugular intrahepatic portosystemic shunt (TIPS) placement.
It is frequently used for patients being evaluated for transplant.

4.2 CLIP scoring system

The CLIP score includes Child-Pugh stage, tumor morphology and extension,
serum alfa-fetoprotein (AFP) levels, and portal vein thrombosis [10]. It takes into
account both liver function and tumor characteristics and has been validated for HCC
staging in relation to Okuda staging of HCC. But as a parameter for radiation induced
liver toxicity, it is yet to be validated (Table 4).

4.3 ALBI score

ALBI score is a discriminatory method of assessing liver function in HCC with val-
ues of only albumin and bilirubin [11]. Validation of ALBI score as a tool in radiation

1984 1998 1999 2002 2003 2005 2010
| | [ \ [ |
Okuda CcLp GRETCH CUPT Jus Tokyo AICC/UICC 7" ed
BCLC STNM
Figure 1.

Time frame of different scoving system.
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0 1 2

Child Pugh stage A B C

Tumor morphology Unimodular & extension Multinodular & extension Massive or extension
<50% <50% >50%

AFP <400 >400

Portal vein thrombosis - +

Table 4.
CLIP scoring system.

Weight 0 1 2 3

Karnofsky index >80 <80

Serum Bilirubin (umol/L) <50 >50

Serum ALP <2x ULN >2x ULN

Serum AFP (ug/L) <35 >35

Portal obstruction - +

Tables.
GRETCH Scoring system.

toxicity assessment is undecided, but retrospective evidence indicates similar perfor-
mance as with the CP score [12].

4.4 GRETCH score

The Groupe d’Etude et de Traitement du Carcinome Hépatocellulaire (GRETCH)
score uses objective measures including bilirubin, alkaline phosphatase, AFP along
with performance status and portal obstruction to predict survival outcomes. This
prognostic system did not prove superior to other currently utilized scoring system
and is not widely used world over [13] (Table5).

4.5 AFP score

AFP is a well-established tumor marker for diagnosis of HCC that is detected in
approximately 39-65% of HCC patients. AFP level normalization in a previously
elevated patient within 3 months after SBRT is a prognostic surrogate for OS and PFS
in patients with small HCC [14]. It is also useful in follow up of patients to detect early
recurrence because the AFP level is related to the tumor activity. AFP stage for each
prognostic group show clear survival differences (P < 0.0001), similar to the BCLC
classification. However, survival differences among patient populations assigned
to AFP stage B and C are not significant. In non-cirrhotic patients, the AFP staging
system has a lower p-value than the BCLC classification.

4.6 PIVKA

Protein induced by vitamin K absence-II (PIVKA-II) is a potential screening
marker for HCC and is an upcoming diagnostic tool that complements AFP [15]. Its
role as a prognostic or predictive marker is yet to be determined.
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Hepatocytes are involved in the synthesis of most coagulation factors, such as
fibrinogen, prothrombin, factorV, VII, IX, X, XI, XII, as well as protein C, S, and
antithrombin, whereas liver sinusoidal endothelial cells produce factor VIII and von
Willebrand factor. Acute liver injury primarily decreases the vitamin K-dependent
factors - prothrombin; factors VII, IX, and X.

5. Comparison between different evaluation systems

All these staging and scoring system have their own merits and demerits.
Unfortunately, none of these scoring systems are validated in multiple prospective
series. Hence, these systems are followed as per institutional preferences
(Figure 2 and Table 6).

6. Factors responsible for RILD
6.1 Radiation dose and RILD

Liver is a fairly radio-sensitive organ. This has been evident from the pain control
rates of 73-83% have been reported after RT for HCC [16, 17]. In the 1991 Emami
report, the liver tolerance doses or TD 5/5 (dose expected to result in 5% complication
rate in 5 years) were set as 50 Gy for one-third of the liver, 35 Gy for two-thirds of the
liver, and 30 Gy for the whole liver [18]. Nevertheless, the primary liver tumors have
not been irradiated with curative intent for a long period of time attributed to the
conventional radiation portals practically including the whole organ.

With the advent of SBRT, very high doses can be delivered focally to the tumor,
which are known to result in vascular injury and also an ablative effect on the tumor,

Patient
Symptoms related to cancer
ECOG PS
Karnofsky
Comorbidities

Liver function

Tumor spread

Bilirubin Okuda Size
Child-Pugh score CLIP

. Nodule(s)
Ascites GRETCH ; .

. Portal vein thrombosis
Indocyanine green BCLC
Metastases

clearance test JIS, TIS..... AFP level
Portal pressure HKLC

Figure 2.
Overlapping between different scoring systems.
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Okuda CLIP GRETCH

Child Pugh score X

Ascitis

Albumin X

Total bilirubin X X

Alkaline phosphatase X

Alpha fetoprotein

Tumor size X

Numbers of nodules

MR

Portal vein thrombosis

Presence symptoms

Table 6.
Comparison between different scoring systems.

in addition to the conventional DNA damage through dsDNA breaks. On the other
hand, when these high doses of RT are being planned, one has to be extremely cau-
tious regarding the precision and accuracy of the treatment. To account for inter and
intra-fraction errors, various modalities like 4D CT, abdominal compression, volun-
tary breath hold, active breathing control and image-guidance during RT delivery
can be used. The potential for tumoricidal doses to be delivered to focal HCC was
first described by Dawson et al. at the University of Michigan by using an individual-
ized dose allocation approach based on a normal tissue control probability (NTCP)
calculation in 203 patients [19].

The Lyman-Kutcher-Burman (LKB)-NTCP model was used to assess dose-volume
risk of RILD. The Lyman model assumes a sigmoid relationship between a dose of
uniform radiation given to a volume of an organ and the chance of a complication
occurring.

Various parameters have been looked into:

1. Effective volume (Veff): to allow volume-dose distribution comparisons
between plans

2.TD50: tolerance dose associated with 50% chance of complication for uniform
liver irradiation

3.m: steepness of dose response at TD50
4. n: defines the effect of the volume on a scale from zero to one [19].

Lausch et al. at the London Regional Cancer Program (LRCP), developed the
logistic TCP model. They retrospectively reviewed 36 patients with HCC treated with
median 4 Gy per fraction (range: 2-10 Gy) to a median cumulative dose of 52 Gy
(range: 29-83 Gy) on a radiobiologically guided dose escalation protocol. The protocol
called for prescribing the highest possible dose that met the constraint of keeping the
estimated risk of RILD to <5%. They demonstrated that the D50 (dose that would
result in a 50% LC) at 6 months was 53 Gy equivalent dose if given in 2 Gy fractions
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(EQD?2). In contrast, the D50 for metastatic disease to the liver was 70 Gy EQD2
demonstrating that HCC is relatively radiosensitive compared to other tumor types,
including colorectal carcinoma metastatic to the liver. The D90 was found to be 84 Gy
EQD2 suggesting that increasing dose results in increased LC [20]. Jang et al. devel-
oped another logistic TCP model based on tumor size. They demonstrated that higher
doses (cumulative and per fraction) are required to achieve the same TCP for larger
lesions. For lesions <5 cm vs. lesions >5 cm, doses had to be escalated from 51 to 61 Gy
in three fractions to achieve a 2-year LC of 90%. They have also reported that D50 was
62.9 Gy EQD2 (range: 58-69 Gy EQD2) [21].

Ohri et al. published another TCP model from data of 431 primary liver tumors
and 290 liver metastases. The 1-, 2-, and 3-year actuarial local control rates after
SBRT for primary liver tumors were 93%, 89%, and 86%, respectively. Lower
1- (90%), 2- (79%), and 3-year (76%) actuarial local control rates were observed
for liver metastases (p = .011). Among patients treated with SBRT for primary liver
tumors, there was no evidence that local control is influenced by BED within the
range of schedules used. For liver metastases, on the other hand, outcomes were
significantly better for lesions treated with BEDs exceeding 100 Gy, (3-year local
control 93%) than for those treated with BEDs of <100 Gy, (3-year local control
65%, P < .001) [22].

In 2010, Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC)
reported recommendations that mean normal liver dose should be <18 Gy for base-
line CP-A patients and < 6 Gy for those with CP-B, for a 6-fraction SBRT regimen
(Table7) [3, 28].

The dose recommendations for SBRT as per QUANTEC [3] for 5% or less risk of
RILD are:

Mean normal liver dose (liver minus gross tumor volume).

<13 Gy for primary liver cancer, in three fractions.

<18 Gy for primary liver cancer, in six fractions.

<15 Gy for liver metastases, in three fractions.

<20 Gy for liver metastases, in six fractions.

<6 Gy for primary liver cancer, Child-Pugh B, in 4-6 Gy per fraction (for classic or
non-classic RILD).

Critical volume model-based >700 mL of normal liver receives <15 Gy in three to
five fractions.

6.2 Liver volume and RILD

Liver being comprised of hepatic lobules as functional subunits is a parallel
organ. As a result, the mean dose and a critical volume being spared of high dose is of
significance rather than the Dmax. The University of Colorado phase 1 clinical trial
of SBRT for liver metastases described the importance of the liver volume spared, that
is, the ‘critical volume model, a concept akin to surgical sparing of the future liver
remnant. They have estimated that a typical normal liver volume is approximately
2000 mL and specified that a minimum volume of 700 mL or 35% of normal liver
should remain uninjured by SBRT i.e. at least 700 mL of normal liver (entire liver
minus cumulative GTV) had to receive at total dose less than 15 Gy [29]. This critical
volume concept has also been applied to patients with HCC. Dyk et al. retrospectively
analyzed 46 patients, of which 91% are CP-A status, treated with liver SBRT for
either metastatic or primary liver malignancies and found the liver volume at 25 Gy
(V25) > 32% was associated with CP-class progression on Univariate analysis [30].
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Son et al. retrospective review of 47 patients with HCC, of which 68% are CP-A status
and showed the volume of normal liver receiving <18 Gy should be >800 cc to avoid
CP class progression on Multivariate analysis [26]. Since all these studies constitute
predominantly Child A patients, if these dosimetric parameters can be applied to
Child B or C still uncertain. Indiana University group have further performed a phase
II trial and reported their toxicity data in CP-A (n = 38) and -B (n = 21) patients [31].
For a treatment regimen of 48 Gy in 3 fractions, CP-A patients were required to either
limit the dose to 33% of the uninvolved liver (D33%) < 10 Gy and/or maintain the
liver volume receiving <7 Gy to <500 cc. For a more conservative treatment regimen
of 40 Gy in 5 fractions, CP-B7 patients had to meet constraints of D33% < 18 Gy and/
or > 500 cc receiving <12 Gy. Dosimetric correlates were identified for grade 3 to 4
hepatic enzyme toxicity observed in 10.5% and 38.8% of CP-A and CP-B patients,
respectively. However, the lower limit of the normal liver volume seems to vary
between different races and ethnicities. Because heights and body weights vary so is
the body surface area and so is the normal liver volume. Hence an absolute normal
liver volume or its percentage to be spared may not be the optimal parameter to evalu-
ate the liver function required for patients. The concept of body surface area (BSA)
and Basal Metabolic Index (BMI) guided estimation of optimal liver volume need to
be spared during SBRT treatment may be the future of liver SBRT program.

6.3 Type of radiation and RILD

The conventional techniques like 2D and 3D CRT led to more of classic RILD
owing to the wide radiation portals. With the technological advancements like IMRT,
robotic SBRT with tumor tracking high accuracy in radiation treatment became
possible and the necessity for additional ITV margin has been eliminated. Sharp dose
gradient helps to deliver higher dose to the target and spare normal liver. With real
time image guidance high precision therapy, PTV margin can be cut down. Thus, high
doses can be focused to the tumor with minimal margin. Although the incidence of
RILD decreased, this may led to higher probability of non-classic RILD.

6.4 Co-morbidities and RILD

Cirrhosis: Background liver Cirrhosis plays a major role in development of toxicity.
Cirrhotic patients are more prone to develop non-classic RILD than normal patients.
Also, evaluation of the radiation induced changes turn out to be a tedious process
because the baseline liver function would also have been abnormal. Radiologic
differentiation between radiation induced changes and disease progression is also
challenging.

Infective etiology: Infective etiology as such is not directly related to radiation
induced toxicity, but again the background inflammatory picture and liver functional
status play a role in diagnosis of RILD.

Re-irradiation: McDuff et al. analyzed 49 patients who received re-irradiation
to liver. Mean interval from initial RT to first re-treatment was 411 days (range
61-1668 days). Mean BED2 (a/p = 10) were 76.93 and 77.60 for initial treatment and
re-treatment, respectively. Mean BED2 (a/p = 10) were 76.93 and 77.60 for initial
treatment and re-treatment, respectively. Only 1 patient (2%) met criteria for “non-
classic” RILD demonstrating significant metabolic derangements in the absence of
progressive disease. Another 6 patients exhibited metabolic derangements in the pres-
ence of progressive intrahepatic disease burden [32]. There have been case reports of
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safe and effective delivery of radiation to liver multiple times [33-36]. Appropriately
selected patients under expert care can undergo re-irradiation in safety [37].

Nutritional status: Baseline nutritional status determines the general health of
the patient and ability of the body to repair the radiation insult. Prior to the therapy,
nutritional assessment thru hemoglobin, albumin, lactate dehydrogenase levels and
the necessary corrections are recommended.

Disease stage: Disease status indirectly plays a role in development of toxicities.
Larger the disease, larger will be the irradiated area and higher are the chances of RILD.

7. Re-irradiation in liver tumors

Re-radiation in liver tumors are not common in clinical practice. There are only
few published literature in this aspect and no standard consensus regarding dosage
schedule. In most of the subsites, such as in head & neck cancer or cervical cancer,
in re-irradiation setting there is usually reduction of total dose (BED). Treatment
volume is limited and fractionation schedule modified depending upon ‘time to re-
treat’ Irradiated volume also important in selection of fractionation schedule. Usually,
in head & neck cancer 7 year time is considered ‘safe’ to re-challenge with full dose
of radiation therapy. In case of re-radiation before that period, there is a reduction of
dose depending upon the ‘time to re-treat’. Usually 15% dose ‘decay’ considered in 1st
year after radiation therapy and then every year 10% ‘decay’ in dose. As the time gap
between primary radiation therapy and re-irradiation increase, safer to deliver higher
(adequate) dose of radiation therapy to the target. In re-radiation of liver tumors this
standard practice is not followed. In fact, in few studies there are better results (OS)
in patients treated with higher dose in re-radiation setting. Child Pugh Score and
‘time to re-treat’ are considered significant prognostic factors. There is no compro-
mise in irradiated volume as well. Tolerance of liver is low, but fortunately in re-radi-
ation setting, liver tolerates radiation comparatively better than other subsites. High
dose radiation therapy work like thrombo-embolism, embolizing blood supply to a
portion of liver and stimulating proliferating of hepatocytes from adjacent normal
liver. Proliferating hepatocytes causes hypertrophy of the liver portion which is naive
to radiation therapy. This proliferating hepatocytes replace the post-CK necrotic liver.
Hence, the ‘new’ regenerated portion of liver tolerate better than previously treated
liver. Different cytokines liberated from the necrosed liver tissue may also stimulate
hypertrophy of liver. After RT, there is fibrosis as well, and this fibrosis may lead to
shrinkage of liver volume. Post-CK, there is 50% regression of the involved liver due
to radiation injury, on the other hand there is 320% compensatory hypertrophy of the
contralateral liver lobe [2]. This phenomenon negates the implications of firbosis, and
hypertrophy has more predominant impact. Shrinkage of liver volume is expected
to be more with higher integral dose of radiation therapy. In few studies, there is
transient reduction of liver volume of about 20% at 3 months post-CK. However, at
one year follow up there is only 10% shrinkage compared to pre-treatment volume.
Even after repeat CK, liver volume is mostly maintained due to compensatory hyper-
trophy. Most severe complication after re-radiation is radiation induced liver disease
(RILD). It is a syndrome of ascites, elevated transaminase level, and anicteric hepato-
megaly. Usually occurs in a proportion of patient after receiving whole liver doses of
>30-35 Gy. However, retrospective series of partial liver radiation have demonstrated
that liver tolerance not only depends upon the total dose of radiation therapy, but also
on pre-treatment Child-Pugh score, viral load and volume of tumor as well. Partial
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liver may be safely treated with radiation if adequate liver volume is preserved. In
re-radiation, as the hypertrophied liver is mostly radiation naive, re-radiation is
possible with adequate dose in small volume recurrences [33, 38].

8. Fiducial related toxicity

As stereotactic radiosurgery (SRS) applications moved to extra-cranial sites, the
primary challenge was that SRS technologies were initially designed to deliver very
precise treatments for non-moving targets. Therefore, methods to compensate for
respiratory motion like fluoroscopy, surrogate markers [34] (spirometry, fiducials),
4D-CT and dynamic MRI were developed. Owing to the differential degree of move-
ment of liver antero-posteriorly and cranio-caudally, and also between the lobes of
liver, internal fiducial markers are ideal for tumor tracking. For fiducial tracking and
CT slice thickness of 0.625 mm-1.25 mm, the system accuracy has been shown to be
0.7 +/— 0.3 mm. Per cutaneous fiducial insertion can be done ultrasonography guided
or CT- guided under sterile conditions by interventional radiologist. Being an invasive
procedure, complications like pain, bleeding, pneumothorax can be seen. Some of
them might require chest tube placement, paracentesis, embolization. The technique
of using “sterile blood patch” post fiducial insertion to prevent pneumothorax is in
use. The main factor to prevent these remain the technical expertise. Apart from
the acute complications, there can be migration of fiducials within the liver, rarely
extra-hepatic sites also. Hence radiation planning and delivery is recommended to
be scheduled after an interval of 48-72 hours post fiducial insertion [37, 39]. Park
SH et al. retrospectively reviewed 101 patients with USG guided intrahepatic fiducial
placement. There were no major complications, although 12 patients (12%) developed
minor complications. Technical success was achieved in 291 (97%) fiducial place-
ment. Of 101 patients, in 72/101 patients (71%) fiducials placement was ideal. Marsico
M etal. (n = 15) assessed how different types of markers affects the tracking accu-
racy of Cyberknife. Ohta K et al. reported (n = 18) success rate of 100% (18/18) for
fiducial placement in liver tumors. Only one patient (6%) had mild pneumothorax.
There was no gross migration after placement. ChoiJ-H et al. (n = 32) evaluated the
safety and technical feasibility of endoscopic ultrasonography (EUS)-guided fiducial
placement. 23/32 patients (91%) had successful placement and only One patient
(3%) developed mild pancreatitis which subsided with supportive care. Kim JH et al.
(n = 77) evaluated the safety and technical success rate of an USG guided fiducial
marker implantation. 21% had minor complications. Abdominal pain was the most
common complication(14%). Fiducial migration occurred in 5 patients (6.5%). Dutta
etal. analyzed 108 fiducials placed in 36 patients. Post-fiducial pain score 0-11in 26
(72%) and score 3-4 was in 2 (6%). Five (14%) admitted in ‘day-care’ (2 mild pneu-
mothorax, 3 pain). One patient (3%) admitted for hemothorax and died. Fiducial
placement complications are usually rare, less than 3% patient need admission or have
decompensation (change of Child Pugh Score > 2) [37, 39, 40].

9. Methods of prevention of RILD

The primary factor to prevent RILD is the better technique of radiation. SBRT with
motion management techniques and real time tumor tracking is the best technique
that can be used. Respecting the liver special constraints like mean liver dose and
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sparing a critical volume of liver from dose spill are the subsequent critical factors.
Patient related factors like co-morbidities, nutritional status has to assessed prior to
starting the treatment and the required dietary corrections have to be made. Feng et
al. evaluated the role of amifostine as a radio protector in dose-escalated whole liver
radiation therapy [41]. The study included 23 patients and a maximum dose of 40 Gy
was used. This was compared with previously treated patients by logistical regression
model. It was observed that the use of amifostine increased the liver tolerance by 3.3
+/—1.1 Gy. Selenium and Vitamin E are also shown to reduce the incidence of RILD in
animal models by reducing liver lipid peroxidation and maintaining the endogenous
liver antioxidant defense [34].

10. Management of RILD

No established therapies for classic RILD exist. There are no specific guidelines
for the management of RILD. Suggestions for use of anticoagulants and steroids have
been made, but it is primarily supportive care and diuretics are often used for the
ascites. Although a few patients may recover, ample fraction will eventually die of
liver failure. Thus proper patient selection to prevent RILD is crucial.

11. Conclusion

Radiation induced liver injury is potentially hazardous complication. There is no
definitive treatment and a proportion of patient may land up in gross decompensa-
tion. Usually supportive care, diuretics, albumin supplement, vitamin K replace-
ment may be useful. Better case selection will avert incidence of RILD. Precise
imaging, contouring, planning and respecting normal tissue constraints are critical.
Radiation delivery with motion management and image guidance will allow delivery
of higher dose and spare normal liver and hence will improve response to treatment
and reduce RILD.
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Abstract

The novel severe acute respiratory syndrome coronavirus (SARS CoV-2) is the
cause of coronavirus disease (COVID-19), a pandemic that represents a global health
challenge. COVID-19 is usually a self-limiting disease; however, it is associated with
a significant (3-7%) mortality rate. The excessive production of pro-inflammatory
cytokines because of SARS-CoV-2 infection is mainly associated with high mortality
due to multiple organ failure. The global burden of chronic liver disease (CLD) is
vast. Approximately 122 million people worldwide have cirrhosis, 10 million living
with decompensated cirrhosis. The preexisting chronic liver disease is associated
with inflammation and immune dysfunction that might predispose to poor clinical
outcomes in COVID-19, such as disease severity, rate of ICU admission, and mortal-
ity. The overlapping risk factors for SARS CoV-2 and chronic liver diseases such as
obesity, advanced age, diabetes, and metabolic dysregulation are the major causes
of these poor outcomes. Furthermore, progressive liver disease is associated with
immune dysregulation, contributing to more severe COVID-19. This book chapter
will explain the natural history and pathogenesis of COVID-19 in CLD patients along
with the likely underlying SARS CoV-2-related liver injury mechanisms.

Keywords: SARS CoV-2, COVID-19, chronic liver disease, cirrhosis, hepatocellular
carcinoma, COVID-19 clinical outcomes

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-20) is a novel
member of the coronavirus family first reported in Wuhan, China [1]. It causes
COVID-19, which has infected millions of people worldwide, representing a global chal-
lenge. COVID-19 is generally a self-limiting disease presenting with flu-like symptoms
but can also be deadly with a 0.7-5.8% fatality rate [2]. However, the disease severity and
fatality vary by geographic areas and country, related to distinct population and disease
demographics [2]. Mild COVID-19 cases may present with dry cough, fever, fatigue,
dyspnea, and diarrhea. In contrast, severe cases may give a complex picture of acute
hypoxia, respiratory distress syndrome (RDS), encephalopathy, and multiple organ
failure [3]. Patients with advanced age and comorbidities such as hypertension, diabetes
mellitus, obesity, chronic lung disease, chronic liver disease, cardiovascular disease, and
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cancer are at the greater risk of having severe illness and fatality due to COVID-19 [4].
Previously healthy patients with severe and critical COVID-19 also experience some liver
injury, mainly presenting with deranged liver enzymes, such as aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase (LDH), and
hypo-functioning of the liver in the form of hypoalbuminemia [3, 5-8].

COVID-19 leads to host immune dysregulation and cytokine storm by producing
inflammatory markers [3]. This cytokine storm has been implicated in causing lung
and liver injury and multiorgan failure (Figure 2). COVID-19 patients have been
studied to have an elevated level of cytokines such as interleukin (IL)-1B, interleu-
kin-6, tumor necrosis factor (TNF) interferon-gamma (INF-y), interferon gamma-
induced protein 10, macrophage inflammatory proteins (lalpha, 1beta), and vascular
endothelial growth factor (VEGF) [3]. Although COVID-19 patients exhibit a highly
variable immune response, the interleukin-6 level has been associated with COVID-
19 severity and mortality [9].

The world is also dealing with another ongoing obesity pandemic due to sedentary
lifestyles and food habitus [10]. This pandemic has led to various diseases such as
diabetes mellitus, insulin resistance, and chronic liver disease (CLD) [10, 11]. CLD is
prevalent worldwide and imposes a significant burden on healthcare costs and services.
The most common causes of CLD include nonalcoholic fatty liver disease (NAFLD),
alcoholic fatty liver disease (AFLD), viral hepatitis B and C. CLD can further progress to
fibrosis, cirrhosis, and ultimately hepatocellular carcinoma (HCC) as an end-stage liver
disease [10, 11]. Hepatocytes constitute a significant source of many proteins involved in
both the body’s innate and adaptive immune responses [12]. The liver plays a vital role in
regulating immune homeostasis by two fundamental mechanisms. First, it prevents the
systemic spread of dietary and microbial antigens from the gut; second, it produces the
soluble molecules essential for effective body immune responses to the foreign antigens
[12]. Thus, any liver injury can compromise the synthesis of proteins involved in the
immune responses resulting in a compromised body immune surveillance against anti-
gens [12]. It is categorized as an immune dysregulation in both CLD and liver cirrhosis.

The impairment of the liver’s homeostasis in CLD leads to specific molecular pat-
terns from the damaged hepatocytes, which may prompt the circulating immune cells to
activate and induce an inflammatory response by releasing pro-inflammatory cytokines
(interleukins and tumor necrosis factor) in the serum [13]. Furthermore, this immune
dysregulation process emanates the possibility of increased infection susceptibility.
Margot et al. have demonstrated that patients with CLD and cirrhosis are at a higher risk
of morbidity and mortality due to COVID-19 infection [14]. However, the mechanisms of
COVID-19-induced liver injury are multifactorial and are not fully understood [15, 16].
Cytokine storm hypothesis suggests that immune dysregulation because of SARS CoV-2
infections plays a vital role in liver pathophysiology in COVID-19 [15, 16].

This chapter aims to discuss the COVID-19 implications on healthy liver and CLD.
The effect of COVID-19 on clinical outcomes in patients with cirrhosis and hepatocel-
lular carcinoma will also be reviewed and discussed.

2. Pathophysiology of liver injury in COVID-9

SARS CoV-2 virus has two major binding sites. The spike glycoprotein (S) is essen-
tial for viral entry into the host cell, and the inner nucleocapsid phosphoprotein (N)
interacts with the host RNA [17]. There are two possible mechanisms of liver injury in
COVID-19 infection.
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2.1 Viral immunological injury and systemic inflammatory response

One mechanism suggests that the SARS CoV-2 virus infects the target cells by
binding to the angiotensin-converting enzymes 2 receptors on cell surfaces and rep-
licates further inside to infect other cells [17]. These receptors are present on the bile
duct epithelial cells, liver parenchymal cells, and alveolar type 2 cells in the lungs [18].
Some studies have suggested that the virus does not directly infect the hepatocytes,
but it enters the portal circulation and, by reaching the liver, induces the Kupffer cells
to activate immune systems, and thus produces inflammatory changes [19]. These
inflammatory changes are the primary source of liver injury in SARS CoV-2 infection
[19]. As aresult of this inflammation, the liver enzymes (AST, ALT) were reported to
be elevated >2 times the upper limit of normal in 14-53% of COVID-19 cases [20].

On the other hand, gamma-glutamyl transpeptidase (GGT) has been found to be
elevated in 24% of the COVID-19 hospitalized patients suggesting a biliary epithelial
cell injury [20]. Higher levels of liver enzymes have been associated with the severity
of COVID-19 [21]. Moreover, antiviral drugs used for COVID-19 treatment are associ-
ated with liver injury. For instance, remdesivir use in severe COVID-19 patients has
also been associated with elevated liver enzymes [22]. Figure 1 illustrates the etiologi-
cal factors of liver injury in COVID-19.

2.2 Hypoxic injury and cytokine storm

Hypoxia and cytokine storm following SARS CoV-2 infection can also affect the
liver and are associated with multiorgan failure in some patients with severe COVID-19
(Figure 2) [23]. Hypoxia also causes Kupffer cells to produce more cytokines and trig-
gers the recruitment and activation of other polymorphonuclear leukocytes to produce

Anti-viral drugs cause liver injury f—

Direct viral injury (SARS CoV-2) (ngtfifc‘g :Eﬂaamg?séo%gigﬂﬂse

Hypoxic liver injury Liver disease exacerbation

W

Figure 1.
Etiology of liver injury in COVID-19. Abbreviations: SIRS: Systemic inflammatory response syndrome; TNF-a:
Tumor necrosis factor-alpha; IL18: Interleukin-18.
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Pathophysiology of SARS CoV-2 infection. A cytokine storm may occur following SARS Co V-2 infection, which
can cause ineffective pathogen recognition with immune evasion leading to inappropriate inflammatory response
or failure to return to the homeostasis mechanism.

more cytokines. This cytokine storm has also been implicated in thrombocytopenia and
disseminated intravascular coagulation (DIC) observed in many COVID-19 patients
[24]. Furthermore, it has been associated with liver vascular endotheliitis, complement
system activation, and fibrin microthrombi formation in the liver sinusoids leading to
hepatic dysfunction [25-28].

In essence, regardless of etiology, aminotransferases elevation is commonly
observed in COVID-19 patients, and it appears to mirror disease severity [29]. Both
ALT and AST have been observed to be elevated in 93% of hospitalized COVID-19
patients. However, most of the COVID-19 patients have been found to have AST
predominant aminotransferase elevations. AST can be higher in non-hepatic injuries
such as myositis, but correlations with creatinine kinase (CK) were weak [29].

3. Impact of COVID-19 on non-alcoholic fatty liver disease

Chronic diseases such as diabetes mellitus, hypertension, and obesity are associ-
ated with severe COVID-19 and lousy prognosis [30-33]. Together these conditions
are part of the metabolic syndrome that predisposes to non-alcoholic fatty liver
disease (NAFLD) [34]. The worldwide prevalence of NAFLD is 20-30% among
Western populations and about 5-15% among Asian people. Thus, a large propor-
tion of the population is at a higher risk of developing severe COVID-19 [35].
Shanghai et al. demonstrated that the patients with the fatty liver disease diagnosed
on liver CT scan were more likely to have severe COVID-19 than the general popula-
tion [36]. Elevated liver enzymes AST/ALT >2 times the upper limit are indepen-
dently associated with the worst clinical COVID-19 outcomes [37-39]. Patients
with NAFLD, compared with those without NAFLD, reportedly show a higher risk
of liver enzymes elevation throughout the disease course (70% vs. 11.1%), a higher
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risk of disease progression (6.6% vs. 44.7%), and a longer viral shedding time
(175 £ 5.2 days vs. 12.1 + 4.4 days) [40].

The severity of liver fibrosis in NAFLD is associated with the worst COVID-19
clinical outcomes [41]. Furthermore, the patients with NAFLD who have been
diagnosed with hepatic fibrosis on liver CT scan (OR, 4.32; 95% CI, 1.94-9.59) or
with intermediate or high fibrosis index (Fib-4) (OR, 5.73; 95% CI, 1.84-179) have a
significantly higher risk of developing severe COVID-19, regardless of the presence of
other comorbidities [41, 42]. Moreover, the need for mechanical ventilation and ICU
admission among COVID-19 patients was independently associated with diabetes
mellitus, obesity, and FIB-4. FIB-4 is also associated with increased 30-day mortality
(OR, 8.4;95% CI, 2.23-31.7) [43].

It has been proposed that the patients with NAFLD/NASH have a higher expres-
sion of genes for ACE2 and TMPRSS2 receptors, which may explain the worse
COVID-19 clinical outcomes among these patients. However, further studies are
needed to support this hypothesis [44]. Because there is no therapy for NAFLD/
NASH, it has been demonstrated that the patients with NAFLD/NASH are at a higher
risk of COVID-19 severity, ICU admission, and mortality.

Similarly, metabolic-associated fatty liver disease (MAFLD) is one of the most
common causes of chronic liver disease. It affects approximately 26-39% of the global
population [45]. It is also a well-known risk factor for chronic diseases such as cardio-
vascular disease and diabetes mellitus, resulting in higher morbidity and mortality
among these patients [45]. The criteria to diagnose MAFLD are based on hepatic
steatosis and three other measures, including the presence of obesity, DM2, metabolic
dysregulation [45]. Studies have demonstrated that preexisting MAFLD is linked with
severe COVID-19 outcomes such as a high hospitalization rate and disease severity
[46]. According to a proposed mechanism of liver injury in COVID-19 patients, the
presence of MAFLD could release more pro-inflammatory cytokines to exacerbate
the SARS CoV-2-induced inflammatory response [46]. SARS CoV-2 uses angiotensin-
converting enzyme 2 (ACE2) receptors for cellular entry. The patients with MAFLD
had reported having an increased expression of ACE 2 receptors, thus leading to more
severe disease and worst clinical outcomes [47]. Lastly, MAFLD patients have an
increased production of reactive oxygen species that further swirls the inflammatory
storm responsible for disease severity [48].

4, COVID-19 and alcohol-associated liver disease

Worldwide alcohol consumption has been increased lately [49]. Social distancing
and lockdown situations in the COVID-19 pandemic have further accelerated alcohol
abuse, aggravating the alcohol-associated liver injury and chronic liver disease [50].
Alcohol consumption causes approximately 3.3 million annual deaths. CLD and
cirrhosis are the main pathologies linked to alcohol consumption [50]. It has been
suggested that excessive alcohol consumption may have immune-modulating effects
in the human body and may predispose to bacterial and viral infections [51, 52].
Moreover, there has been an unprecedented rise in the listing rate for hepatic trans-
plantation of ALD patients compared with HCV and NASH combined [53].

Patients with alcoholic liver disease (ALD) exhibit more severe liver injury if they
have COVID-19 [14]. Therefore, ALD is independently associated with a 1.8-fold
increased mortality risk among COVID-19 patients [14]. A recent study has indicated
that alcoholic liver damage (OR, 7.05; 95% CI, 6.30-7.88) and alcoholic cirrhosis (OR,
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7.00; 95% CI, 6.15-7.97) are significantly associated with the severity of COVID-19 [54].
Another study reported the higher severity of COVID-19 among patients with ALD.
They have suggested this increase due to an increased proportion of alcoholic hepatitis
among these patients due to a substantial increase in alcohol consumption since the
pandemic’s beginning [53, 54]. Future studies are needed to explore the mechanism and
pathogenesis of how alcohol consumption and ALD are related to the severe COVID-19.

5. COVID-19 and liver cirrhosis

Cirrhosis is the end-stage of chronic liver disease characterized by advanced
fibrosis. The liver is an essential part of the reticuloendothelial system and plays a
vital role in immune regulation [13, 15]. It is responsible for innate immunity and
responds to bacterial and viral infections. SARS CoV-2 binds to the selective ACE2
receptors on the surface of bile duct epithelial cells responsible for liver regenera-
tion and immune response [50]. Thus, cirrhosis impairs this homeostasis response
of the reticuloendothelial liver component and causes immune dysfunction leading
to severe COVID-19 and a bad prognosis [54]. In severely decompensated liver
cirrhosis, the pro-inflammatory state of the liver switches to the immune-deficient
state [13].

SARS CoV-2 infection Liver with cirrhosis
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Figure 3.
COVID-19 and hepatic cirrhosis interrelationship. The impact of cirrhosis on SARS CoV-2 infection and vice
versa.
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Patients with cirrhosis are at an increased risk for SARS CoV-2 infection, a higher
risk of developing severe disease, and a substantial risk for hepatic decompensation
[55]. A large multicenter cohort study has demonstrated that COVID-19 infection
was strongly associated with hepatic decompensation, increasing the mortality rate
from 26.2% to 63.2% [56]. Moreover, studies have shown that cirrhosis is an inde-
pendent predictor of overall and 30-day mortality in COVID-19 patients [57-59]. A
recent analysis on 745 CLD patients infected with SARS CoV-2 virus in 28 countries
indicated that cirrhosis was strongly associated with COVID-19 mortality (OR, 9.32;
95% CI, 4.80-18.08) [14]. Among the total, 150 patients died due to COVID-19, and
among those, 123 had cirrhosis. The study also revealed that only 19% of the total
deaths were due to cirrhosis-related complications, and for rest of the patients, the
cause of death was lung injury [14]. These findings suggest that cirrhosis is a strong
driving force for lung injury development in COVID-19 patients. This association
is related to the cirrhosis-related immune dysfunction triggered by SARS CoV-2
infection [15]. Thus, the potential mechanism for severe COVID-19 in cirrhosis is the
combination of cirrhosis-related immune dysfunction, an overwhelming systemic
inflammatory response to SARS CoV-2 infection, and coagulopathy [60]. Lastly,
cirrhotic patients have a poor response to Hepatitis B and pneumococcal vaccine,
suggesting an inadequate response to SARS CoV-2 vaccination [61, 62]. The impact of
cirrhosis on SARS CoV-2 infection and vice versa has been described in Figure 3.

6. COVID-19 and hepatocellular carcinoma

Hepatocellular carcinoma accounts for 6% of all the malignancies globally and
is the sixth most common cancer [63]. Patients suffering from any malignancy are
more prone to developing SARS CoV-2 infection and are at a higher risk of develop-
ing severe COVID-19 clinical outcomes [64]. Since SARS CoV-2 directly affects the
liver parenchyma and leads to immune dysfunction, it can be hypothesized that the
patients with HCC are more susceptible to the severity of the disease and have worse
clinical outcomes than the patients with other cancers [65]. Moreover, cancer patients
are more likely to be admitted to ICU and have mechanical ventilation and die (39%)
than non-cancer patients (8%) [66]. A retrospective study on 28 cancer patients with
two HCC patients has demonstrated that the patients with malignancies had poor
outcomes compared with the general population [67]. It is also attributed to their
advanced age, different comorbidities, and underlying cirrhosis. Also, these patients
were more vulnerable to severe infection because of their compromised immunity
resulting from poor nutrition status [67]. Additionally, recent chemotherapy treat-
ment within the last month also increased the risk of COVID-19 severity [66].

AASL recommends restricting physician visits in this pandemic. They have also
recommended continuing surveillance imaging for HCC with an acceptable delay of
2 months [68]. However, the management of these patients is becoming more and
more challenging. It is expected that the interruption of the surveillance programs in
high-risk patients and patients with cirrhosis will result in advanced HCC [65].

7. COVID-19 and viral hepatitis

Hepatitis B virus (HBV) and Hepatitis C (HCV) constitute two primary sources
of chronic liver disease [69]. About 300 million and 70 million people are currently
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infected with HBV and HCV, respectively, instigating a significant burden to the
healthcare system. HBV accounts for approximately 12%, and HCV constitutes about
11% of the underlying causes of chronic liver disease [69, 70]. The susceptibility of the
HBV and HCV patients to get infected with SARS CoV-2 remains unclear. Similarly,
there is only limited data available to conclude the association of HBV and HCV with
the severity of COVID-19 [71]. Some studies have reported that viral hepatitis is not
associated with the severity of the COVID-19 [72-74]. However, a small retrospective
study has shown that COVID-19 patients with HBV disease had more severe disease
e (46.7% vs. 24.1%) and a higher mortality rate (13.3% vs. 2.8%) than those without
HBV disease [75]. The overall COVID-19 severity and mortality were found to be
higher if the viral hepatitis patients have baseline liver injury and liver fibrosis than
those without any liver injury (28.57% vs. 3.30%, P = 0.004) [76].

SARS CoV-2-induced lymphopenia and the use of immunosuppressive drugs
such as corticosteroids may increase the risk of severe COVID-19 in patients
with active or past HBV infection [76]. A retrospective study demonstrated that
immunosuppressive therapy in COVID-19 has a low risk of HBV reactivation in
patients with resolved HBV infection [77]. AASLD recommends continuing HBV
and HCV treatment in COVID-19 patients if started before acquiring SARS CoV-2
infection [68].

8. COVID-19 and liver transplantation

Liver transplant patients are immune-compromised, thus vulnerable to SARS
CoV-2 infection. It also makes them a potential source of infection dissemination to
others, especially healthcare workers, by serving as super spreaders [78]. On the other
hand, immunosuppression is considered protective against the severe COVID-19
infection as it suppresses the cytokine storm responsible for inflammatory changes
[79]. Surprisingly, an international cohort study with 151 liver transplant recipients
who had COVID-19 demonstrated that liver transplantation was not an independent
predictor of mortality [80]. However, another study revealed that patients with
liver transplants and COVID-19 had a higher mortality risk than those without
transplantation (OR, 6.91; 95% ClI, 1.68-28.48) [81]. COVID-Hep and SECURE-
CIRRHOSIS registries described 159 liver transplant patients in their recent report.
Of all, 81% were hospitalized, 30% were admitted to the ICU and required mechani-
cal ventilation, and the overall mortality rate was 19% [82, 83]. The European Liver
and Intestine Transplant Association (ELITA) revealed that the older patients with
liver transplants had higher mortality [84]. In a systematic review of patients with
solid organ transplants (SOT) who had COVID-19, the mortality rate among liver
transplant recipients was 37.5% [85]. However, the risk of SARS CoV-2 infection and
clinical outcomes of COVID-19 remained unclear among liver transplant patients and
need further studies for factual inferences [86].

9. Conclusions

In essence, preexisting liver disease and liver injury are associated with the
COVID-19 severity and mortality. The indicators of liver disease such as elevated
liver enzymes, liver steatosis, and fibrosis are considered the prognostic markers of
severe COVID-19. Additionally, CLD patients with severe COVID-19 tend to develop
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changes in fibrinolytic and coagulative pathways due to the dysfunctional innate
immune response of the body against SARS CoV-2, leading to a lousy prognosis.

Moreover, the current co-occurring worldwide NAFLD/NASH pandemic is
particularly relevant in the COVID-19 era as this mortal combination results in worse
clinical outcomes. CLD patients should be given special attention for screening and
treatment of COVID-19. Furthermore, patients with advanced liver disease and
cirrhosis should be vaccinated on a priority basis. Lastly, the COVID-19 pandemic
may have significantly delayed diagnosing and treating chronic liver disease and
contributed to the significant morbidity and mortality associated with liver disease.
Unhealthy behaviors and sedentary lifestyle changes in the pandemic can increase the
global burden of liver disease in the future. Thus, the ongoing effect of the COVID-19
pandemic on the liver warrants robust measures and further investigation.
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Chapter 6

Non-Alcoholic Fatty Liver Disease
and Its Potential Therapeutic
Strategies

Youcai Tang, Xuecui Yin and Yuying Ma

Abstract

Non-alcoholic fatty liver disease (NAFLD) is diffuse steatosis of hepatocytes and
is the most common type of chronic liver disease. The benign and reversible stage
of NAFLD is defined as simple fatty liver, which further progresses to non-alcoholic
steatohepatitis (NASH), liver fibrosis, and even liver cancer. It is believed that in
the future, NASH would be one of the primary reasons for advanced liver failure
and the need for liver transplantation. NAFLD is considered to be closely related to
genetics, environment, metabolic diseases, such as obesity and hyperlipidemia. From
the macro-level of NAFLD understanding, this chapter systematically analyzes the
research progress on the etiology, pathogenesis, diagnosis, treatment, and develop-
ment trends of NAFLD.

Keywords: non-alcoholic fatty liver disease, metabolic dysfunction-associated fatty
liver disease, insulin resistance, type 2 diabetes mellitus, metabolic syndrome, gut flora,
drug

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a general term for a series of liver
diseases ranging from hepatic steatosis alone (fatty liver) to non-alcoholic steato-
hepatitis (NASH), fibrosis, cirrhosis, and even hepatocellular carcinoma (HCC). Of
these, hepatic steatosis alone (fatty liver) is known as NAFLD, and the occurrence of
inflammation and liver cell damage is called NASH. Without effective intervention,
the NASH may progress to cirrhosis. In the absence of alcohol or a small amount of
alcohol, there is steatosis in more than 5% of liver cells, often combined with IR,
metabolic syndrome (MetS), or type 2 diabetes mellitus (T2DM), and genetic variants
of PNPLA3 or TM6SF2. The mechanisms are not fully understood but are involved
in hepatic lipid accumulation, imbalance in energy metabolism, and inflammatory
responses from various cell types. Lipid toxins, mitochondrial function, cytokines,
and adipocytokines play major roles in a process of the disease. People with NAFLD
often have insulin resistance, and a large number of T2DM patients develop NAFLD
and its inflammatory complication NASH. The high incidence of NASH in patients
with T2DM further leads to widely recognized complications such as cirrhosis and
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HCC. There are no clear clinical criteria for the diagnosis of NAFLD due to the naming
of an exclusive diagnosis and the emphasis on alcohol consumption, and ignoring the
metabolic causes and heterogeneity of NAFLD. Therefore, in March 2020, an expert
consensus from an international team consisting of 30 experts in 22 countries recom-
mended changing the name of NAFLD to metabolic dysfunction-associated fatty liver
disease (MAFLD) [1]. MAFLD is based on histological (liver biopsy), imaging, and
blood biomarker to show the evidence of liver fat accumulation (hepatic steatosis),
with one of the following three conditions: overweight/obesity, T2DM, and metabolic
dysfunction. The prevalence of MAFLD is up to 25%, which poses a serious threat to
human health and imposes a huge economic burden on society, and so far in the United
States and the European Union, no drugs have been approved to treat this disease.
Under the absence of proven and effective therapies, we must combine the etiology of
NAFLD and its underlying pathological risk factors to explore therapeutic strategies.

2. Epidemiology

At present, the pathogenesis and potential pathological risk factors of NAFLD
have not been concluded. The definition of NAFLD is also disputed, and these
uncertainties prevent the large-scale diagnostic screening of NAFLD. However, the
incidence of NAFLD is increasing year by year, and the age of onset is also decreas-
ing through the Healthy People Census and related research reports. With the rapid
change of lifestyle, the incidence of NAFLD is increasing year by year, and it has
developed into a major global public health crisis. According to statistics, the preva-
lence of NAFLD is about 25% globally. The prevalence of NAFLD is approximately
24% in the North American general population, 32% in South America, 23.7% in the
EU, and 27.4% in Asia [2]. In the past 10 years, the cases of fatty liver in China have
jumped from 18% to 29.2%, and middle-aged men have become a high-risk popula-
tion [3]. The incidence of NAFLD has increased with a rise in obesity, T2DM, and
MetS, and according to 2016 statistics, the NAFLD patients in China are predicted to
rise from 246 million to 315 million in 2030. Thus, if not controlled, the NAFLD will
be one of the leading cause of cirrhosis requiring liver transplantation during the next
decade. While the incline in the prevalence of NASH is from 2% to 3%, NASH has
been recognized as the main cause of HCC and one of the indications for liver trans-
plantation (LT) in the United States.

3. Etiology

Based on the pathogenesis, NAFLD can be divided into two types: primary and
secondary [4]. Insulin resistance is related to genetic susceptibility, excessive weight
gain, and overweight caused by excess nutrition, MetS-related fatty liver such as
obesity, diabetes, hyperlipidemia, and cryptogenic fatty liver are all the primary
causes. NAFLD caused by malnutrition, total parenteral nutrition, rapid weight loss
after bariatric surgery, drug/environmental, industrial poisoning, etc. belong to the
category of secondary group.

However, the new definition of MAFLD points out that hepatic steatosis is sec-
ondary, and should avoid using the terms “primary” and “secondary” fatty liver to
describe. The previous dichotomous classification (simple fatty liver and NAFLD)
was replaced by activity and fibrosis to better describe the process of MAFLD [1].
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4, Risk factors

NAFLD is closely related to environmental and genetic risk factors, such as obesity,
T2DM, MetS, lifestyle, genetic factors, and so on. It should be noted that lifestyle
changes are strongly associated with the incidence of NAFLD.

4.1 Obesity

Obesity is recognized as an independent risk factor for NAFLD. The World Health
Organization (WHO) defines normal as body mass index (BMI) 18.5 < BMI < 24.9,
while it is defined as 18.5 < BMI < 23.9 in China. BMI has been the most useful
population-level measurement for defining overweight and obesity, with equal or
over 25 being overweight and equal or over 30 being obese. And the measurement
applies to all adults of all ages. The Report on Nutrition and Chronic Disease Status
of Chinese Residents (2020), which conducted a field investigation of more than
600,000 among nearly 600 million people in 31 provinces (autonomous regions and
municipalities) across the country, found that more than half of the adult residents
were overweight or obese. The overweight and obesity rates of children and adoles-
cents aged 6-17 years old and under the age of 6 were 19% and 10.4%, respectively.

However, BMI neither reflects the distribution of body composition and fat, nor
distinguishes between visceral fat and subcutaneous fat. For example, because muscle
density is greater than fat, BMI will overestimate the degree of obesity in people with
high muscle mass and underestimate the degree of obesity in people with high-fat
contents. Therefore, although within the same BMI range, great differences exist in
cardiovascular risk and mortality among individuals. Some overweight and obese
people have normal metabolism and do not develop T2DM or dyslipidemia, and other
metabolic diseases, which are known as metabolically healthy obesity [5]. On the
contrary, part of the populations with normal weight has a variety of cardiovascular
risk factors, which are prone to metabolic diseases such as T2DM, high blood pressure
(HBP), and dyslipidemia.

Metabolic abnormalities are closely related to adipose tissue, mainly manifested
as increased abdominal visceral fat [6]. Abdominal visceral fat is the deep adipose
tissue wrapped by fascia, accounting for about 20% of the total fat mass in men and
5-8% in women. Compared with subcutaneous fat (SAT), abdominal visceral fat
is more closely related to endothelial dysfunction. Glucose transporter-4 is highly
expressed in abdominal visceral adipocytes, enhancing the rate of glucose uptake [7].
In addition, abdominal visceral fat is rich in 1, p2 adrenergic receptors, and unique
B3 adrenergic receptors required for fat metabolism, so fats are broken down rapidly,
producing more free fatty acids (FFA) and glycerol [8, 9]. FFA directly enters the
liver through the portal vein, and excessive FFA deposition leads to the inhibition of
hepatic glucose utilization, resulting in hepatic IR [10]. The increased oxidation of
FFA in peripheral muscles will reduce the oxidative utilization of glucose in periph-
eral tissues, resulting in IR in peripheral tissues. The release of FFA into the blood will
synthesize TG, resulting in TG deposition in many non-adipose tissues and organs.

Because of genetic background, lifestyle, and other reasons, Asian people show
the characteristics of a thin body, less muscle content, and easy accumulation of
abdominal fat. Under the same weight, they are more likely to develop a cardiovascu-
lar disease such as IR and glucose and lipid metabolism disorders than Caucasians. IR
is the pathogenesis and core link of the normal-weight metabolic obesity [11]. Insulin
can lower blood sugar mainly by inhibiting hepatic glucose production, stimulating
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the uptake of glucose by visceral tissues (such as the liver), and promoting the utiliza-
tion of glucose by peripheral tissues (skeletal muscle, fat). IR refers to the decreased
sensitivity of the target organs of insulin action (mainly liver, muscle, and adipose
tissue) to the insulin action [12].

4.2 Type 2 diabetes mellitus

T2DM is characterized by relative insulin deficiency caused by pancreatic p-cell
dysfunction and IR in target organs [13]. Globally, obesity, sedentary lifestyles, and
aging populations have led to a marked increase in the incidence and prevalence
of T2DM in recent years. As the sixth leading cause of disability in 2015, diabetes
imposes considerable socioeconomic pressure on the public and significant costs on
the global health economy. Long-term high blood glucose, large blood vessels, and
micro blood vessels are damaged and endanger the heart, brain, kidneys, peripheral
nerves, eyes, feet, and so on. According to the statistics of WHO, there are more than
100 complications related to diabetes. More than half of the deaths from diabetes
are caused by cardiovascular and cerebrovascular diseases, and 10% are caused by
nephropathy [14]. Amputations due to diabetes are 10-20 times as many as non-
diabetic patients with diabetes. The mechanisms of microvascular and macrovascular
complications caused by hyperglycemia are endothelial dysfunction, formation of
advanced glycation end products, hypercoagulability, increased platelet reactivity,
and high expression of sodium-glucose cotransporter-2 (SGLT-2) [15]. In addition,
isolated postprandial hyperglycemia is more common in Asian diabetic patients.
Unlike obese T2DM insulin resistance mechanisms, Asian non-obese T2DM had
higher visceral fat. Although the BMI of Asian T2DM patients is lower than that of
European and American T2DM patients, the visceral fat of Asian T2DM patients is
higher than that of European and American T2DM patients. It has been studied that
higher visceral fat is related to insulin resistance, which may be related to the lipolysis
of visceral fat being higher than that of the subcutaneous fat [16]. The decomposed
free fatty acids enter the liver through the hepatic portal vein, which increases tri-
glycerides in liver cells and leads to insulin resistance. Defective §-cell function plays
a key role in the pathogenesis of T2DM. In the presence of insulin resistance, if p cells
can compensate by increasing insulin secretion, the body can maintain normal blood
sugar; when the function of f cells cannot compensate for insulin resistance, T2DM
occurs. IR results in increased lipolysis and ultimately more free fatty acids entering
the liver. Reduced glycogen synthesis and increased gluconeogenesis in the liver are
the main features of IR. In diabetic patients, abnormal lipid metabolism will easily
lead to fatty liver, which in turn affects blood sugar control, resulting in a vicious
circle, overall, fatty liver compromises the ability of hypoglycemic drugs to control
blood glucose. IR is not only an important mechanism for the pathogenesis of diabetes
but also attracts more and more attention to the central link of the pathogenesis of
NAFLD. Previous studies have shown that fatty liver in diabetic patients is more likely
to develop NASH, liver fibrosis, and cirrhosis than in non-diabetic patients. People
with diabetes have a higher risk of developing fibrosis than non-diabetic individuals
[17]. Currently, the histopathological biopsy is the only effective way to determine the
presence and severity of NASH [18]. However, due to the limited understanding of
NAFLD, NASH diagnosis in T2DM is often missed or diagnosed too late, resulting in
the occurrence of end-stage liver diseases and serious consequences caused by meta-
bolic disorders, such as cardiovascular and cerebrovascular diseases. The survival
rates of patients also decline, while the medical cost will rise.
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4.3 Metabolic syndrome

Metabolic syndrome (MetS) may have multiple causes, ranging from a set of
unrelated risk factors to the series of risk factors linked by common underlying
mechanisms [19]. Previously, MetS is often used as part of an overall risk assessment
for cardiovascular disease. The diagnosis is based on abdominal obesity (highly associ-
ated with IR), decreased high-density lipoprotein cholesterol (HDL-C), elevated blood
pressure, triglycerides, and fasting glucose (IFG or T2DM) [20]. The diagnostic cri-
teria of the Diabetes Society of the Chinese Medical Association for MetS are adopted
in China, and those who meet three or more criteria are MetS: a. BMI > 25 kg/mz; b.
TG > 1.7 mmoL and/or HDLC < 0.9 mmoL (male) or HDLC < 1.0mmo/L (female); c.
SBP > 140 mmHg and/or DBP > 90 mmHg (1 mmHg = 0.1333 kPa) and/or diagnosed
with hypertension and treated; d. FBG > 6.1mmo and/or diagnosed with diabetic
patients. NAFLD is considered as a hepatic manifestation of MetS. The liver, as a key
organ of systemic metabolism, in turn, affects the risk of MetS and its complications.
Increasing pieces of evidence show that the relationship between NAFLD and MetS
are bidirectional [21]. These two clinicopathological syndromes share many aspects of
their pathophysiology and IR is at the core of both. IR and MetS can exacerbate liver
disease. Several cross-sectional studies have indicated that MetS and its components
are associated with an increased risk of NAFLD in various populations compared with
individuals without MetS.

4.4 Lifestyle

Rapid urbanization and lifestyle changes are associated with an increased
incidence of NAFLD. Urbanization has led to an accelerated pace of life, dietary
imbalances, such as irregular diets and high intake of saturated fat, carbohydrates,
and trans-fatty acids, which are associated with IR and dyslipidemia. In addition, a
sedentary lifestyle is also an important factor in NAFLD [22]. The fast-paced life and
convenient transportation in cities make people less and less physically active in their
daily and spare time. Age, increased smoking and alcohol consumption, screen time,
decreased sleep, education, and stress all amplify the effects of IR and abdominal
obesity, further increasing the prevalence of NAFLD.

4.5 Genetic factors

In addition to IR and MetS, genetic factors also play an important role in the occur-
rence and development of NAFLD. The human pastatin-like phospholipase domain
containing 3 (PNPLA3) gene encodes 481 amino acid proteins called adiponutrin
[23]. The exact role of this protein is still unknown, but it is thought to be a mem-
brane-associated protein expressed in liver and adipose tissue, with lipogenic and
lipolytic activities. It has been documented that it is located in lipid droplets (LDs)
and may play a role in triglyceride hydrolysis. The gene is located in the long arm of
chromosome 22. The variant rs738409 is the result of the substitution of cytosine by
guanine, encoding isoleucine replaced by methionine at position 148 (1148M) of the
protein. Substantial shreds of evidence suggest that this polymorphism is the strongest
genetic determinant across the entire NAFLD lineage [23].

According to a study on the association of NAFLD among the medical patients in
Uyghur and Beijing, it was found that the genotype frequency of PNPLA3-rs738409CG
and GG genotype in NAFLD patients was higher than that in healthy controls, and the
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frequency of PNPLA3-rs738409G allele in NAFLD patients was higher than that in
healthy controls [24, 25]. At the same time, the univariate logistic regression analysis
of the genotype distribution of PNPLA3-rs738409 and NAFLD showed that com-
pared with the PNPLA3-rs738409CC genotype, the GG genotype had a higher risk of
NAFLD. Down-regulation of PNPLA3 mutant proteins will have beneficial effects on
NAFLD and maybe a new therapeutic target for NAFLD treatment.

A similar situation was found in the transmembrane 6 superfamily member 2
(TM6SF2) gene. TM6SF2 is also present in LDs and mainly expressed in the liver and
gut. It is believed as a key regulator of hepatic fat metabolism and secreting triglyc-
eride-rich lipoproteins. The variant, identified as E167K, or rs58542926, is unrelated
to NPLA3 variants but associated with susceptibility to NAFLD, and with advanced
fibrosis and cirrhosis [26].

4.6 Gut flora

The influence of gut bacteria on liver homeostasis is based on an anatomical basis
between the gastrointestinal tract and the liver, commonly referred to as the “gut-liver
axis” [27]. The liver transports bile acids and antibacterial molecules (primary bile
acids, IgA, and angiopoietin) to the intestinal lumen via the bile duct to control
bacterial overgrowth and maintain intestinal flora balance. Liver products (bile acids)
influence gut microbiota composition and barrier integrity. Under normal circum-
stances, intestinal mucosal epithelial cells, intercellular tight junctions, and biofilm
constitute the mechanical barrier of the intestinal tract, which can effectively prevent
harmful substances such as bacteria and endotoxins from entering the blood through
the intestinal mucosa. Pathologically, microbiota-dysbiotic bacteria and their deriva-
tives translocate to the liver through a disrupted gut barrier, where they cause hepatic
inflammatory responses and commensal or metabolite-induced interactions that
induce steatosis. In addition, there is increasing evidence that patients with NAFLD
also have gut barrier dysfunction or altered gut permeability. Although the causal
relationship between NAFLD/NASH co-occurrence and disruption of the gut epithe-
lial barrier is unclear, impaired gut permeability exacerbates NASH [28].

5. Pathophysiology and pathogenesis
5.1 Theoretical hypothesis of “two-hit” and “multiple hit” in NAFLD

The pathogenesis of NAFLD is complex and still not fully clarified, and its
pathogenesis was initially dominated by the“two-hit” hypothesis [29]. Hepatic
steatosis is the first step in the development of NAFLD. A high energy intake from
dietary fat, a marginal decrease in fatty acid oxidation, and an increase in hepatic
lipid synthesis can all contribute to the abnormal accumulation of lipids in hepato-
cytes (the first hit). This process is associated with IR, which leads to dysfunction of
intracellular triglyceride synthesis and transport. The “second hit” is based on the
fact that lipid metabolism dysfunction and mitochondrial dysfunction occur in the
liver, triggering inflammation and oxidative stress caused by fatty acid peroxidation
mediated by cytokines, inflammatory factors, and endotoxins. These factors can
trigger a series of signaling pathways, activate liver Kupffer cells, hepatic stellate
cells (HSCs), immune cells, etc., and cause pathological changes in liver tissue such
as inflammation, steatosis, and liver fibrosis to form NAFLD.
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In recent years, as the public pays more and more attention to NAFLD, and the
research on NAFLD continues to deepen and improve, the complexity of the patho-
genesis of NAFLD is far more than the “two-hit” hypothesis, and the “multiple hit”
hypothesis has emerged to explain it. The “multiple hit” hypothesis suggests that the
progression of NAFLD involves the occurrence of “parallel, multiple” injuries [30].
Oxidative stress, lipid peroxidation, and IR, mitochondrial dysfunction, dysregula-
tion of cytokines, activation of HSCs, and gut-derived bacterial endotoxemia caused
by intestinal flora disturbance, as well as dietary habits, environmental factors, and
genetic factors are in the occurrence and development of NAFLD play a role at the
same time.

5.2 Insulin resistance

Insulin is a protein hormone secreted by pancreatic islet beta cells stimulated by
endogenous or exogenous substances such as glucose and glucagon. The biological
action of insulin at the cellular level is initiated by binding to specific receptors on the
target cell membrane [31]. Insulin receptors are membrane glycoproteins composed
of two separate insulin-binding domains (alpha subunits) and two signaling domains
(beta subunits). The binding of insulin to the receptor causes conformational changes
in a-subunit, so that adenosine triphosphate (ATP) can bind to the intracellular
domain of B-subunit. After binding to ATP, the tyrosine kinase in the p- subunit is
activated, which in turn auto-phosphorylates the insulin receptor [32]. Insulin mainly
acts on the liver, muscle, and adipose tissue, and controls the metabolism and storage
of the three major nutrients, protein, sugar, and fat. Normally, insulin reduces glucose
production by reducing hepatic gluconeogenesis and glycogenolysis, accelerates
glucose uptake by adipose and skeletal muscle tissue, regulates glucose homeostasis,
and prevents the conversion of excess glucose to lipid deposition. Systemic or local
IR occurs when the sensitivity and responsiveness of insulin target organs or tissues
to endogenous or exogenous insulin are reduced. In a sense, IR is a compensatory
response mechanism of the body to excess energy. Eating a lot of carbohydrates
can cause our body to store more glycogen, which leads to the continuous release of
insulin, the body’s sensitivity to insulin slowly decreases over time, until eventually,
maybe due to impaired insulin secretion, resistance to peripheral actions of insulin, or
both. In IR, on the one hand, insulin cannot effectively promote glycogen synthesis,
it specifically reduces hepatic gluconeogenesis and rapidly lowers blood sugar. On the
other hand, it is the effect of lipid synthesis in the liver that leads to hyperglycemia
and hypertriglyceridemia that greatly affects the metabolic balance of the body. IR in
the liver is often associated with T2DM, MetS, and NAFLD [33].

5.3 Lipotoxicity

Adipose tissues play a central role in body metabolism by regulating fatty acid
synthesis, release, and glucose utilization, maintaining the balance of skeletal muscle
and liver metabolism. Therefore, fat accumulation is not only associated with obe-
sity but also causes fat-related metabolic disorders, among which obesity-related
IR is an important way to affect the body’s energy stability. The original concept of
lipotoxicity refers to the effect of excess FFA on the secretory function of pancreatic
islet B cells under high-fat diet conditions [34]. With the deepening of research, it
has been found that excessive lipid deposition in non-adipose tissues such as skeletal
muscle, cardiac muscle, and liver can lead to cell dysfunction or cell death. Ectopic
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fat deposition leads to metabolic disorders of the corresponding organ, thus expand-
ing the understanding of lipotoxicity. It is generally believed that excess intake of
carbohydrates or fat gets stored in subcutaneous fat and visceral fat. When the storage
capacity of adipose tissue is exceeded, especially in obese individuals, triglyceride
from adipose tissue can be broken down to glycerol and FFA, and FFA can be mobi-
lized by binding to plasma albumin. The FFA level in peripheral blood increases, an
imbalance occurs in the uptake and metabolism of fatty acids. The utilization of FFA
is hindered, resulting in insufficient lipid oxidation, thereby causing a large number
of lipids and their products to accumulate in various tissues and organs. Inadequately
oxidized lipids are stored in liver fat droplets in the form of triglycerides. Steatosis of
the liver or fatty liver occurs when the accumulation of LDs in hepatocytes exceeds
the storage and oxidative capacity of the liver. Steatosis of a large number of hepato-
cytes can induce liver dysfunction, including lipid accumulation and oxidative stress
caused by lipid metabolites, inflammation, apoptosis, and liver fibrosis. This patho-
logical process is called lipotoxicity. The failure of hepatocytes to deal with excess
FFA-induced lipotoxicity promotes ER and oxidative stress leading to apoptosis,
which is also a major feature of the NAFLD [28].

5.4 Endoplasmic reticulum stress

The endoplasmic reticulum (ER) is an organelle mainly responsible for physiological
functions such as protein and lipid metabolism in eukaryotic cells. The membrane within
the cytoplasm forms a series of sheet-like sacs and tubular lumens that communicate
with each other to form a conduit system isolated from the cellular matrix. Because the
conduit system is close to the inner side of the cytoplasm, it is called the endoplasmic
reticulum. The ER is an important organelle related to metabolism. It has a sophisticated
and complex control system to participate in intracellular anabolism and catabolism,
such as protein synthesis and degradation, glycogen synthesis and decomposition,
membrane lipid synthesis and recovery, fat storage, and hormone metabolism (such as
production and secretion of insulin, leptin, resistin, etc.), and so on [35]. The ER is also
anutrient sensor in the body. Hyperglycemia, hyperlipidemia, and more inflammatory
factors secreted by adipose tissue that accompany obesity are all stress signals of the ER.
A long-term high-fat diet will increase blood sugar and fatty acids and induce disorder
of glucose and lipid metabolism. Excessive high-sugar and high-fat substances entering
cells for anabolism will increase the burden on the ER, increasing unfolded or misfolded
proteins. When the accumulation of a large number of unfolded proteins exceeds a
certain level, the corresponding unfolded protein response (UPR)-related signaling
pathways are activated, resulting in an imbalance of ER function homeostasis. This
state of homeostatic imbalance is called ER stress. The URP pathway is highly conserved
and mainly mediated by three ER transmembrane proteins: pancreatic endoplasmic
reticulum kinase (PERK), inositol-requiring enzyme 1o (IREla), and activating tran-
scription factor (ATF6) [36]. It is generally believed that these three proteins all have
domain located in the lumen of the ER, which can sense the concentration of misfolded
proteins in the lumen. Under normal circumstances, ER stress inhibits the synthesis of
nascent proteins, promotes the correct folding of unfolded proteins, and accelerates
the degradation of misfolded proteins through its associated unfolded protein response
(UPR) signaling pathway, thus exerting a protective effect on cells. However, once the
UPR is activated excessively or persistently by ER stress, the endoplasmic reticulum-
induced apoptosis pathway will be triggered, resulting in apoptosis. ER stress can also
inhibit insulin signaling by activating UPR-corresponding kinases, such as IREla,
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phosphorylation of JNK, and IkB kinases [37]. In addition, related studies have also
shown that FFAs-induced lipotoxicity also promotes ER stress and oxidative stress.
CHOP (C/EBP-homologous protein), also known as GADD153 (growth arrest and DNA
damage-inducible protein) or DDIT3 (DNA-damage inducible transcription 3). CHOP is
considered a proapoptotic marker of ER stress-dependent cell death.

Elevated expression of the ER stress marker CHOP was detected in liver biopsies
from patients with NAFLD [38], suggesting that ER stress-induced apoptosis in
hepatocytes is likely related to the progression from steatosis to NAFLD in humans.

5.5 Inflammation

Although the pathogenesis of NAFLD has not been fully elucidated, the inflammatory
response runs through the entire pathological process of NAFLD. In NAFLD patients,
showing the increase of FFA released into the blood circulation and the decrease of the
oxygen content of adipocytes, both act together to induce the activation of hypoxia-
inducible factor (HIF1) and downstream target genes in adipocytes, and ER stress [39],
resulting in cell death and specific inflammatory response. The inflammatory markers
tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6), and C-reactive protein (CRP)
in NAFLD patients were significantly higher than those in healthy people [40]. TNF-a is
secreted by macrophages and increases with the content of adipose tissues in the body.
Highly expressed TNF-a induces phosphorylation and inactivation of insulin receptors in
adipose tissues and smooth muscle cells, increases lipolysis to generate FFA, and inhibits
adiponectin release. IL-6 is a cytokine produced by adipocytes and immune cells and has
a complex regulatory mechanism in the body. The IL-6 production increases with the
increased body fat and IR. It acts on the liver, bone marrow, and endothelium, increasing
the expression of the acute phase reactant CRP in the liver. Several studies have shown
a correlation between high CRP levels and the development of NAFLD as well [41].
Increased production and release of pro-inflammatory factors (TNF-a, IL-6, and CRP)
can induce IR in the liver, skeletal muscle, and adipose tissue through insulin-interfering
signaling pathways.

Therefore, inflammation and metabolic changes in adipose tissues can also trigger
NAFLD.

5.6 Leptin and adiponectin

Adipokines also play an important role in the process of NAFLD-related liver
fibrosis. Leptin is a hormone secreted by adipose tissue that can promote fibrosis [42].
The content of leptin in serum is positively correlated with the content of adipose
tissue in the body. Normally, leptin functions primarily as an afferent signal in a
feedback loop, acting on neurons in the hypothalamus to regulate feeding and other
physiological functions. The researchers found that the level of leptin in the blood
circulation increases when the body undergoes an inflammatory response, and many
acute-phase factors, such as TNF-a, IL-1, IL-6, and bacterial lipopolysaccharide
(LPS) stimulation, can rapidly increase leptin levels [43]. Leptin can also alter insulin
action, induce angiogenesis, reduce endothelial NO synthase, and interact with the
immune system [44]. In addition, leptin can activate HSCs by activating the JAK/
STAT pathway. HSCs are the main source of extracellular matrix in liver fibrosis [45].

Adiponectin (ADPN) is also a protein hormone mainly secreted by adipocytes.
ADPN mainly exists in blood circulation and plays an important role in the regulation
of insulin sensitivity and glucose metabolism. ADPN reduces the level of plasma-free
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fatty acid (FFAs) by promoting fatty acid oxidation. There are two types of adipo-
nectin receptors, adiponectin receptor 1 (AdipoR1) which is mainly distributed in
skeletal muscle, and adiponectin receptor 2 (AdipoR2) which is abundantly expressed
in the liver. Studies in mammals have shown that ADPN activates the adenylate-acti-
vated protein kinase (AMPK) signaling pathway through AdipoR1 and AdipoR2 [46].
Activated AMPK induces phosphorylation inactivation of acetyl-CoA carboxylase
(ACC), thereby promoting fatty acid oxidation. In addition, peroxisome proliferator-
activated receptor alpha (PPAR-«) is a key transcription factor regulating lipid
metabolism in animals. As a downstream factor of the AMPK signaling pathway, it is
also involved in the effect of ADPN on enhancing fatty acid oxidation [47]. Studies
have shown that highly expressed ADPN attenuates the proliferation and migration
of HSCs and promotes apoptosis of HSCs by inducing the expression of nitric oxide
synthase (iNOS) and messenger RNA (mRNA) in HSCs, which hinders liver fibrosis
[48]. In addition, blood ADPN concentrations are significantly reduced in MetS,
diabetes, atherosclerosis, and NAFLD, in contrast to other cytokines, making ADPN a
possible hallmark of these diseases.

5.7 Hepatic stellate cells

Hepatic stellate cells (HSCs) are a kind of non-parenchymal cells unique to the
liver, accounting for about 8-13% of the total number of liver cells. HSCs have a dual
phenotype of quiescence and activation [49]. In normal liver, the cells are quiescent.
At this time, the cells act as hepatic fat-storing cells, and the intracellular LDs are
abundant. The autofluorescence properties of vitamin-A stored in the LDs under
the microscope contribute to the localization of the cells. During the development
of NAFLD, multiple factors within the micro-circle promote the activation and
transdifferentiation of HSCs into myofibroblasts. Activated HSCs can also massively
secrete extracellular matrix (ECM), tissue inhibitors of metalloproteinases (TIMPS),
matrix metalloproteinases (MMPs), and a-smooth muscle actin (a-SMA) [50]. The
continuous activation of HSCs is a key link in the development and progression of
liver fibrosis. On the one hand, HSCs produce 80% of type I collagen in fibrotic
tissue, which induces liver remodeling. On the other hand, intra-hepatic sinusoidal
pressure is increased by cell contraction. These two types of changes finally laid the
pathological basis of NAFLD-related liver fibrosis. Existing studies have found that
in the mechanism of liver fibrosis, growth factor signaling has a significant role in
the activation of HSCs. Growth factors such as transforming growth factor (TGF)-a,
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and other
growth factors activate HSCs through signaling, promoting ECM remodeling, leading
to collagen formation [51]. The molecular pathways of HSCs activation are complex
and involve a variety of signaling pathways. The characteristics of HSCs and their
roles in the repair of hepatocyte injury and local immunity in the liver still require
more in-depth research.

6. Clinical manifestations

The onset of NAFLD is insidious, slow onset, and often asymptomatic. A small
number of patients may have non-specific symptoms such as fatigue, mild discomfort
in the right upper quadrant, dull pain in the liver area, or upper abdominal distension.
With the development of the disease, some NAFLD patients may have symptoms such
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as jaundice, anorexia, nausea, and vomiting, which may be accompanied by hepa-
tomegaly. In the decompensated stage of NAFLD-related liver cirrhosis, the clinical
manifestations are similar to those of liver cirrhosis caused by other causes.

7. Diagnosis

NAFLD represents the liver manifestation of a multi-system disease, with
heterogeneity in underlying causes, presentation, course, and outcomes. NAFLD
means that the whole body is in a state of metabolic dysfunction.

Liver biopsy is considered to be the gold standard for defining NAFLD and able to
distinguish steatosis from NASH. However, it is not recommended routinely because
of the increased risk of bleeding and complications. Ultrasound is the most recom-
mended and widely used diagnostic method for the identification of hepatic steatosis
due to its sensitivity and non-invasiveness.

Over the past few decades, several expert groups have attempted to develop simple
diagnostic criteria for clinical practice to identify NAFLD patients. The latest expert
consensus in 2020 clarifies that the diagnosis of MAFLD is mainly based on histology,
imaging, or blood biomarker evidence of the presence of fat accumulation in the liver
(hepatic steatosis), in addition to one of three criteria (i.e., overweight/obesity, pres-
ence of T2DM or evidence of metabolic dysregulation) [1]. The presence of at least
two metabolic risk abnormalities may correctly diagnose NAFLD in non-overweight/
obese individuals.

8. Differential diagnosis
8.1 Alcoholic liver disease

Before the name of NAFLD was suggested to be changed to MAFLD, the difference
between NAFLD and alcoholic liver disease (ALD) is mainly based on the prescribed
amount and duration of drinking. Drinking history is a prerequisite for the diagnosis
of ALD [52]. If there is no history of drinking, the diagnosis of ALD does not need
to be considered. However, if the patient has a history of excessive drinking but the
duration is less than 5 years or more than 5 years but the average drinking amount
does not exceed the standard, this means that part of the population falls between the
two diagnostic criteria when it comes to drinking.

After ethanol enters hepatocytes, it is oxidized by hepatic alcohol dehydrogenase,
catalase, and hepatic microsomal alcohol oxidase, and finally forming acetaldehyde.
Acetaldehyde has strong lipid peroxidation, and obvious toxic and side effects on
hepatocytes, which hinders their metabolism and leads to degeneration and necrosis
of hepatocytes. In addition, ethanol can affect the occurrence and development of
liver disease by regulating intestinal flora, inflammatory response, and fibrosis [53].
Compared with NAFLD, patients with ALD have obvious liver disease presentation
and rapid disease progression, and a higher risk of liver cirrhosis, liver failure, or liver
cancer.

At present, a few studies have focused on the differential diagnosis of NAFLD and
ALD, and many studies used non-fatty liver patients or healthy people as controls.
There are still many problems and unknown factors in the differential diagnosis of
NAFLD and alcoholic liver disease. Clinically, ALD is more likely to be diagnosed
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when there are obvious clinical manifestations of chronic hepatitis and cirrhosis,
especially extrahepatic and neuropsychiatric manifestations. While NAFLD is more
likely to be diagnosed when there are mild or even no symptoms. For the patients who
drank alcohol, the changes of indicators within 4 weeks after abstinence were helpful
for the differential diagnosis of NAFLD and ALD.

8.2 Chronic viral hepatitis

Viral hepatitis, as an infectious disease, is mainly caused by a variety of hepatitis
viruses. There are five recognized types of viral hepatitis, namely hepatitis A virus
(HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis D virus (HDV),
and hepatitis E virus (HEV). All viral hepatitis is contagious, but the route of trans-
mission and the intensity of infection vary. Hepatitis A and E are acute hepatitis,
and types B, C, and D, are chronic hepatitis and can develop liver cirrhosis and HCC.
Hepatitis D virus can only be transmitted in individuals with the presence of hepatitis
B virus, so normal people do not get hepatitis D. Chronic viral hepatitis is an inflam-
mation of the liver caused by the hepatitis virus that lasts for more than 6 months. The
hepatitis virus usually causes symptoms after it has severely damaged the liver [54].
Viral hepatitis is an infectious disease with the highest infection rate and the greatest
harm to patients in China.

HBV is an enveloped partially double-stranded DNA virus, consisting of an outer
lipid envelope embedded with hepatitis B surface antigen (HBsAg) and a nucleocapsid
containing hepatitis B core antigen (HBcAg), viral polymerase, and DNA genome.
Clinically, it is difficult to distinguish hepatitis B from hepatitis caused by other viral
agents, and the diagnosis must be confirmed by laboratory tests. The laboratory tests
for hepatitis B surface antigen (HBsAg) are used to diagnose hepatitis B infection.
Acute HBV infection is characterized by the presence of hepatitis B surface antigen-
antibody and immunoglobulin IgM type anti-core antigen-antibody. In the early
stage of infection, the serum of patients can also be positive for hepatitis B-e antigen
(HBeAg). Chronic infection is characterized by the persistence of HBsAg-antibodies
(with or without HBeAg positivity) (>6 months). The persistence of HBsAg-
antibodies is a primary risk marker for the development of chronic liver disease and
progression to HCC. The presence of HBeAg positivity indicates that the blood and
body fluids of infected individuals are highly contagious [55].

HCV is a single-stranded RNA virus that can be divided into six genotypes and
several subtypes. The genome of HCV encodes a single polyprotein that can be trans-
lated and processed into structural and nonstructural proteins. And the nonstructural
proteins have key functions in viral replication. During the acute phase of HCV
infection, the presence of an HCV-specific CD4-T cells response is associated with the
control of viral replication. If the response of the CD4-T cell is sustained and main-
tained, HCV is permanently eliminated. If the CD4-T cells’ response is lost, rebound
viral replication or viremia occurs, resulting in a viral persistence [56]. In chronic
HCV infection, CD4-T cells are functionally limited due to impaired proliferative
capacity, which is caused by HCV core-mediated inhibition of IL-2 secretion.

8.3 Autoimmune liver diseases

Autoimmune liver diseases (ALDs) refer to a group of non-infectious liver diseases
characterized by liver pathological damage and abnormal liver function. Its pathogen-
esis may be related to autoimmunity, mainly including autoimmune hepatitis (AIH),
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primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC), and any over-
lapping syndrome of these three diseases. AIH is mainly causing damage to liver cells,
while PBC and PSC are mainly damaging the biliary tract. The main damage is related
to abnormal autoimmune function. ALDs are chronic diseases with a long natural
history and progressive development, which eventually leads to liver cirrhosis and
liver failure [57]. China still lacks exact statistics, but the number of clinically detected
and reported cases has significantly increased in recent years. At present, it is believed
that ALDs are caused by the breakdown of the immune system’s immune tolerance to
self-antigens, which induces an immune attack on the liver. Genetic susceptibility and
environmental factors are the initiating factors, and the pathogenesis may be related to
factors such as infection, chemical factors, cytokine networks, and molecular mimicry
of self-antigens. However, the specific etiology and pathogenesis are still unclear, and
there is currently no single clinical or laboratory index to diagnose ALDs. It is neces-
sary to comprehensively integrate clinical manifestations, laboratory examinations,
and liver histological characteristics to exclude other possible causes of chronic hepati-
tis. Clinically, patients with ALDs lack specificity. Initially, symptoms such as fatigue,
pruritus, jaundice, and abdominal pain are often present. Biochemical tests are often
abnormal in liver function. The presence of autoantibodies in serum is an important
feature for diagnosis and differential diagnosis, such as ANA, SMA, AMAM2, etc., and
histopathological examination of the liver is also very important [58].

8.4 Hepatolenticular degeneration

Hepatolenticular degeneration, also known as Wilson disease (WD), is an autosomal
recessive genetic disorder caused by the mutation of the ATPase copper transport
p gene ATP7B, resulting in disturbance of copper metabolism in the body [59]. The
genetic mutations lead to the defective or loss of ATPase function, resulting in the
obstruction of copper excretion in the bile duct, and a large amount of copper accu-
mulates in the brain, liver, kidney, bone, joint, cornea, and other tissues or organs.
The carrier frequency and prevalence rate of this disease in the world are 1:100-1:90,
and 1:40,000-1:30,000 respectively. Clinically, the clinical manifestations of WD
patients are diverse, and the clinical manifestations can be mainly divided into brain
type, liver type, mixed type, and other types. The manifestations of cerebral-type
patients mainly include Parkinson’s syndrome, dyskinesia, oral and mandibular
dystonia, and psychiatric symptoms. The main clinical symptoms of liver patients
include asymptomatic elevation of transhelicase, hepatomegaly, splenomegaly, hepa-
titis, fatty liver, cirrhosis, and acute liver failure. Excessive copper will also be depos-
ited in the kidneys, bones and joints, blood, skin, cornea, and other tissues or organs,
causing corresponding tissue and organ damage. Since the human body’s copper is
mainly excreted from the liver in the form of bile, many liver diseases themselves
can lead to abnormal copper metabolism indicators in the human body. Therefore,
for patients with only liver involvement, the interpretation of auxiliary examination
indicators needs to be more cautious, and a comprehensive evaluation should be
combined with a variety of examination methods. The new 2021 health guidelines in
China remind clinicians to be highly alert the individuals with serum ceruloplasmin
<120 mg and children with elevated liver enzymes and 24 h urinary copper >40 pg. It
is recommended to perform ATP7B gene testing to confirm the diagnosis.

Specific diseases, such as alcoholic liver disease, chronic viral hepatitis, autoimmune
liver disease, and Wilson’s disease that can lead to fatty liver need to be excluded,
as well as drugs (tamoxifen, amiodarone, methotrexate, glucocorticoids, etc.),
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total parenteral nutrition, inflammatory bowel disease, hypothyroidism, Cushing’s
syndrome, lack of p-lipoproteinemia, and congenital IR syndrome-related fatty liver
also need to be excluded.

9. Treatment

Generally, non-alcoholic fatty liver (NAFL) progresses relatively slowly. But when
NAFL progresses to NASH without effective intervention, 15-25% of patients can
progress to liver cirrhosis or even HCC within 10-15 years. Exploring and eliminating
the causes are the fundamental ways to treat this disease. Obese people need to more
effectively control their weight, and diabetic patients require effective treatment.
People with malnutrition need to adjust to a balanced diet, and so on. The speed of
weight loss is a key factor in determining the improvement or deterioration of liver

histology.
9.1 Lifestyle

Because the etiology and pathogenesis of NAFLD are unknown, there is no effective
drug therapy for liver disease. None of NASH drugs are currently in Phase III clinical
trials, and there are no drugs approved by government regulators to treat NASH.

For obese patients with fatty liver, diet therapy is the basis and key approach.
Lifestyle modification is recommended as the primary treatment for NAFLD [60]. For
NAFLD patients who are overweight or obese (abdominal obesity), the first optional
lifestyle is aimed at weight loss with a range of 8-10%. More than 50% of patients fail
to meet the target and require individualized drug treatment. NAFLD patients should
adjust their diet, which should be supplemented with high protein, an appropriate
amount of fat, and sugar with rationally allocated. The total energy intake should
be controlled at about 20-25 keal per kilogram per day. Meanwhile, patients should
strictly control their daily salt intake, avoid foods rich in monosaccharides and disac-
charides, such as high-sugar pastries, ice cream, candies, etc.

Exercise is very important in the treatment of NAFLD. It is recommended that
patients should take aerobic exercise, such as jogging, brisk walking, swimming, and
so on. The specific time and amount of each and gradual exercise need to be personal-
ized. Weight loss is generally controlled at 0.5-1 kg/week because losing weight too
quickly is also harmful to the body.

9.2 Obesity management

Weight loss should be a priority in obese patients and those with MetS. Obesity
can be addressed through lifestyle changes such as a low-calorie diet with an adequate
intake of fruits and vegetables and increased physical activity. Although medical
treatment and bariatric surgery may also be considered, however, the adverse effects
cannot be eliminated.

9.3 Pharmacotherapy for patients with T2DM

NAFLD is an acquired metabolic stress-induced liver injury closely associated
with IR and genetic susceptibility. The metabolic disorders in T2DM patients are
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similar to NAFLD. Therefore, the glucose metabolism in T2DM patients with NAFLD
will further deteriorate, making diabetes difficult to control, and requiring more
hypoglycemic drug treatment. Metformin is the preferred treatment for patients
with T2DM unless there is a specific contraindication, such as in patients with renal
impairment.

Since metformin does not promote insulin secretion, it generally does not cause
hypoglycemia when used alone. Animal and in vitro studies have shown that met-
formin has a protective effect against several T2DM-related cardiovascular diseases,
including myocardial infarction, hypertrophic, and diabetic cardiomyopathy, which
lead to cardiac insufficiency and the potential progression to heart failure. The
molecular mechanisms involved in this protection are multifaceted and function
primarily by acting on vascular endothelial cells, cardiomyocytes, and fibroblasts.
Since metformin is excreted by the kidney, the accumulation of metformin and lactic
acid easily occurs in the body when the kidney functions insufficiently, increasing
the risk of acidosis thereby. The doctors generally recommend cessation when the
serum creatinine is greater than 150 micromol/liter. In addition, the drug should also
be discontinued when there is severe cardiac and liver dysfunction, and the liver and
kidney functions should be checked regularly during the medication.

Sulfonylureas, such as gliclazide and glimepiride, act on f cells to stimulate insu-
lin secretion and increase the level of insulin in the body. Some sulfonylurea drugs
(such as glimepiride) can enhance the sensitivity of peripheral tissues to insulin,
reduce the output of hepatic glycogen, and also have the effect of reducing platelet
aggregation, regulating blood lipids and blood viscosity, and improving blood
circulation (e.g., gliclazide). Sulfonylureas boost the production of insulin, a hor-
mone that promotes energy storage, which may indirectly contribute to weight gain.
Among various sulfonylureas, clinical studies have shown that glipizide controlled-
release tablets and glimepiride have no significant effect on weight gain. Metformin,
acarbose, and sodium-glucose cotransporter 2 (SGLT-2) inhibitors also have weight
loss effects. For overweight or obese patients, sulfonylureas in combination with
these drugs may reduce the risk of weight gain associated with sulfonylureas.

NAFLD patients with diabetes should have effective improvement not only in
NASH, but also in NAFLD-related MetS, T2DM, and cardiovascular diseases. In the
treatment of NASH, it is necessary to take effective measures to lose 8-10% of body
weight, including lifestyle intervention. If the standard is not met, drug treatment
can be selected. Patients eligible for bariatric surgery may also be considered.

9.4 Gut flora

In addition to genetic susceptibility and diet, the gut microbiota influences hepatic
carbohydrate, lipid metabolism, and the balance between pro-and anti-inflammatory
cytokines in the liver, thereby affecting NAFLD and its progression to NASH.
Hyperproliferation of intestinal bacteria can lead to changes in cytokines in the
portal vein and liver, so probiotics and antibiotics may help treat this disease. Animal
experiments have shown that probiotics can down-regulate TNF-a levels and reduce
liver inflammation, but clinical studies are needed to confirm the efficacy. Antibiotics
that are not absorbed in the gut may be helpful in the treatment of intestinal bacterial
hyperproliferation. Rifaximin, which is rarely absorbed in the gut, is well tolerated
and may have certain advantages [61]. However, there is no randomized controlled
clinical study to observe the efficacy of antibiotics on NAFLD.
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9.5 Potential drugs

Studies have found that liver fibrosis can be reversed in a series of processes
including the occurrence and development of NAFLD. The activation of HSCs to
produce collagen is the core link of liver fibrosis. Although great progress has been
made in the study of HSCs activation-related genes, few breakthroughs are achieved
in the treatment of liver fibrosis, and the search for effective anti-fibrosis drugs is still
aresearch hotspot. By choosing appropriate drugs, the clinical prognosis of NAFLD
can be optimal, which has important social and economic significance.

9.5.1 Curcumin

Turmeric is the dried rhizome of turmeric (Curcuma longa L.), which has been
used in traditional medicine in China for thousands of years and is widely used in
flavoring, dyeing, and pharmaceutical industries. The main active ingredient is a class
of diarylheptane compounds derived from ginger plants, which mainly exist in the
rhizomes of medicinal plants such as turmeric, tulip, and Curcuma. At present, more
than 40 kinds of Curcumin compounds have been isolated from the genus Curcuma,
among which Curcumin is the main active substance, and the main chain is unsatu-
rated aliphatic and aromatic groups. Since it was first isolated from plants in 1870
but its molecular structure was determined in 1910, years of research have found that
it has a variety of biological functions, such as regulating blood lipids, anti-tumor,
anti-virus, and anti-inflammatory effects, and act as antioxidants. Through research
on the mechanism and intervention of NAFLD-related hepatic stellate cell activation,
it is of great theoretical significance to clarify the potential mechanism of Curcumin
to inhibit the occurrence of hepatic fibrosis.

Liver fibrosis is a wound repair response to chronic liver injury (viral infection,
alcoholism, cholestasis, etc.), and is a pathological process of excessive extracellular
matrix (ECM) production and deposition. Chronic liver injury leads to the accumula-
tion of a large number of inflammatory cells, which release inflammatory factors
and growth factors, such as TNF-a and TGF-p1, thereby activating HSCs, which are
generated by ECM (especially collagen fibers). Curcumin has received great atten-
tion as a dietary supplement for liver protection. Curcumin can inhibit the activities
of lipoxygenase and cyclooxygenase-2 (COX-2), inhibit lipid peroxidation, reduce
the release of arachidonic acid, especially the inflammatory factors ILs by inhibit-
ing the NF-kB signaling pathway—production of 1p, IL-6, TNF-a. Our previous
findings provide new insights into the mechanism of action of curcumin and a
therapeutic candidate for the prevention and treatment of hyperleptinemia-induced
liver fibrosis in NASH patients with obesity and/or T2DM [62-64]. In recent years,
several in vitro and in vivo studies have also shown that curcumin can intervene in
the pathological process of liver diseases from multiple links, and has anti-hepatic
injury, anti-steatosis, anti-fibrosis, and anti-cancer effects. However, due to the poor
water solubility and low bioavailability of curcumin, its clinical application is greatly
limited. Therefore, the formulation and structural modification of curcumin as a lead
compound are currently hot and crucial research topics.

9.5.2 Vitamin E

Vitamin E is a fat-soluble vitamin with antioxidant function, which is necessary
for the normal growth and reproduction of animals. Studies have found that vitamin
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E has a similar biological activity to a-tocopherol, which can provide a hydrogen

ion on the color ring to scavenge free radicals, thereby playing an anti-oxidative
stress role. In addition to scavenging reactive oxygen free radicals, vitamin E can
also scavenge reactive nitrogen free radicals. Both of them play important roles in
the occurrence and development of NAFLD. In vivo experiments in mice found that
vitamin E plays an important regulatory role in improving glucose and lipid metabo-
lism, and vitamin E supplementation can significantly improve lipid metabolism in
NAFLD mice. Clinical trials have found that vitamin E supplementation can signifi-
cantly improve liver pathological outcomes in non-diabetic NAFLD patients [65].
However, there was no significant improvement in diabetic patients with NAFLD
[66]. Therefore, vitamin E therapy can be considered for non-diabetic NASH patients
who have failed lifestyle interventions.

9.5.3 Peroxisome proliferator-activated receptor alpha (PPAR-a) agonist

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear
receptor superfamily of ligand-activated transcription factors. PPARs contain
three isoforms consisting of PPARa, PPARB/3, and PPARy. Among them, PPAR« is
abundantly expressed in hepatocytes. PPAR« has a key role in regulating fatty acid
transport as well as peroxisomal and mitochondrial -oxidation in the liver. The
researchers found that PPAR« expression in the human liver was inversely correlated
with the severity of NAFLD. Currently, PPARa-agonists have been shown to improve
IR and significantly increase energy expenditure. PPARa-agonists improve pathologi-
cal conditions in a NAFLD mouse model by modulating lipid turnover and energy
metabolism in the liver [67].

9.5.4 Farnesoid X receptor agonists

Farnesoid X Receptor (FXR) is a bile acid receptor, a member of the nuclear
receptor superfamily. Studies have found that the nuclear receptor transcription
factor FXR can participate in the regulation of various metabolic pathways through
the regulation of its corresponding target genes. FXR and retinol X receptor (RXR)
bind to the FXR response element in the promoter region of target genes in the form
of heterodimers to regulate the transcription of downstream genes. Fibroblast growth
factor 21 (FGF21) is an important cytokine downstream of FXR that regulates glucose
and lipid metabolism in the body. It can enhance the hydrolysis of adipose tissue,
thereby increasing the rate of fatty acid oxidation. Activation of FXR by bile acids
can increase the expression and secretion of FGF21, and the increased expression of
FGF21 can reduce the content of triglycerides in the liver. Therefore, it can be used
as an important drug target for NAFLD [68]. Obeticholic acid is a kind of FXR. In
a phase 3 study in the treatment of NAFLD, 25 mg of Obeticholic acid significantly
improved fibrosis in NASH patients [69]. Therefore, FXR agonists may also be
considered as one of the potential drugs for NAFLD.

10. Future prospects

Several issues related to NAFLD require further research to clarify. Furthermore,
the lack of understanding of the pathogenesis, causality, and genetic factors of
NAFLD have hindered the development of new therapeutics. Therefore, further basic
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and clinical studies are needed to better understand the development of NAFLD
from the perspectives of genetic, molecular, and cell signaling, etc. Focusing on the
underlying mechanisms may be valuable in identifying new therapeutic targets for
metabolic diseases. Lifestyle interventions are the recommended initial therapy for
the treatment of NAFLD. To date, there is insufficient evidence to support the use
of drugs that primarily target the underlying causes of MetS. Therefore, if lifestyle
changes are not sufficient, other measures that target individual risk factors may be
needed. Most importantly, improved strategies are needed to achieve and maintain
long-term weight loss and increased physical activity. In future research, not only
basic medical research will be conducted but also actively innovate and carry out
translational medicines. It is believed that with the joint efforts of medicinal chemists
and clinical experts, new drugs will be used in the treatment of liver diseases.

Acknowledgements

This work is supported by research grants from the National Natural
Science Foundation of China (31471330), National Key R&D Program of China
(2020YFC2006100 and 2020YFC2006101), National Key R&D Program of China
(2020YFC2009000 and 2020YFC2009006), Henan Provincial Key R&D and
Promotion Special Project (212102310033), Zhengzhou University Discipline Key
Special Project (XKZDQY202001). Furthermore, we thank Dr. Ihtisham Bukhari
(Gastroenterology, The Fifth Affiliated Hospital, Zhengzhou University, Zhengzhou,
Henan, China) for his linguistic assistance.

Conflict of interest

The authors declare no conflict of interest.

102



Non-Alcoholic Fatty Liver Disease and Its Potential Therapeutic Strategies
DOI: http://dx.doi.org/10.5772/intechopen.103059

Author details
Youcai Tang">****, Xuecui Yin” and Yuying Ma’

1 Department of Pediatrics, The Fifth Affiliated Hospital, Zhengzhou University,
Zhengzhou, Henan, China

2 Gastroenterology, The Fifth Affiliated Hospital, Zhengzhou University,
Zhengzhou, Henan, China

3 Henan Key Laboratory of Rehabilitation Medicine, The Fifth Affiliated Hospital,
Zhengzhou University, Zhengzhou, Henan, China

4 Henan Joint International Research Laboratory of Chronic Liver Injury, The Fifth
Affiliated Hospital, Zhengzhou University, Zhengzhou, Henan, China

5 Zhengzhou Key Laboratory of Metabolic-dysfunction-associated Fatty Liver
Disease, The Fifth Affiliated Hospital, Zhengzhou University, Zhengzhou, Henan,
China

*Address all correspondence to: tangyoucai@hotmail.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

103



Hepatotoxicity

References

[1] Eslam M, Newsome PN, Sarin SK,
et al. A new definition for metabolic
dysfunction-associated fatty liver
disease: An international expert
consensus statement. Journal of
Hepatology. 2020;73(1):202-2009.
DOI: 10.1016/jjhep.2020.03.039

[2] Younossi Z, Tacke F, Arrese M, et al.
Global perspectives on nonalcoholic
fatty liver disease and nonalcoholic
steatohepatitis. Hepatology. 2019;69(6):
2672-2682. DOI: 10.1002/hep.30251

(3] Zhou F, Zhou J, Wang W, et al.
Unexpected rapid increase in the burden
of NAFLD in China from 2008 to 2018:
A systematic review and meta-analysis.
Hepatology. 2019;70(4):1119-1133.

DOI: 10.1002/hep.30702

[4] Shetty D, Amarapurkar A, Shukla A.
Primary versus secondary NAFLD:
Perspective on advanced fibrosis. Journal
of Clinical and Experimental Hepatology.
2021;11(5):557-564. DOI: 10.1016/j.
jceh.2020.12.009

[5] Blither M. Metabolically healthy
obesity. Endocrine Reviews. 2020;41:
3. DOI: 10.1210/endrev/bnaa004

(6] LeeJJ, Pedley A, Hoffmann U,
Massaro JM, Levy D, Long MT. Visceral
and intrahepatic fat are associated with
cardiometabolic risk factors above other
ectopic fat depots: The Framingham
heart study. The American Journal of
Medicine. 2018;131(6):684-692.e612.
DOI: 10.1016/j.amjmed.2018.02.002

[71 Du K, Murakami S, SunY,
Kilpatrick CL, Luscher B. DHHC7?
palmitoylates glucose transporter 4
(Glut4) and regulates Glut4 membrane
translocation. The Journal of Biological
Chemistry. 2017;292(7):2979-2991.
DOI: 10.1074/jbc.M116.747139

104

[8] Musovic S, Olofsson CS. Adrenergic
stimulation of adiponectin secretion in
visceral mouse adipocytes is blunted in
high-fat diet induced obesity. Scientific
Reports. 2019;9(1):10680. DOI: 10.1038/
s41598-019-47113-8

[9] Cohen P, Kajimura S. The cellular and
functional complexity of thermogenic
fat. Nature Reviews. Molecular Cell
Biology. 2021;22(6):393-4009.

DOI: 10.1038/s41580-021-00350-0

[10] Rosso C, Kazankov K, Younes R,

et al. Crosstalk between adipose tissue
insulin resistance and liver macrophages
in non-alcoholic fatty liver disease.
Journal of Hepatology. 2019;71(5):1012-
1021. DOI: 10.1016/jjhep.2019.06.031

[11] Beals JW, Smith GI, Shankaran M,

et al. Increased adipose tissue
fibrogenesis, not impaired expandability,
is associated with nonalcoholic fatty liver
disease. Hepatology. 2021;74(3):
1287-1299. DOI: 10.1002/hep.31822

[12] Petersen MC, Shulman GI.
Mechanisms of insulin action and insulin
resistance. Physiological Reviews.
2018;98(4):2133-2223. DOI: 10.1152/
physrev.00063.2017

[13] Rorsman P, Ashcroft FM.
Pancreatic f-cell electrical activity and
insulin secretion: Of mice and men.
Physiological Reviews. 2018;98(1):117-
214. DOI: 10.1152/physrev.00008.2017

[14] Tuttle KR, Brosius FC 3rd,

Cavender MA, et al. SGLT?2 inhibition for
CKD and cardiovascular disease in type 2
diabetes: Report of a scientific workshop
sponsored by the National Kidney
Foundation. Diabetes. 2021;70(1):1-16.
DOI: 10.2337/dbi20-0040



Non-Alcoholic Fatty Liver Disease and Its Potential Therapeutic Strategies

DOI: http://dx.doi.org/10.5772/intechopen.103059

[15] Rhee J], Jardine M]J, Chertow GM,
Mahaffey KW. Dedicated kidney
disease-focused outcome trials with
sodium-glucose cotransporter-2
inhibitors: Lessons from CREDENCE
and expectations from DAPA-HF, DAPA-
CKD, and EMPA-KIDNEY. Diabetes,

Obesity & Metabolism. 2020;22(Suppl. 1):

46-54. DOI: 10.1111/dom.13987

[16] Murai J, Nishizawa H, Otsuka A,
et al. Low muscle quality in Japanese
type 2 diabetic patients with visceral
fat accumulation. Cardiovascular
Diabetology. 2018;17(1):112.

DOI: 10.1186/s12933-018-0755-3

[17] Leite NC, Villela-Nogueira CA,
Pannain VL, et al. Histopathological
stages of nonalcoholic fatty liver
disease in type 2 diabetes: Prevalences
and correlated factors. Liver
International. 2011;31(5):700-706.
DOI: 10.1111/j.1478-3231.2011.02482.x

[18] Farrell G, Schattenberg JM,
Leclercql, et al. Mouse models of
nonalcoholic steatohepatitis: Toward
optimization of their relevance to human
nonalcoholic steatohepatitis. Hepatology.
2019;69(5):2241-2257. DOI: 10.1002/
hep.30333

[19] Tune JD, Goodwill AG, Sassoon D],
Mather KJ. Cardiovascular consequences
of metabolic syndrome. Translational
Research. 2017;183:57-70. DOI: 10.1016/j.
trsl.2017.01.001

[20] Alberti KG, Eckel RH, Grundy SM,
et al. Harmonizing the metabolic
syndrome: A joint interim statement of
the international diabetes federation
task force on epidemiology and
prevention; National Heart, Lung,

and Blood Institute; American Heart
Association; World Heart Federation;
International Atherosclerosis Society;
and International Association for

the Study of Obesity. Circulation.

105

2009;120(16):1640-1645. DOI: 10.1161/
circulationaha.109.192644

[21] Friedman SL, Neuschwander-

Tetri BA, Rinella M, Sanyal AJ.
Mechanisms of NAFLD development and
therapeutic strategies. Nature Medicine.
2018;24(7):908-922. DOI: 10.1038/
s41591-018-0104-9

[22] Fan ]G, Kim SU, Wong VW. New
trends on obesity and NAFLD in Asia.
Journal of Hepatology. 2017;67(4):
862-873. DOI: 10.1016/jjhep.2017.06.003

[23] Eslam M, Valenti L, Romeo S.
Genetics and epigenetics of NAFLD
and NASH: Clinical impact. Journal
of Hepatology. 2018;68(2):268-279.
DOI: 10.1016/jjhep.2017.09.003

[24] Wang Q, Ou X, JiaJ, et al. Association
between polymorphism of PNPLA3
rs738409 and severity of fibrosis in adult
nonalcoholic fatty liver disease. Journal
of Clinical and Experimental Medicine.
2020;19(14):1464-1467. DOI: 10.1097/
MD.0000000000014324

[25] Cai W, Weng D, Ling S, Wang S,
Ma L, Yao H. Association between
nonalcoholic fatty liver disease and
interaction of PNPLA3-rs738409
polymorphism and smoking in Uyghur
population. Practical Preventive
Medicine. 2018;25(05):517-519, 575.
DOI: 10.3969/j.issn.1006-3110.2018.
05.002

[26] Kozlitina J, Smagris E, Stender S,
et al. Exome-wide association study
identifies a TM6SF2 variant that
confers susceptibility to nonalcoholic
fatty liver disease. Nature Genetics.
2014;46(4):352-356. DOI: 10.1038/
ng.2901

[27] Tripathi A, Debelius J, Brenner DA,
et al. The gut-liver axis and the
intersection with the microbiome.



Hepatotoxicity

Nature Reviews. Gastroenterology
& Hepatology. 2018;15(7):397-411.
DOI: 10.1038/s41575-018-0011-z

[28] Marra F, Svegliati-Baroni G.
Lipotoxicity and the gut-liver axis
in NASH pathogenesis. Journal of
Hepatology. 2018;68(2):280-295.
DOI: 10.1016/jjhep.201711.014

[29] Ma KL, Ruan XZ, Powis SH,

ChenY, Moorhead JF, Varghese Z.
Inflammatory stress exacerbates lipid
accumulation in hepatic cells and fatty
livers of apolipoprotein E knockout mice.
Hepatology. 2008;48(3):770-781.

DOI: 10.1002/hep.22423

[30] Buzzetti E, Pinzani M,
Tsochatzis EA. The multiple-hit
pathogenesis of non-alcoholic fatty
liver disease (NAFLD). Metabolism.
2016;65(8):1038-1048. DOI: 10.1016/j.
metabol.2015.12.012

[31] Haeusler RA, McGraw TE, Accili D.
Biochemical and cellular properties

of insulin receptor signalling. Nature
Reviews. Molecular Cell Biology.
2018;19(1):31-44. DOI: 10.1038/
nrm.2017.89

[32] Haythorne E, Rohm M, van

de Bunt M, et al. Diabetes causes
marked inhibition of mitochondrial
metabolism in pancreatic p-cells. Nature
Communications. 2019;10(1):2474.
DOI: 10.1038/s41467-019-10189-x

[33] Brunt EM, Wong VW, Nobili V, et al.
Nonalcoholic fatty liver disease. Nature
Reviews. Disease Primers. 2015;1:15080.
DOI: 10.1038/nrdp.2015.80

[34] Stumvoll M, Goldstein BJ, van
Haeften TW. Type 2 diabetes: Principles
of pathogenesis and therapy.

Lancet. 2005;365(9467):1333-1346.
DOI: 10.1016/s0140-6736(05)61032-x

106

[35] Wang M, Kaufman RJ. Protein
misfolding in the endoplasmic reticulum
as a conduit to human disease. Nature.
2016;529(7586):326-335. DOI: 10.1038/
naturel7041

[36] Walter P, Ron D. The unfolded
protein response: From stress pathway

to homeostatic regulation. Science.
2011;334(6059):1081-1086. DOI: 10.1126/
science.1209038

[37] Urano F, Wang X, Bertolotti A,
et al. Coupling of stress in the ER to
activation of JNK protein kinases by
transmembrane protein kinase IRE1.
Science. 2000;287(5453):664-666.
DOI: 10.1126/science.287.5453.664

[38] Malhi H, Kaufman RJ. Endoplasmic
reticulum stress in liver disease. Journal
of Hepatology. 2011;54(4):795-809.
DOI: 10.1016/jjhep.2010.11.005

[39] Nath B, Levin I, Csak T, et al.
Hepatocyte-specific hypoxia-inducible
factor-1a is a determinant of lipid
accumulation and liver injury in alcohol-
induced steatosis in mice. Hepatology.
2011;53(5):1526-1537. DOI: 10.1002/
hep.24256

[40] Cobbina E, Akhlaghi F. Non-
alcoholic fatty liver disease (NAFLD) -
pathogenesis, classification, and effect
on drug metabolizing enzymes and
transporters. Drug Metabolism Reviews.
2017;49(2):197-211. DOI: 10.1080/
03602532.2017.1293683

[41] Zimmermann E, Anty R, Tordjman J,
et al. C-reactive protein levels in relation
to various features of non-alcoholic

fatty liver disease among obese patients.
Journal of Hepatology. 2011;55(3):660-
665. DOI: 10.1016/jjhep.2010.12.017

[42] Singh P, Peterson TE, Sert-
Kuniyoshi FH, et al. Leptin signaling in
adipose tissue: Role in lipid accumulation



Non-Alcoholic Fatty Liver Disease and Its Potential Therapeutic Strategies

DOI: http://dx.doi.org/10.5772/intechopen.103059

and weight gain. Circulation Research.
2012;111(5):599-603. DOI: 10.1161/
circresaha.112.273656

[43] Tang Y. Curcumin targets multiple
pathways to halt hepatic stellate cell
activation: Updated mechanisms in
vitro and in vivo. Digestive Diseases and
Sciences. 2015;60(6):1554-1564.

DOI: 10.1007/s10620-014-3487-6

[44] Leshan RL, Greenwald-Yarnell M,
Patterson CM, Gonzalez IE, Myers MG
Jr. Leptin action through hypothalamic
nitric oxide synthase-1-expressing
neurons controls energy balance. Nature
Medicine. 2012;18(5):820-823.
DOI:10.1038/nm.2724

[45] Kwon O, Kim KW, Kim MS. Leptin
signalling pathways in hypothalamic
neurons. Cellular and Molecular Life
Sciences. 2016;73(7):1457-1477.

DOI: 10.1007/s00018-016-2133-1

[46] Fang H, Judd RL. Adiponectin
regulation and function. Comprehensive
Physiology. 2018;8(3):1031-1063.

DOI: 10.1002/cphy.c170046

[47] Okada-Iwabu M, Yamauchi T,
Iwabu M, et al. A small-molecule
AdipoR agonist for type 2 diabetes

and short life in obesity. Nature.
2013;503(7477):493-499. DOI: 10.1038/
naturel2656

[48] Adachi M, Brenner DA. High
molecular weight adiponectin inhibits
proliferation of hepatic stellate cells via
activation of adenosine monophosphate-
activated protein kinase. Hepatology.
2008;47(2):677-685. DOI: 10.1002/
hep.21991

[49] Puche JE, Saiman Y, Friedman SL.
Hepatic stellate cells and liver

fibrosis. Comprehensive Physiology.
2013;3(4):1473-1492. DOI: 10.1002/cphy.
c120035

107

[50] Wang Y, Gao J, Zhang D,

Zhang J, Ma]J, Jiang H. New insights into
the antifibrotic effects of sorafenib on
hepatic stellate cells and liver fibrosis.
Journal of Hepatology. 2010;53(1):132-
144. DOI: 10.1016/jjhep.2010.02.027

[51] Gao J, Wei B, de Assuncao TM, et al.
Hepatic stellate cell autophagy inhibits
extracellular vesicle release to attenuate
liver fibrosis. Journal of Hepatology.
2020;73(5):1144-1154. DOI: 10.1016/j.
jhep.2020.04.044

[52] Singal AK, Bataller R,

Ahn J, Kamath PS, Shah VH. ACG clinical
guideline: Alcoholic liver disease. The
American Journal of Gastroenterology.
2018;113(2):175-194. DOI: 10.1038/
ajg.2017.469

[53] Bajaj JS. Alcohol, liver disease and
the gut microbiota. Nature Reviews.
Gastroenterology & Hepatology.
2019;16(4):235-246. DOI: 10.1038/
s41575-018-0099-1

[54] Sarin SK, Kumar M, Eslam M,

et al. Liver diseases in the Asia-Pacific
region: A Lancet Gastroenterology &
Hepatology Commission. The Lancet
Gastroenterology & Hepatology.
2020;5(2):167-228. DOI: 10.1016/
$2468-1253(19)30342-5

[55] EASL. 2017 clinical practice
guidelines on the management of
hepatitis B virus infection. Journal of
Hepatology. 2017;67(2):370-398.
DOI: 10.1016/jjhep.2017.03.021

[56] Chen DY, Wolski D, Aneja]J, et al.
Hepatitis C virus-specific CD4+ T cell
phenotype and function in different
infection outcomes. The Journal of
Clinical Investigation. 2020;130(2):768-
773. DOI: 10.1172/jci126277

[57] Mieli-Vergani G, Vergani D, Czaja AJ,
et al. Autoimmune hepatitis. Nature



Hepatotoxicity

Reviews Disease Primers. 2018;4:18017.
DOI: 10.1038/nrdp.2018.17

[58] Galaski J, Weiler-Normann C,
Schakat M, et al. Update of the simplified
criteria for autoimmune hepatitis:
Evaluation of the methodology for
immunoserological testing. Journal of
Hepatology. 2021;74(2):312-320.

DOI: 10.1016/jjhep.2020.07.032

[59] Czlonkowska A, Litwin T, Dusek P,
et al. Wilson disease. Nature Reviews
Disease Primers. 2018;4(1):21.

DOI: 10.1038/s41572-018-0018-3

[60] Sheka AC, Adeyi O, Thompson J,
Hameed B, Crawford PA, Ikramuddin S.
Nonalcoholic steatohepatitis: A review.
Journal of the American Medical
Association. 2020;323(12):1175-1183.
DOI: 10.1001/jama.2020.2298

[61] Cobbold JFL, Atkinson S,

Marchesi JR, et al. Rifaximin in non-
alcoholic steatohepatitis: An open-label
pilot study. Hepatology Research.
2018;48(1):69-77. DOI: 10.1111/
hepr.12904

[62] Tang Y, Chen A. Curcumin
eliminates the effect of advanced
glycation end-products (AGEs) on

the divergent regulation of gene
expression of receptors of AGEs by
interrupting leptin signaling. Laboratory
Investigation. 2014;94(5):503-516.

DOI: 10.1038/labinvest.2014.42

[63] Lin ], Tang Y, Kang Q, Chen A.
Curcumin eliminates the inhibitory
effect of advanced glycation end-
products (AGEs) on gene expression
of AGE receptor-1 in hepatic stellate
cells in vitro. Laboratory Investigation.
2012;92(6):827-841. DOI: 10.1038/
labinvest.2012.53

[64] Tang Y, Chen A. Curcumin prevents
leptin raising glucose levels in hepatic

108

stellate cells by blocking translocation
of glucose transporter-4 and increasing
glucokinase. British Journal of
Pharmacology. 2010;161(5):1137-1149.
DOI: 10.1111/j.1476-5381.2010.00956.x

[65] Violi F, Cangemi R. Pioglitazone,
vitamin E, or placebo for nonalcoholic
steatohepatitis. The New England
Journal of Medicine. 2010;363(12):1185-
1186; author reply 1186. DOI: 10.1056/
NEJMc1006581

[66] Bril F, Biernacki DM, Kalavalapalli S,
et al. Role of vitamin E for nonalcoholic
steatohepatitis in patients with type 2
diabetes: A randomized controlled trial.
Diabetes Care. 2019;42(8):1481-1488.
DOI: 10.2337/dc19-0167

[67]1 Honda Y, Kessoku T, Ogawa Y,

et al. Pemafibrate, a novel selective
peroxisome proliferator-activated
receptor alpha modulator, improves
the pathogenesis in a rodent model of
nonalcoholic steatohepatitis. Scientific
Reports. 2017;7:42477. DOI: 10.1038/
srep42477

[68] Sumida Y, Yoneda M. Current

and future pharmacological therapies
for NAFLD/NASH. Journal of
Gastroenterology. 2018;53(3):362-376.
DOI: 10.1007/s00535-017-1415-1

[69] Younossi ZM, Ratziu V, Loomba R,
et al. Obeticholic acid for the treatment
of non-alcoholic steatohepatitis: Interim
analysis from a multicentre, randomised,
placebo-controlled phase 3 trial. Lancet.
2019;394(10215):2184-2196.

DOI: 10.1016/s0140-6736(19)33041-7



Chapter7
Hepatocellular Carcinoma
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Abstract

Over 1 million cases of liver cancer are estimated to occur by 2025, making ita
global health challenge. In almost 90% of cases of liver cancer, it is hepatocellular
carcinoma (HCC). The main risk factors for HCC development are infection with
hepatitis B and C viruses, although nonalcoholic steatohepatitis (NASH) associated
with metabolic syndrome or diabetes mellitus is becoming more prevalent in the
West. The molecular pathogenesis of nonalcoholic steatohepatitis-associated HCC is
unique. A quarter of all HCCs present with mutations that are potentially actionable
but have not yet been translated into clinical practice. In the advanced stages of the
disease, systemic therapy is expected to be administered 50-60% of the time to HCC
patients. In phase III trials, six systemic therapies have been approved (atezolizumab
plus bevacizumab, sorafenib, lenvatinib, regorafenib, cabozantinib, and ramuci-
rumab), and new trials are evaluating combination therapies, such as checkpoint
inhibitors and tyrosine kinase inhibitors or anti-VEGF therapies. The findings of
these clinical trials are expected to alter the landscape of managing HCC at all stages
of the disease.

Keywords: hepatocellular carcinoma, nonalcoholic steatohepatitis, hepatitis B,
hepatitis C, systemic therapies

1. Introduction

The incidence of liver cancer is growing worldwide [1, 2] and research esti-
mates that millions of people will be affected by the disease annually by 2025 [3].
Hepatocellular carcinoma (HCC) describes the most common type of liver cancer,
responsible for nearly 90% of all cases. The most significant risk factor for HCC
development is infection with the hepatitis B virus (HBV), accounting for 50% of all
cases [4]. With antiviral drugs, patients have achieved sustained virological response
(SVR), reducing the risk of hepatitis C virus (HCV) infection substantially [5].
Nevertheless, the risk of HCC for individuals with cirrhosis remains even after HCV
clearance. Nonalcoholic steatohepatitis (NASH) is becoming the main cause of HCC
in the West, since it is associated with metabolic syndrome and diabetes mellitus
[6]. Furthermore, there have also been reports that aristolochic acid and tobacco are
potentially pathogenic cofactors for HCC [7].

The incidence of HCC differs depending on the etiology and type of genotoxins,
although there is a greater understanding of the pathophysiology and drivers of HCC
over the past few years; clinical applications of these insights have yet to emerge.
There are actionable mutations of HCC tumors in approximately 25% of cases;
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however, most mutations are less than 10%, making proof-of-concept studies dif-
ficult [7, 8]. The majority of mutations in HCC remain unsolvable, including those in
TERT, TP53, and CTNNBI1 [9]. Researchers are also still working on how to establish
biomarkers that guide therapy based on molecular and immune classes.

Since the early 2010s, HCC management has vastly improved [8, 10-12]. The
mainstay curative treatments in HCC cases have been hepatic resection and liver
transplantation. For tumors down-staged beyond Milan criteria, refinements in
patient selection have led to improved surgical resection results and outstanding
10-year post-liver transplantation survival rates [10, 13]. In nonsurgical early-stage
HCCs, image-guided ablation using radiofrequency remains the gold standard despite
advancements in alternative approaches [12]. Following these potentially curative
methods, adjuvant therapies to prevent relapse are an unmet medical need, as ran-
domized controlled trials (RCTs) have so far given poor results. The most frequently
used and standard treatment for intermediate-stage HCC for the past two decades has
been transarterial chemoembolization (TACE) [14]. Transarterial radioembolization
(TARE) has been demonstrated to be effective in phase II studies [15], but guidelines
have not yet established it as a primary standard of therapy. The arsenal of interme-
diate therapy is unlikely to improve in the immediate term with more locoregional
devices or radiation oncology methods.

There has been a threat to the use of traditional HCC treatments from
systemic medicines, such as tyrosine kinase inhibitors (TKIs), immune checkpoint
inhibitors (ICIs), and monoclonal antibodies. Patients with HCC are predicted
to be exposed to systemic therapy 50-60% of the time over their lives, especially
in advanced stages of the disease [8]. The development of systemic medicines
has progressed dramatically in the last 5 years, with studies showing significant
improvements in overall survival and quality of life for patients [8]. As a result
of the combination of anti-PDL1 antibody atezolizumab and anti-VEGF anti-
body bevacizumab, patients with advanced-stage HCC have a quadrupled life
expectancy and improved patient-reported outcomes [16]. The most successful
single-drug therapies are still sorafenib [17] and lenvatinib [18]. Regorafenib [19],
cabozantinib [20], and ramucirumab [21] have similarly shown enhanced survival
advantages when switched to single-agent regimens. In 15-20% of responders,
single-agent ICIs produce significant therapeutic advantages, although biomarkers
have thus far failed to identify this group [22, 23]. Phase III trials are also under-
way that examine combinations of ICIs with TKIs or PD1/PDL1 axis inhibitors
with CTLA4 inhibitors to examine the efficacy of these therapies. The findings of
these studies are expected to alter the landscape of managing HCC at all stages of
the disease.

2. Epidemiology of HCC

In 2018, there were 841,080 new cases of liver cancer, making it the sixth most
common cancer worldwide and the fourth leading cause of cancer-related death [3].
Despite an increase in HCC incidence and mortality in different parts of Europe and
the United States [24], the highest rates are seen in East Asia and Africa. SEER reports
that HCC has been the fastest-growing cancer-related cause of death in the United
States since the early 2000s. HCC is expected to be the third leading cause of cancer-
related death by 2030 if current trends continue [25].
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3. Risk factors of HCC

Chronic liver disease is responsible for more than 90% of all cases of HCC.
All forms of cirrhosis are major risk factors for HCC [10, 11]. Annually, 1-6%
of patients with cirrhosis die of HCC. HBV and HCV infection, chronic alcohol
consumption, and diabetes- or obesity-related NASH all increase the risk for HCC
[26]. Hemochromatosis, antitrypsin deficiency, and cirrhosis from primary biliary
cholangitis all represent less common risk factors for HCC. Up to 45% of people with
hemochromatosis who develop cirrhosis over their lifetime will develop HCC [27].

4. Hepatitis B viral infection

The cause of HCC in Asia and Africa is 60% HBYV infection, while it is 20% in the
West [4]. HBV is a DNA virus that can cause insertional mutagenesis and activate
oncogenes by integrating into the host genome [28]. HBV increases the risk of liver
cancer even if there is no cirrhosis in most patients with HBV-induced HCC. Due to
the high prevalence of endemic HBV in East Asia, males (40 years of age) and females
(50 years of age) have a high risk of developing HCC, which necessitates surveillance
programs. The incidence of HCC in patients in their early 30s or 40s in Africa is likely
due to their exposure to aflatoxin B1, a carcinogen, which increases the risk of devel-
oping HCC in combination with HBV [29]. Many Asian countries still do not have
universal immunization programs, despite the fact that HBV vaccination programs
have reduced HCC incidence in some regions [30].

5. Hepatitis C viral infection

The most common underlying liver disease in North America, Europe, and Japan is
chronic HCV infection [4]. In contrast to HBV, HCV is an RNA virus that does not inte-
grate into the host genome, so those who develop cirrhosis or chronic liver disease with
bridging fibrosis are at risk of developing HCC. Direct-acting antiviral (DAA) medica-
tions have enabled more and more people to achieve a sustained viral response (SVR),
thereby reducing their risk of developing HCC by 50-80% [5]. A number of patients,
especially those from minority racial or ethnic groups and those from low-income socio-
economic areas, have not been tested for HCV and thus have no idea of their infection
[31]. Additionally, people with HCV-induced cirrhosis remain at risk of developing HCC
even after they have achieved sustained virologic response (>2% per year) and, thus,
they have to be monitored closely [32, 33].

6. Hepatitis D viral infection

HBYV surface antigens are necessary for HDV to replicate and infect. HDV is an
RNA virus. Twenty to forty million people are estimated to be infected with HDV
worldwide, and these individuals experience more severe liver disease, notably
fibrosis and cirrhosis, than people who have only HBV. Furthermore, several cohort
studies have found that co-infection with HDV and HBV may lead to an increased
risk of HCC than HBV infection alone. A study reported that patients with acute or
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chronic HDV infection were at a significantly higher risk of HCC than those with a
sole HBV infection [34].

7. Alcohol

A fatty liver, cirrhosis, and HCC are all caused by excessive alcohol consump-
tion. Cirrhosis caused by persistent alcohol consumption, also known as NASH, is
becoming increasingly common. HCC is associated with alcohol-induced cirrhosis in
15-30% of cases depending on geographic region, with an annual incidence varying
between 1% observed in population-based studies and 2-3% recorded in tertiary
care referral centers [35]. There is also evidence that chronic alcohol consumption
increases the risk of HCC from other causes; for example, several studies suggest that
those who drink alcohol and are HBV carriers are more likely to develop HCC [36].
Although alcohol consumption has some similarities with other forms of cirrhosis,
particularly NASH, in some pathophysiological processes, there is an indication that
alcohol consumption may have different pro-tumorigenic mechanisms in individuals.

8. Nonalcoholic steatohepatitis (NASH)

Patients with diabetes mellitus or obesity may also develop HCC from NASH,
another major factor contributing to cirrhosis. Due to the rising incidence of obesity,
NASH has become a leading cause of cirrhosis around the world. Since 2010, the propor-
tion of HCC caused by NASH has risen quickly, now accounting for 15-20% of cases in
the Western world [6]. The proportion of metabolic syndrome and NASH attributable to
the population is expected to exceed 20% due to the co-occurrence of these two disor-
ders [37]. The incidence of HCC in NASH-associated cirrhosis (1-2% per year) is lower
than in virus-related cirrhosis (3-5% per year), but it remains >1.1% per year, demon-
strating that surveillance is cost-effective [38]. Several studies have shown that 25-30%
of NASH-related HCC occurrences develop without cirrhosis, limiting the relevance of
current surveillance programs that primarily target individuals with cirrhosis. However,
the National Veterans Affairs Health System has discovered that the incidence of HCC
annually is below the cost-effective threshold in people with non-cirrhotic NASH and
surveillance should not be performed [38, 39].

9. Other risk factors

Many sociodemographic factors have been linked to HCC, particularly in indi-
viduals with cirrhosis. The risk of HCC increases with age, with those over 70 years of
age showing the highest incidence [40]. HCC is also disproportionately male (male-
to-female ratio of 2-3:1), which may reflect a clustering of risk factors among men,
as well as differences in sex hormones [41]. HCC is more common in racial or ethnic
minorities, particularly Hispanics, than in White people, according to studies. This
disparity in prevalence could be related in part to the increased prevalence of single-
nucleotide polymorphisms in PNPLA3, which are connected to NASH-associated
HCC [42]. Smoking has also been linked to an increased risk of HCC in epidemiologi-
cal studies [43]. Except for studies demonstrating a protective benefit of coffee and
aspirin [44], the impact of diet in reducing the incidence of HCC is unknown.
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10. Mechanisms/pathophysiology of HCC

HCC pathophysiology is a multistep process. The early stages of hepatocyte
malignant transformation and HCC development are caused by the interaction of
several variables. The cellular environment, immune cells, and the severity of chronic
liver disease must all be considered, including genetic predisposition, and reciprocal
interactions among viral and nonviral risk factors. From the early stages of transfor-
mation to invasion and then metastasis, the microenvironment plays an important
role in cancer progression.

11. Origin of HCC cell

HCC’s cell of origin is a point of contention. It is possible for liver cancer to
originate from liver stem cells, transit-amplifying populations, or mature hepato-
cytes, just like in any other type of cancer. There is general controversy over whether
liver stem cells exist and function. Additionally, mature hepatocytes have a high
proliferation capacity after injury, which allows them to survive for long periods
of time. Several studies on mouse models reported that HCC is believed to develop
from transformed mature hepatocytes; however, other studies suggest HCC may
originate from putative stem cells in the liver [45]. Intrahepatic cholangiocarcinomas
and tumors with mixed HCC or cholangiocarcinoma form, on the other hand, often
appear to emerge from adult hepatocytes, highlighting the principles of metaplasia
and cell plasticity (i.e. trans-differentiation). These data back the idea that a tumor’s
form and epigenetic landscape may not always represent its cell of origin [46, 47].

12. Mutations of cancer-driver genes in HCC

High-throughput next-generation sequencing has identified cancer-driver genes
recurrently changed in HCC with oncogenic or tumor-suppressive properties. In 80%
of cases of HCC, driver gene alterations are found in the TERT promoter, chromo-
some translocations, telomerase activation, and gene amplification [7, 48]. Studies
have shown that mutations in AXIN1 (inhibitors of the Wnt pathway), CTNNB1
(encoding-catenin), or APC (inhibitors of the Wnt pathway) inactivation activate
the Wnt-f catenin signaling pathway in 30-50% of cases [7, 48]. CCNE1, TP53,
ARID1A, RB1, CCNA2, PTEN, RPS6KA3, ARID2, and NFE2L2 are all known to have
mutations or genetic changes that affect cell cycle control. AKT-mTOR and MAPK
pathways, as well as genes involved in epigenetic regulation and oxidative stress, have
been linked to HCC. AKT-mTOR and MAPK pathways, as well as genes involved in
epigenetic regulation and oxidative stress, have been linked to HCC. The recurrent
overexpression and activation of oncogenic signaling pathways, including receptor
tyrosine kinases, are also linked to focal chromosomal amplification of MYC, CCND1,
VEGFA, FGF19, and MET [49]. In spite of the fact that cancer-driver gene mutations
can occur at random, certain genes seem to be associated with specific molecular HCC
subclasses based on transcriptome profiles and histological phenotypes [8, 9, 50]. At
least 20-25% of HCC patients have a potentially actionable mutation, according to
current standards [7, 8, 51]. In the pathogenesis of HCC, it has been well documented
that risk factors cooperate with cancer-driver mutations. In patients with a GSTT1
null mutation, for instance, the harmful effects of aflatoxin Bl are amplified by HBV
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infection [52, 53]. In addition, patients who use a lot of alcohol are more likely to have
polymorphisms in PNPLA3, TM6SF2, and HSD17B13 [54, 55].

13. Molecular alterations associated with viral infection

The TERT promoter is the most common locus of HBV-mediated insertional
mutagenesis, resulting in overexpression of telomerase, the enzyme responsible for
telomere length maintenance [56]. Telomerase activation inhibits the chromosomal
erosion that occurs naturally with each cell division as people age. Telomerase activ-
ity on the ectopic enhances cell transformation and protects cells against senescence
[57]. Other HBV-associated recurrent insertions have been shown to activate potent
oncogenes involved in cell cycle control, such as CCNA2 or CCNEL. Replicative stress
and complex rearrangements are caused by these oncogenic changes throughout the
genome [58]. Adeno-associated virus 2 (AAV2) showed identical insertional onco-
genic mutagenesis in a small group of HCC patients, with a shared hot point of the
viral insertion inside the TERT promoter, CCNA2, and CCNE1 [59]. These findings
show that viral infection activates particular oncogenes, which act as early facilita-
tors of hepatocyte transformation. HCV infection, on the other hand, has no direct
carcinogenic effect, and the induction of mutations is driven by the oxidative stress
caused by persistent inflammation.

14. Mutational signatures in HCC

Hepatocytes are subjected to multiple genetic mutations and epigenetic alterations
throughout the progression of chronic liver disease and cirrhosis, which are the most
common causes of HCC. Several risk factors that cause DNA changes are linked to par-
ticular mutational signatures during this process [7, 60]. In exome sequencing analyses
of HCC, patients from Asia and Africa who had been exposed to aristolochic acid
(A > T mutations in CTG trinucleotide) and aflatoxin B1 (C > A mutations) had muta-
tional signatures 22 and 24, respectively [7, 61]. Mutations of the C > A at dinucleotide
sequences in signature 4 were linked with tobacco smoking, while the T > C muta-
tions at TpA dinucleotide in signature 16 were related to alcohol consumption [62]. It
remains to be seen whether this discovery can be turned into preventative measures.

It is well known that the liver is capable of detoxifying a variety of chemicals that may
cause mutations in the hepatocyte genome, leading to the development of cancer.

15. Molecular classes of HCC

Several studies have created a molecular and immune categorization for HCC based
on genomic, epigenomic, histopathological, and immunological analysis [1, 9, 63].
Molecular classes of HCC have been identified based on the principal molecular driv-
ers and pathways involved [9, 63-67] or the tumor’s immunology status [8, 68]. The
molecular classifications are associated with specific genomic abnormalities, histological
signatures, and clinical outcomes. Approximately half of all HCCs are of the prolifera-
tion type [49]. The proliferation type is characterized by mutations in TP53 and FGF19
or CCND1 amplification, and it is more common in HBV-associated cancers with
poor prognosis. Within the proliferation class, there are two subclasses: proliferation
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progenitor cells and proliferation-Wnt-TGF cells. Twenty-five to thirty percent of HCC
are proliferation-progenitor cells, which are characterized by activation of classical cell
proliferation pathways, i.e. the expression of progenitor cell markers (such as EPCAM
and FTP) is also related to the activation of signaling pathways (PI3K-AKT-mTOR,
RAS-MAPK, and MET and IGF signaling cascades [49, 64]. In alcohol- and HCV-related
HCC, non-proliferative tumors represent more than half of all cases; these tumors have
better outcomes and correspond to TCGA cluster 2 [65]. Within the nonproliferative
class, at least two distinct subgroups have been described: one with dominant canonical
Wnt signaling and mutations in CTNNBI [69] and the other with IFN signaling
activation [49].

Reports on the classification of HCC based on immune cell status have added to
the knowledge of HCC’s molecular characteristics [68]. This categorization classi-
fies HCC tumors into four subclasses: immunological-active, immune-exhausted,
immune-intermediate, and immune-excluded, and gives additional informa-
tion based on immune features. Immune cell infiltrations are categorized into
two subclasses: immune-active and immune-exhausted. In HCC tumors that are
immune-active, helper T (CD4+) and cytotoxic T (CD8+) cells are enriched and IClIs
are effective. The depletion of CD8+ cells driven by TGF is prevalent in immune-
exhausted tumors. In contrast, immune-excluded tumors lack T cell infiltrates and are
characterized by a disproportionate increase in regulatory T cells (Tregs), as well as
canonical Wnt signaling and other immune-suppressive pathways. Immune-excluded
tumors often develop ICI resistance [70].
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Figure 1.
The molecular mechanism of HBV-induced HCC.
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Obesity has been related to a higher risk of cancer in a variety of organs [71].
Obesity can cause systemic alterations, such as impaired immune function and
endocrine abnormalities, which are common in cancers of many types. According to
current research, fatty liver disease is quickly becoming the primary cause of HCC
in the Western world [6]. The effects of metabolic and oxidative stress, immune
dysfunction, abnormal inflammatory responses, impaired endocrine, and adipokine
signaling have all been identified as pathways by which NAFLD or NASH cause HCC
(Figure1) [72, 73].

Several classical cell proliferation pathways are activated in HBV-associated
HCC tumors, including PI3K-AKT-mTOR, RAS-MAPK, MET, and Wnt-TGF. A high
chromosomal instability level and frequent TP53 and AXIN1 mutations are additional
features of HBV-induced HCC (Figure 2).

Nonalcoholic steatohepatitis (NASH), alcoholic steatohepatitis, and hepatitis
C virus (HCV) infection promote the development of HCC tumors. Here, the risk
factors cause chromosomal instability with frequent mutations in the TERT promoter
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Figure 2.
The molecular pathogenesis of HCC induced by NASH, HCV, HDV; and alcohol.
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sequence which, in turn, leads to the CTNNBI1 mutations and activation of either
WNT-B-catenin signaling pathway or IL6-JAK-STAT signaling pathway. The activa-
tion of either or both of these signaling pathway promote the proliferation of progeni-
tor cells leading to an inflammatory tumor microenvironment and ultimately to HCC.

16. Oxidative stress and HCC

Fatty acid overload causes oxidative stress and endoplasmic reticulum (ER) stress
in hepatocytes, resulting in pathological inflammation and cell death [72, 74]. HCC
was induced in one study in mice following ER stress-induced inflammation via NF-xB
and TNF-a signaling pathways [75]. These toxicological processes of HCC, however,
are yet to be demonstrated in human. Hepatocytes with abnormal fatty acid metabo-
lism are susceptible to DNA damage caused by reactive oxygen species (ROS) resulting
from mitochondrial dysfunction [76]. Hepatocytes are also affected by changes in the
expression of particular metabolic enzymes, which reduces their ability to repair DNA
damage [77]. Changes in inflammatory signaling are also a result of the metabolic
failure; for example, elevated levels of IL-17 (a tumor-promoting cytokine) have been
seen in human NASH [78]. A number of pathogenic lipids are produced as oncome-
tabolites in NASH in addition to increased lipid production [79, 80]. When mTORC2
is continuously activated in mouse hepatocytes, a high level of glucosylceramide is
produced, increasing ROS production, which can lead to HCC [79]. Alterations in cho-
lesterol metabolism may also have a role in HCC pathogenesis [80], possibly by causing
the generation of pro-tumorigenic nuclear receptor ligands. Although autophagy has
antitumor properties, one study found that lipophagy (autophagic destruction of lipid
droplets) plays a crucial role in HCC progression. Hepatocytes from NASH patients
and a mouse model of HCC overexpress sequestosome 1 (also called p62), a lipophagy
regulator [81]. Patients with NASH had a higher risk of HCC than those with NAFLD
according to studies [6]. In one experiment, fatty acid-induced oxidative stress in
hepatocytes increased the expression of STAT1 and STAT3, two pro-inflammatory
transcription factors that generally operate in tandem [82]. Surprisingly, a high level of
STAT1 promoted NASH progression in this mouse model, while a high level of STAT3
promoted HCC, both independently [82]. Accordingly, similar inflammatory signals
may promote progression from NAFLD to NASH or HCC in different ways. This is
because NAFLD is more common in the general population than NASH [6]; the data
indicate the need to understand how NAFLD, regardless of NASH, can lead to HCC.
When hepatocytes are overloaded with fatty acids, the increased ER stress, pathologi-
cal lipophagy, ROS generation, and a lowered reducing power (low NADH or NADPH
levels) may combine to generate oncogenic genetic changes and accelerate the develop-
ment of malignant cells.

Based on transcriptomic-based phenotypic classes, hepatocellular carcinoma
(HCC) can be divided into two primary molecular groupings [49, 64-67]. More
aggressive tumors with weak histological differentiation, high vascular invasion, and
higher levels of alpha-fetoprotein (AFP) belong to the proliferation class [50]. In S1
or iCluster 3 [64, 65], Wnt-TGF activation leads to an immune-exhausted phenotype
[68], while in S2 or iCluster 1 [64, 65], stem cells markers (CK19, EPCAM) as well
as IGF2 and EPCAM signaling pathways are expressed [50]. In hepatitis B virus
(HBV)-associated tumors, cell proliferation pathways such as PI3K-AKT-mTOR, RAS-
MAPK, MET, and IGF are usually activated. Furthermore, numerous TP53 muta-
tions, high chromosomal instability, and widespread DNA hypomethylation are also
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characteristics of this group. The nonproliferation class consists of tumors that are
less aggressive, well-differentiated histologically, have low AFP levels, and have fewer
vascular invasions [50]. These tumors can be caused by nonalcoholic steatohepatitis
(NASH), alcoholic steatohepatitis (ASH), or infection with hepatitis C virus (HCV)
[49, 64-67]. This class is divided into two distinct subgroups: the WNT—catenin
CTNNB1 subclass has frequent CTNNB1 mutations and activated WNT—catenin
signaling, leading to an immune-excluded phenotype with low immune infiltration
[49, 67, 68]; and the interferon subclass has a highly activated IL6-JAK-STAT signaling
pathway, leading to a more inflamed microtumor with many TERT promoter muta-
tions, and this class has chromosomal stability [63-68].

17. Immune infiltration of fatty liver

The histological characteristic of NASH is immune cell infiltration of the obese
liver [72]. The establishment of animal models that accurately reproduce human HCC
is critical for basic pathogenesis research as well as translational research [83-97].
Immune cells and cytokines have been found to have an essential role in the pathogen-
esis of HCC in several experimental types. In mouse models, for example, persistent
NASH causes CD8+ T cell activation, which leads to hepatocyte destruction and HCC
[98]. As a consequence of NAFLD, intrahepatic CD4+ T cells are selectively depleted,
which are necessary to initiate an effective adaptive immune response against tumors
[99]. Additionally, B cells, Treg cells, natural killer cells, and other myeloid cells have
been associated with NASH-induced HCC [72, 73]. The activation and recruitment of
platelets in the liver also contribute to HCC formation in mice, specifically via platelet
glycoprotein Ib (GPIb) signaling, which is in line with clinical data [100], implying
that this pathway has the therapeutic potential [101]. The causal function of NASH in
HCC was also linked to a changed cytokine milieu [74]. NASH, for example, has been
demonstrated to overexpress hepatic IL-6 and TNF-a, which are both causes of HCC
in various etiologies [102].

On the background of fatty liver disease, all of the mechanisms described earlier
could promote HCC at the same time. Their relative involvement to human HCC,
however, is uncertain at this time. The comparison of mutational signatures in NASH-
associated HCC versus HCC from other causes should aid in determining the relative
contributions of different variables.

18. Inflammation and HCC

HCC is an archetypal inflammation-related malignancy, with chronic inflam-
mation caused by viral hepatitis, excessive alcohol consumption, NAFLD, or
NASH accounting for 90% of the HCC burden. In the development of HCC [103],
the immunological microenvironment plays a critical role. Immune infiltrates are
associated with a better prognosis in HCC, possibly due to more effective antitumor
immunity [68, 104]. Immune signals such as IL-6, lymphotoxin-, and TNF-o have
been shown to accelerate hepatocarcinogenesis and impact tumor aggressiveness
in mouse models of HCC [47, 105], yet immune responses can also slow the course
of liver cancer [103]. In addition, the liver has the greatest number of immune
cells in the body and has a unique immunological state that allows it to survive the
constant influx of inflammatory signals coming from the gut [103]. Understanding
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this specific hepatic immune system is likely important given the intricate interplay
between malignant hepatocytes and the liver immune system [103, 106]. A surpris-
ing finding in mice and humans is that VEGF released by malignant hepatocytes
creates an immune-tolerant, pro-tumorigenic microenvironment [49, 107], suggest-
ing that inhibiting the VEGF cascade might have a positive effect on liver immunity
by modifying VEGF production. Interestingly, the combination of ICIs and certain
targeted medicines such as VEGF inhibitors had greater survival advantages than the
use of single agents [16, 108].

It has been shown that hepatocytes in chronically inflamed livers interact with
numerous cell types including macrophages, endothelial cells, stellate cells, and
various types of lymphocytes [103, 106]. Due to its importance in immuno-oncology
therapy, researchers are paying more attention to the adaptive immune system’s
involvement. Mouse models have revealed that practically every immune cell type
can play both pro-tumor and antitumor roles [103]. In addition to producing pro-
tumorigenic cytokines and growth factors that support tumor cell proliferation or
inhibit apoptosis, immune cells also diminish nearby lymphocytes’ antitumorigenic
function. The NF-B and JAK-STAT pathways have been identified as major inflamma-
tory signaling pathways implicated in the promotion of HCC in studies [109], and this
assertion was confirmed in a transcriptomic analysis of human HCC [110]. Immune
monitoring and the destruction of premalignant or completely changed malignant
hepatocytes are the adaptive immune system’s main antitumor functions [104].

19. The role of adaptive immune system in HCC

The main effectors of antitumor immunity are cytotoxic T (CD8+) cells. Asa
result, one study found that depleting these T cells in mice increased HCC burden
[111], while another found that these T cells promote premalignant hepatocyte
surveillance [112]. Several studies in mice have shown that the depletion of CD8+ T
cells can also reduce tumor burden [98]. Analyses of human HCC samples suggest
that some individuals have functional CD8+ T lymphocytes that produce antitumor
effector molecules such as granzyme A, granzyme B, and perforin [113]. However,
single-cell sequencing of human HCC T cells has revealed that the CD8+ T cells are
often dysfunctional in HCC [114]. There is no clear understanding of the causes of
CD8+ T cell dysfunction, which leads to diminished proliferation and the inability
to generate cytotoxic effector molecules. Increasing numbers of Treg cells within the
tumor are linked with poorer clinical outcomes in HCC, and Treg cells are thought to
be a primary cause of T cell dysfunction [115]. Treg cells’ immunosuppressive capa-
bilities may be mediated by CD10 and TGF116 production, suggesting that blocking
these cytokines could make HCC more susceptible to ICIs. HCC-infiltrating Treg
cells are known to suppress immune responses through the hyaluronic acid recep-
tor, layilin, which is interesting [116]. As a result of a layilin induction, CD8+ T cells
exhibited dysfunction in human HCC, and layilin overexpression was associated with
distinct mRNA expression signatures in lymphocytes [114].

Although B cells were once assumed to be innocent bystanders in cancer, new
data suggest that they have an active role in the adaptive immune system’s interac-
tion with cancer [117]. B lymphocytes both stimulated and inhibited tumor growth
in mice models of HCC [118]. Furthermore, one study found that IgA-expressing
cells actively suppressed CD8+ T cell activity, which aided HCC growth [111].
Furthermore, studies in humans and mice have shown that tertiary lymphoid
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structures, which are crucial for adaptive immune responses to cancer [119], have
both pro-tumor and antitumor capacity in HCC [120, 121].

20. The microenvironment of cirrhosis in HCC

The risk of HCC is high enough to warrant surveillance once the patient has
reached cirrhosis, even though some etiologies (for instance, HCV versus autoim-
mune hepatitis) are more likely to cause HCC than others [10, 11]. In response to
chronic injury, hepatic stellate cells play an important role [122]. Upon activation,
it undergoes phenotypic changes and synthesizes components of the extracellular
matrix, mainly collagen, as well as growth factors, which promote neoangiogenesis,
endothelial cell migration, and fibrosis [123]. Cirrhosis and portal hypertension have
a histological substrate in which the hepatic architecture is distorted and the vascu-
lature is disordered. Premalignant senescent hepatocytes respond to this condition
by secreting chemokines that impair senescent surveillance and immune-mediated
tumor suppression in vivo [112]. Experimental models have also demonstrated that
CD4+ cells are relevant in promoting NAFLD-related HCC [99], and the interac-
tion between the innate immune system and the intestinal microbiota plays a role
in promoting the development of HCC [124, 125]. In HCC, the immune system,
in addition to fibrosis, plays a significant role in the cancer field effect. The cancer
field effect refers to the favorable microenvironment in cirrhosis that favors tumor
formation. The primary molecular elements unregulated in this microenvironment
have been identified through various genomic investigations. Several gene profiles
obtained from cirrhotic tissue are associated with the probability of developing HCC
and can be utilized to risk stratify patients [110, 126, 127]. The presence of these gene
signatures is associated with cancer risk, the incidence of hepatic decompensation in
patients, and overall survival [126, 127]. More research has been done on the genetic
characteristics of the cirrhosis inflammatory milieu that contribute to HCC develop-
ment [128]. In 50% of neighboring cirrhotic tissue from HCC patients, an immune-
mediated cancer field molecular subclass was observed. In addition to lymphocyte
infiltration, this subclass can be further divided based on pro-inflammatory or immu-
nosuppressive signal activation. In the immunosuppressive subclass, which accounted
for 10% of patients and had a threefold higher risk of developing HCC, TGF signal-
ing, T-cell exhaustion, and overexpression of immunological checkpoints (such as
CTLA4, TIGIT, and LAG3) were shown to be more prevalent [128]. Modulating the
tumor microenvironment’s role in HCC’s natural history would be a compelling rea-
son for altering the dynamic crosstalk between hepatocytes and the hepatic immune
system [103].

120



Hepatocellular Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.105473

Author details

Rahmat Adetutu Adisa™ and Lateef Adegboyega Sulaimon™*

1 Faculty of Basic Medical Sciences, Department of Biochemistry, Laboratory for
Biomembranes, Toxicology and Cancer Research, College of Medicine, University of

Lagos, Lagos, Nigeria

2 Department of Chemical Sciences, College of Natural and Applied Sciences,
Crescent University, Abeokuta, Ogun State, Nigeria

*Address all correspondence to: radisa@unilag.edu.ng

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

121



Hepatotoxicity

References

[1] Llovet JM et al. Hepatocellular
carcinoma. Nature Reviews Diseases
Primers. 2016;2:16018

[2] Villanueva A. Hepatocellular
carcinoma. The New England Journal of
Medicine. 2019;380:1450-1462

(3] International Agency for Research on
Cancer. GLOBOCAN 2018. IARC. 2020.
Available from: https://gco.iarc.fr/today/
online-analysis-map?v=2020&
mode=population&mode_population=
continents&population=900&
populations=900&key=asr&sex=
0&cancer=11&type=0&statistic=
5&prevalence=0&population_
groupearth&ecolor_palette=default&
map_scale=quantile&map_nb_colors=
5&continent=0&rotate=%255B10%252C
0%255D

[4] Akinyemiju T et al. The burden of
primary liver cancer and underlying
etiologies from 1990 to 2015 at the global,
regional, and national level. JAMA
Oncology. 2017;3:1683

[5] Kanwal F et al. Risk of hepatocellular
cancer in HCV patients treated

with direct- acting antiviral agents.
Gastroenterology. 2017;153:996-1005

[6] Estes C, Razavi H, Loomba R,
Younossi Z, Sanyal AJ. Modeling the
epidemic of nonalcoholic fatty liver
disease demonstrates an exponential
increase in burden of disease.
Hepatology. 2018;67:123-133

[7] Schulze K et al. Exome sequencing
of hepatocellular carcinomas identifies
new mutational signatures and potential
therapeutic targets. Nature Genetics.
2015;47:505-511

[8] Llovet JM, Montal R, Sia D, Finn RS.
Molecular therapies and precision

122

medicine for hepatocellular carcinoma.
Nature Reviews: Clinical Oncology.
2018;15:599-616

[9]1 Zucman- Rossi ], Villanueva A, Nault
J-C, Llovet JM. Genetic landscape and
biomarkers of hepatocellular carcinoma.
Gastroenterology. 2015;149:1226-1239

[10] European Association for the
Study of the Liver. EASL clinical
practice guidelines: Management of
hepatocellular carcinoma. Journal of
Hepatology. 2018;69:182-236

[11] Marrero JA et al. Diagnosis, staging,
and management of hepatocellular
carcinoma: 2018 practice guidance

by the American Association for the
Study of Liver Diseases. Hepatology.
2018;68:723-750

[12] Llovet JM, De Baere T, Kulik L,
Haber PK, Greten TF, Meyer T, et al.
Locoregional therapies in the era of
molecular and immune treatments
for hepatocellular carcinoma. Nature
Reviews Gastroenterology and
Hepatology. 2021;18(5):293-313.
DOI: 10.1038/s41575-020-00395-0

[13] Tabrizian P et al. A US multicenter
analysis of 2529 HCC patients
undergoing liver transplantation: 10-year
outcome assessing the role of down-
staging to within Milan criteria [abstract
15]. Hepatology. 2019;70:10-11

[14] Llovet ], Bruix J. Systematic

review of randomized trials for
unresectable hepatocellular carcinoma:
Chemoembolization improves survival.
Hepatology. 2003;37:429-442

[15] Salem R et al. Y90 radioembolization
significantly prolongs time to
progression compared with



Hepatocellular Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.105473

chemoembolization in patients
with hepatocellular carcinoma.
Gastroenterology. 2016;151:1155-1163

[16] Finn RS et al. Atezolizumab
plus bevacizumab in unresectable
hepatocellular carcinoma. The
New England Journal of Medicine.
2020;382:1894-1905

[17] Llovet JM et al. Sorafenib in
advanced hepatocellular carcinoma.
The New England Journal of Medicine.
2008;359:378-390

[18] Kudo M et al. Lenvatinib versus
sorafenib in first- line treatment of
patients with unresectable hepatocellular
carcinoma: A randomized phase

3 non- inferiority trial. Lancet.
2018;391:1163-1173

[19] Bruix J et al. Regorafenib for patients
with hepatocellular carcinoma who
progressed on sorafenib treatment
(RESORCE): A randomised, double-
blind, placebo- controlled, phase 3 trial.
Lancet. 2017;389:56-66

[20] Abou- Alfa GK et al. Cabozantinib
in patients with advanced and
progressing hepatocellular carcinoma.
The New England Journal of Medicine.
2018;379:54-63

[21] Zhu AX et al. Ramucirumab after
sorafenib in patients with advanced
hepatocellular carcinoma and increased
a- fetoprotein concentrations (REACH-2):
A randomized, double- blind, placebo-
controlled, phase 3 trial. The Lancet
Oncology. 2019;20:282-296

[22] El- Khoueiry AB et al. Nivolumab in
patients with advanced hepatocellular
carcinoma (CheckMate 040): An open-
label, non- comparative, phase 1/2 dose
escalation and expansion trial. Lancet.
2017;389:2492-2502

123

[23] Finn RS et al. Pembrolizumab as
second- line therapy in patients with
advanced hepatocellular carcinoma in
KEYNOTE-240: A randomized, double-
blind, phase III trial. Journal of Clinical
Oncology. 2020;38:193-202

[24] McGlynn KA, Petrick JL,

London WT. Global epidemiology

of hepatocellular carcinoma: An
emphasis on demographic and regional
variability. Clinics in Liver Disease.
2015;19:223-238

[25] Rahib L et al. Projecting cancer
incidence and deaths to 2030: The
unexpected burden of thyroid, liver, and
pancreas cancers in the United States.
Cancer Research. 2014;74:2913-2921

[26] Trinchet J-C et al. Complications and
competing risks of death in compensated
viral cirrhosis (ANRS CO12 CirVir
prospective cohort). Hepatology.
2015;62:737-750

[27] Fracanzani A. Increased cancer
risk in a cohort of 230 patients with
hereditary hemochromatosis in
comparison to matched control patients
with non-iron- related chronic liver
disease. Hepatology. 2001;33:647-651

[28] Wang J, Chenivesse X, Henglein B,
Bréchot C. Hepatitis B virus integration
ina cyclin A gene in a hepatocellular
carcinoma. Nature. 1990;343:555-557

[29] Kew MC. Synergistic interaction
between aflatoxin B1 and hepatitis B
virus in hepatocarcinogenesis. Liver
International. 2003;23:405-409

[30] Chang MH et al. Long- term

effects of hepatitis B immunization
of infants in preventing liver cancer.
Gastroenterology. 2016;151:472-480

[31] Jain MK et al. Evaluation of a
multifaceted intervention to reduce
health disparities in hepatitis C screening:



Hepatotoxicity

A pre- post analysis. Hepatology.
2019;70:40-50

[32] Ioannou GN et al. Increased risk
for hepatocellular carcinoma persists
up to 10 years after HCV eradication
in patients with baseline cirrhosis or
high FIB-4 scores. Gastroenterology.
2019;157:1264-1278

[33] Llovet JM, Villanueva A. Effect

of HCV clearance with direct- acting
antiviral agents on HCC. Nature Reviews.
Gastroenterology & Hepatology.
2016;13:561-562

[34] Puigvehi M, Moctezuma-
Veldzquez C, Villanueva A, Llovet JM.
The oncogenic role of hepatitis delta
virus in hepatocellular carcinoma. JHEP
Reports. 2019;1:120-130

[35] Jepsen P, Ott P, Andersen PK,
Serensen HT, Vilstrup H. Risk for
hepatocellular carcinoma in patients with
alcoholic cirrhosis. Annals of Internal
Medicine. 2012;156:841

[36] Lin C-W et al. Heavy alcohol
consumption increases the incidence of
hepatocellular carcinoma in hepatitis

B virus-related cirrhosis. Journal of
Hepatology. 2013;58:730-735.

DOI: 10.1016/jjhep.2012.11.045

[37] Welzel TM et al. Population-
attributable fractions of risk factors
for hepatocellular carcinoma in the
United States. The American Journal of
Gastroenterology. 2013;108:1314-1321

[38] Kanwal F et al. Risk of hepatocellular
cancer in patients with non- alcoholic
fatty liver disease. Gastroenterology.
2018;155:1828-1837

[39] Mittal S et al. Hepatocellular
carcinoma in the absence of cirrhosis in
United States veterans is associated with

124

nonalcoholic fatty liver disease. Clinical
Gastroenterology and Hepatology.
2016;14:124-131

[40] Rich NE, Yopp AC, Singal AG,
Murphy CC. Hepatocellular carcinoma
incidence is decreasing among younger
adults in the United States. Clinical
Gastroenterology and Hepatology.
2020;18:242-248

[41] Bray F et al. Global cancer statistics
2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers
in 185 countries. CA: A Cancer Journal
for Clinicians. 2018;68:394-424

[42] Rich NE et al. Racial and ethnic
differences in presentation and outcomes
of hepatocellular carcinoma. Clinical
Gastroenterology and Hepatology.
2019;17:551-559

[43] Lee Y-CA et al. Meta- analysis

of epidemiologic studies on

cigarette smoking and liver cancer.
International Journal of Epidemiology.
2009;38:1497-1511

[44] Bravi F, Bosetti C, Tavani A,
Gallus S, La Vecchia C. Coffee reduces
risk for hepatocellular carcinoma:

An updated meta- analysis. Clinical
Gastroenterology and Hepatology.
2013;11:1413-1421

[45] Sia D, Villanueva A, Friedman SL,
Llovet JM. Liver cancer cell of origin,
molecular class, and effects on

patient prognosis. Gastroenterology.
2017;152:745-761

[46] Pikarsky E. Neighbourhood deaths
cause a switch in cancer subtype. Nature.
2018;562:45-46

[47] Seehawer M et al. Necroptosis
microenvironment directs lineage
commitment in liver cancer. Nature.
2018;562:69-75



Hepatocellular Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.105473

(48] Guichard C et al. Integrated analysis
of somatic mutations and focal copy-
number changes identifies key genes and
pathways in hepatocellular carcinoma.
Nature Genetics. 2012;44:694-698

[49] Chiang DY et al. Focal gains of
VEGFA and molecular classification

of hepatocellular carcinoma. Cancer
Research. 2008;68:6779-6788

[50] Calderaro J, Ziol M,
Paradis V, Zucman- Rossi J. Molecular
and histological correlations in

liver cancer. Journal of Hepatology.
2019;71:616-630

[51] Hyman DM, Taylor BS, Baselga J.
Implementing genome- driven oncology.
Cell. 2017;168:584-599

[52] Bressac B, Kew M, Wands J,

Ozturk M. Selective G to T mutations
of p53 gene in hepatocellular carcinoma
from southern Africa. Nature.
1991;350:429-431

[53] Wang B et al. Null genotypes of
GSTM1 and GSTT1 contribute to
hepatocellular carcinoma risk: Evidence
from an updated meta- analysis. Journal
of Hepatology. 2010;53:508-518

[54] Romeo S et al. Genetic variation

in PNPLA3 confers susceptibility to
nonalcoholic fatty liver disease. Nature
Genetics. 2008;40:1461-1465

[55] Buch S et al. A genome- wide
association study confirms PNPLA3 and
identifies TM6SF2 and MBOAT?7 as risk
loci for alcohol- related cirrhosis. Nature
Genetics. 2015;47:1443-1448

[56] Paterlini- Bréchot P et al. Hepatitis
B virus- related insertional mutagenesis
occurs frequently in human liver
cancers and recurrently targets

human telomerase gene. Oncogene.
2003;22:3911-3916

125

[57] Nault J-C, Ningarhari M,
Rebouissou S, Zucman- Rossi J. The role
of telomeres and telomerase in cirrhosis
and liver cancer. Nature Reviews.
Gastroenterology & Hepatology.
2019;16:544-558

[58] Bayard Q et al. Cyclin A2/E1
activation defines a hepatocellular
carcinoma subclass with a rearrangement
signature of replication stress. Nature
Communications. 2018;9:5235

[59] Nault J-C et al. Recurrent AAV2-
related insertional mutagenesis in human
hepatocellular carcinomas. Nature
Genetics. 2015;47:1187-1193

[60] Letouzé E et al. Mutational
signatures reveal the dynamic interplay
of risk factors and cellular processes
during liver tumorigenesis. Nature
Communications. 2017;8:1315

[61] Ng AWT et al. Aristolochic acids and
their derivatives are widely implicated in
liver cancers in Taiwan and throughout

Asia. Science Translational Medicine.
2017;9:eaan6446

[62] Alexandrov LB et al. Signatures of
mutational processes in human cancer.
Nature. 2013;500:415-421

[63] Rebouissou S, Nault J-C. Advances
in molecular classification and precision

oncology in hepatocellular carcinoma.
Journal of Hepatology. 2020;72:215-229

[64] Hoshida Y et al. Integrative
transcriptome analysis reveals common
molecular subclasses of human
hepatocellular carcinoma. Cancer

Research. 2009;69:7385-7392

[65] Cancer Genome Atlas Research
Network. Comprehensive and
integrative genomic characterization
of hepatocellular carcinoma. Cell.
2017;169:1327-1341



Hepatotoxicity

[66] Lee J-S et al. A novel prognostic
subtype of human hepatocellular
carcinoma derived from hepatic
progenitor cells. Nature Medicine.
2006;12:410-416

[67] Boyault S et al. Transcriptome
classification of HCC is related to gene
alterations and to new therapeutic
targets. Hepatology. 2007;45:42-52

[68] Sia D et al. Identification of an
immune- specific class of hepatocellular
carcinoma, based on molecular features.
Gastroenterology. 2017;153:812-826

[69] Lachenmayer A et al. Wnt-
pathway activation in two molecular
classes of hepatocellular carcinoma
and experimental modulation by
sorafenib. Clinical Cancer Research.
2012;18:4997-5007

[70] Ruiz de Galarreta, M. et al. -
Catenin activation promotes immune
escape and resistance to anti- PD-1

therapy in hepatocellular carcinoma.
Cancer Discovery 9, 1124-1141 (2019).

[71] Renehan AG, Tyson M, Egger M,
Heller RF, Zwahlen M. Body- mass index
and incidence of cancer: A systematic
review and meta- analysis of prospective
observational studies. Lancet.
2008;371:569-578

[72] Anstee QM, Reeves HL, Kotsiliti E,
Govaere O, Heikenwalder M. From
NASH to HCC: Current concepts and
future challenges. Nature Reviews.
Gastroenterology & Hepatology.
2019;16:411-428

[73] Sutti S, Albano E. Adaptive
immunity: An emerging player in the
progression of NAFLD. Nature Reviews.
Gastroenterology & Hepatology.
2020;17:81-92

[74] Friedman SL, Neuschwander-
Tetri BA, Rinella M, Sanyal AJ.

126

Mechanisms of NAFLD development and
therapeutic strategies. Nature Medicine.
2018;24:908-922

[75] Nakagawa H et al. ER stress
cooperates with hypernutrition to
trigger TNF-A - dependent spontaneous
HCC development. Cancer Cell.
2014;26:331-343

[76] Nishida N et al. Unique features
associated with hepatic oxidative DNA
damage and DNA methylation in non-
alcoholic fatty liver disease. Journal

of Gastroenterology and Hepatology.
2016;31:1646-1653

[77] Tummala KS et al. Inhibition of de
novo NAD+ synthesis by oncogenic URI
causes liver tumorigenesis through DNA
damage. Cancer Cell. 2014;26:826-839

[78] Gomes AL et al. Metabolic
inflammation- associated IL-17A causes
non- alcoholic steatohepatitis and

hepatocellular carcinoma. Cancer Cell.
2016;30:161-175

[79] Guri Y et al. mTORC2 promotes
tumorigenesis via lipid synthesis. Cancer
Cell. 2017;32:807-823

[80] Liu D et al. Squalene epoxidase
drives NAFLD- induced hepatocellular
carcinoma and is a pharmaceutical
target. Science Translational Medicine.
2018;10:eaap9840

[81] Umemura A et al. p62, upregulated
during preneoplasia, induces
hepatocellular carcinogenesis by
maintaining survival of stressed

HCC- initiating cells. Cancer Cell.
2016;29:935-948

[82] Grohmann M et al. Obesity
drives STAT-1-dependent NASH
and STAT-3-dependent HCC. Cell.
2018;175:1289-1306



Hepatocellular Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.105473

[83] Henderson JM, Zhang HE, Polak N,
Gorrell MD. Hepatocellular carcinoma:
Mouse models and the potential

roles of proteases. Cancer Letters.
2017;387:106-113

[84] Negro F. Natural history of
NASH and HCC. Liver International.
2020;40:72-76

[85] Rudalska R et al. In vivo RNAi
screening identifies a mechanism of
sorafenib resistance in liver cancer.
Nature Medicine. 2014;20:1138-1146

[86] Martinez- QuetglasI etal. IGF2 is
up- regulated by epigenetic mechanisms
in hepatocellular carcinomas and is

an actionable oncogene product in
experimental models. Gastroenterology.
2016;151:1192-1205

[87] Doudna JA, Charpentier E. The
new frontier of genome engineering
with CRISPR- Cas9. Science.
2014;346:1258096

[88] Cook N, Jodrell DI, Tuveson DA.
Predictive in vivo animal models and
translation to clinical trials. Drug
Discovery Today. 2012;17:253-260

[89] Singh M, Ferrara N. Modeling and
predicting clinical efficacy for drugs
targeting the tumor milieu. Nature
Biotechnology. 2012;30:648-657

[90] Newell P, Villanueva A, Friedman SL,
Koike K, Llovet JM. Experimental models
of hepatocellular carcinoma. Journal of
Hepatology. 2008;48:858-879

[91] Bresnahan E, Ramadori P,
Heikenwalder M, Zender L, Lujambio A.
Novel patient- derived preclinical models
of liver cancer. Journal of Hepatology.
2020;72:239-249

[92] Moriya K et al. The core protein of
hepatitis C virus induces hepatocellular

127

carcinoma in transgenic mice. Nature
Medicine. 1998;4:1065-1067

[93] Hagel M et al. First selective
small molecule inhibitor of FGFR4
for the treatment of hepatocellular
carcinomas with an activated FGFR4
signaling pathway. Cancer Discovery.
2015;5:424-437

[94] Day C-P, Merlino G, Van Dyke T.
Preclinical mouse cancer models: A maze
of opportunities and challenges. Cell.
2015;163:39-53

[95] Jayson G, Harris J. How participants
in cancer trials are chosen: Ethics and
conflicting interests. Nature Reviews:

Cancer. 2006;6:330-336

[96] Febbraio MA et al. Preclinical
models for studying NASH- driven HCC:
How useful are they? Cell Metabolism.
2019;29:18-26

[97] Sharpless NE, DePinho RA. The
mighty mouse: Genetically engineered
mouse models in cancer drug

development. Nature Reviews: Drug
Discovery. 2006;5:741-754

[98] Wolf MJ et al. Metabolic activation
of intrahepatic CD8+ T cells and

NKT cells causes nonalcoholic
steatohepatitis and liver cancer via

cross- talk with hepatocytes. Cancer Cell.
2014;26:549-564

[99] Ma C et al. NAFLD causes selective
CD4+ T lymphocyte loss and promotes
hepatocarcinogenesis. Nature.
2016;531:253-257

[100] Simon TG et al. Association of
aspirin with hepatocellular carcinoma and
liver- related mortality. The New England
Journal of Medicine. 2020;382:1018-1028

[101] Malehmir M et al. Platelet GPIba is
a mediator and potential interventional



Hepatotoxicity

target for NASH and subsequent liver
cancer. Nature Medicine. 2019;25:641-655

[102] Park EJ et al. Dietary and genetic
obesity promote liver inflammation
and tumorigenesis by enhancing

IL-6 and TNF-A expression. Cell.
2010;140:197-208

[103] Ringelhan M, Pfister D,
O’Connor T, Pikarsky E,
Heikenwalder M. The immunology

of hepatocellular carcinoma. Nature
Immunology. 2018;19:222-232

[104] Wada Y, Nakashima O,

Kutami R, Yamamoto O, Kojiro M.
Clinicopathological study on
hepatocellular carcinoma with
lymphocytic infiltration. Hepatology.
1998;27:407-414

[105] Yuan D et al. Kupffer cell- derived
TNF-A triggers cholangiocellular
tumorigenesis through JNK due to
chronic mitochondrial dysfunction and
ROS. Cancer Cell. 2017;31:771-789

[106] Crispe IN. The liver as a lymphoid
organ. Annual Review of Immunology.
2009;27:147-163

[107] Horwitz E et al. Human and mouse
VEGFA- amplified hepatocellular
carcinomas are highly sensitive to
Sorafenib treatment. Cancer Discovery.
2014;4:730-743

[108] Finn RS et al. Phase Ib study of
lenvatinib plus pembrolizumab in
patients with unresectable hepatocellular

carcinoma. Journal of Clinical Oncology.
2020;38:2960-2970

[109] Hou J, Zhang H, Sun B, Karin M.
The immunobiology of hepatocellular
carcinoma in humans and mice: Basic

concepts and therapeutic implications.
Journal of Hepatology. 2020;72:167-182

128

[110] Hoshida Y et al. Gene expression
in fixed tissues and outcome in
hepatocellular carcinoma. The

New England Journal of Medicine.
2008;359:1995-2004

[111] Shalapour S et al. Inflammation-
induced IgA+ cells dismantle

anti- liver cancer immunity. Nature.
2017;551:340-345

[112] Kang TW et al. Senescence
surveillance of pre- malignant
hepatocytes limits liver cancer
development. Nature. 2011;479:547-551

[113] Flecken T et al. Immunodominance
and functional alterations of tumor-
associated antigen- specific CD8+ T- cell
responses in hepatocellular carcinoma.
Hepatology. 2014;59:1415-1426

[114] Zheng C et al. Landscape of
infiltrating T cells in liver cancer

revealed by single- cell sequencing. Cell.
2017;169:1342-1356

[115] Langhans B et al. Role of regulatory
T cells and checkpoint inhibition in
hepatocellular carcinoma. Cancer
Immunology, Immunotherapy.
2019;68:2055-2066

[116] Garnelo M et al. Interaction
between tumour-infiltrating B cells
and T cells controls the progression
of hepatocellular carcinoma. Gut.
2017;66:342-351

[117] Bruno T. New predictors for
immunotherapy responses sharpen our
view of the tumour microenvironment.
Nature. 2020;577:474-476

[118] Schneider C et al. Adaptive
immunity suppresses formation and
progression of diethylnitrosamine-
induced liver cancer. Gut. 2012;61:
1733-1743



Hepatocellular Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.105473

[119] Sautés- Fridman C, Petitprez F, [128] Moeini A et al. An immune gene
Calderaro J, Fridman WH. Tertiary expression signature associated with
lymphoid structures in the era of cancer ~ development of human hepatocellular
immunotherapy. Nature Reviews. carcinoma identifies mice that
Cancer. 2019;19:307-325 respond to chemopreventive agents.

Gastroenterology. 2019;157:1383-1397
[120] Calderaro]J et al. Intra- tumoral
tertiary lymphoid structures are
associated with a low risk of early
recurrence of hepatocellular carcinoma.
Journal of Hepatology. 2019;70:58-65

[121] Finkin S et al. Ectopic lymphoid
structures function as microniches for
tumor progenitor cells in hepatocellular
carcinoma. Nature Immunology.
2015;16:1235-1244

[122] Tsuchida T, Friedman SL. Mechanisms
of hepatic stellate cell activation. Nature

Reviews. Gastroenterology & Hepatology.
2017;14:397-411

[123] Higashi T, Friedman SL, Hoshida Y.
Hepatic stellate cells as key target in
liver fibrosis. Advanced Drug Delivery
Reviews. 2017;121:27-42

[124] Dapito DH et al. Promotion

of hepatocellular carcinoma by the
intestinal microbiota and TLR4. Cancer
Cell. 2012;21:504-516

[125] Ma C et al. Gut microbiome-
mediated bile acid metabolism regulates
liver cancer via NKT cells. Science.

2018;360:eaan5931

[126] Hoshida Y et al. Prognostic gene
expression signature for patients with
hepatitis C-related early stage cirrhosis.
Gastroenterology. 2013;144:1024-1030

[127] Budhu A et al. Prediction of venous
metastases, recurrence, and prognosis
in hepatocellular carcinoma based on a
unique immune response signature of
the liver microenvironment. Cancer Cell.
2006;10:99-111

129



Edited by Costin-Teodor Streba,
Ion Rogoveanu and Cristin Constantin Vere

This book discusses the various therapeutic agents and pathologies that can have a
negative impact on liver function. The profound changes such agents may exert on
the liver, an essential organ, can severely alter a patient’s metabolism, negatively
impacting the course of a disease and thus significantly shortening life expectancy and
negatively affecting outcomes. This book provides a comprehensive overview of these
selected issues with chapters on epidemiology, pathogenesis, clinical manifestations,
diagnostic methods, and treatment options in the context of hepatotoxicity.

1SBI

N

78180375

978-1-80355-782-

5

Published in London, UK
© 2022 IntechOpen

© Sinhyu / iStock InteChOpen

7823”

9‘



DBF_eBook (PDF) ISBN

	Hepatotoxicity
	Contents
	Preface
	Section 1
Hepatotoxicity Induced by Drugs
	Chapter1
Drug-Induced Hepatotoxicity
	Chapter2
Oncological-Therapy-Associated Liver Injuries
	Chapter3
Paracetamol-Induced Hepatotoxicity
	Chapter4
Radiation Induced LiverToxicity

	Section 2
Disease-Related Hepatotoxicity
	Chapter5
COVID-19 Outcomes and Liver Disease
	Chapter6
Non-Alcoholic Fatty Liver Disease and Its Potential Therapeutic Strategies
	Chapter7
Hepatocellular Carcinoma




