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ABSTRACT

Technological advancement and industrialization have significantly increased human exposure to xeno-
biotics, a diverse group of foreign chemical substances with potential toxic effects. Xenobiotics include
pharmaceuticals, pesticides, personal care products, industrial chemicals, and environmental pollutants.
The liver, as the primary organ responsible for biotransformation, plays a central role in the detoxification
and activation of these compounds. However, metabolic processes may generate reactive intermediates
that contribute to hepatocellular injury. This review provides a comprehensive overview of xenobiotic
classification, mechanisms of hepatic biotransformation, and the molecular pathways underlying xenobiot-
ic-induced hepatotoxicity. Special emphasis is placed on oxidative stress, reactive metabolite formation, and
immune-mediated mechanisms. Clinical manifestations, diagnostic approaches, and current management
strategies are also discussed. Understanding these processes is essential for early detection, prevention,

and improved therapeutic outcomes in patients with xenobiotic-induced liver injury..
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INTRODUCTION

Technological progress, industrialization,
and urbanization have direct and negative impacts
on the environment by introducing substances that
have short- and long-term effects on the ecosystem.
Chemicals enter the environment through indus-
tries, wastewater, sewage plants, agriculture, and
livestock consumption [1]. Technological progress
introduces pollutants either as single or mixture
of substances. They are released deliberately or
accidentally and rarely remain in the same form
or at the location of release. All substances cannot
degrade naturally or have long degradation peri-
od and require secondary technological treatment
that is not always effective for complete removal
of all contaminants. Chemicals released into the
environment are susceptible to chemical degra-
dation, a process often stimulated by ultraviolet

light. Many chemicals are susceptible to fungal or
bacterial degradation and are rapidly detoxified to
products that can enter the carbon, nitrogen, and
oxygen cycles. Halogenated organic compounds
are metabolized to greater or lesser extent and per-
sist in soil and water. When chemicals are taken
up by plants and aquatic organisms, they easily
enter biological food chains and move to higher
trophic levels or persist in processed crops as food
contaminants. Lipid-soluble toxicants are readily
taken up by organisms following exposure in air,
water, or soil. Unless rapidly metabolized, they
persist in the tissues long enough to be transferred
to the next trophic level [2].

The term xenobiotics comes from the Greek
xenos (foreign) and bios (life). It defines chemicals
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that do not necessarily occur naturally in the envi-
ronment or whose naturally occurring concentra-
tions are significantly different from those caused
by anthropogenic activity. They can be endobiotic,
substances produced within an organism or exo-
biotic, foreign substances introduced from the ex-
ternal environment. Exobiotics are anthropogenic
(human-made) or natural xenobiotics. Xenobiotics
can have complex structures (small molecular size,
ionizability, lipo or water solubility, polarity, and
volatility) that make their degradation difficult, so
they accumulate in the living organisms [3]. Often,
they are not completely metabolized but converted
into secondary metabolites that are more toxic [4].

Exposure of humans and other organisms
may result from ingestion, occupational or envi-
ronmental exposure or accidental poisoning. The
toxicity of a particular compound may vary with
the port of entry into the body, whether through the
alimentary canal, the lungs, or the skin [5]. Man-
ifestations by which environmental factors alter
biological processes in humans are often present
as lung irritation, neurological disorders, triggered
autoimmune diseases, and the development of can-
cer [5-8]. In our lifetime we might be exposed to
1-3 million compounds that may accumulate in
human tissues [9, 10].

Exposure to toxic substances does not nec-
essarily translate into a toxicological response. The
human body has several defense mechanisms and
membrane barriers that prevent absorption and
distribution of toxicants. The skin, as the largest
organ in the human body, is effective physical bar-
rier contrary to the respiratory and gastrointestinal
tract (GIT), which offers less resistance to toxicant
absorption. The major difference in the absorption
depends on the membrane thickness, physical dis-
tance between the external environment (skin sur-
face, air in the lung, intestinal lumen) and the blood
capillaries. The absorption in the GIT occurs mostly
in the intestine by the process of passive diffusion
strongly dependent on the ionization and the lipid
solubility of substances. Toxicants with smaller
particle size and aqueous solutions are vastly ab-
sorbed [8]. Lipid-soluble toxicants and drugs are
presented as emulsions through the action of de-
tergent-like bile acids. Very strong bases and acids
are not readily absorbed in the GIT. Compounds
such as bacterial endotoxins, large particles of azo
dyes, and carcinogens are absorbed by endocytosis
[11-13].

Intestinal microbiome can significantly
impact xenobiotic biotransformation. Microbio-

ta can determine its bioavailability by altering its
pharmacokinetic characteristics, but reciprocally
xenobiotics also influence the viability and me-
tabolism of the microbiota. Increased xenobiotic
metabolism also occurs through re-entering the gut
via enterohepatic circulation [13]. If the toxicant
survives these microbial and chemical reactions, it
is absorbed and carried by the hepatic portal vein to
the liver [10]. Lipophilic xenobiotics are converted
to more hydrophilic forms by biotransformation
which makes their excretion more efficient. The
enzymes for xenobiotic metabolism are located in
the subcellular structures such as the endoplasmic
reticulum (ER), cytosol, lysosomes, mitochondria,
plasma membrane, and the blood with the liver be-
ing the main organ of xenobiotic biotransformation
in the human organism [14].

Chemicals from the site of origin to the site of
elimination are transported via the circulatory sys-
tem. This is more the case for water-soluble than for
lipid-soluble substances. Lipid-soluble xenobiotics
utilize transporting proteins to facilitate mobiliza-
tion and transport via the blood. At the elimination
site xenobiotics diffuse from the transport protein
to the membranes of the excretory organ, or the
transport protein binds to surface receptors where
itundergoes processes of endocytosis and intracel-
lular processing [ 15]. After the release, xenobiotics
are eliminated generally through the three major
routes of elimination: liver, kidneys, and lungs.
Minor routes for elimination from the body include
the skin, sweat, lactation and the hair [16].

XENOBIOTICS -
PHARMACEUTICALS AND
CHEMICALS

Xenobiotics are a diverse group of chem-
icals that can be divided into several groups:
pesticides (insecticides, bactericides, herbicides,
fungicides), pharmaceutical compounds (multi-
ple-class pharmaceuticals, essential medicines,
antibiotics, endocrine disruptors, psychiatric
drugs, NSAID), personal care products (fra-
grances, fire retardants, sunscreen components,
antiseptics, plasticizers), illicit drugs (halluci-
nogenic compounds, stimulating compounds,
inhibitor compounds), other industrial products
(organic and inorganic waste, e-waste and heavy
metals) and nuclear waste [1].
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Xenobiotics are known to have hepato-
toxic potential and include industrial chemicals
(N-nitrosodimethylamine, hydrazine and carbon
disulfide), inorganic elements from environ-
mental exposure (heavy metals) and drugs (ac-
etaminophen, vitamins, dietary supplements and
alternative medicine substances). Hepatotoxins
can also be introduced through food (hepatotoxic
mushrooms and fruits), through food processing
(polycyclic aromatic hydrocarbons) or as bever-
age (alcohol) [14].

Herbal and dietary supplements (HDs) are
commonly used substances for health improve-
ment or health maintenance. HDs include vita-
mins, minerals, herbs, amino acids, enzymes,
organ tissues and metabolites. In the US, multi-
vitamin-mineral products are the most frequent-
ly reported type of supplement taken, followed
by ®-3 or fish oil supplements [17]. During the
COVID-19 pandemic the interest in HDs with
potential immune-enhancing effects dramatical-
ly increased [18].

As products, they lack uniform regulation
criteria. In the United States herbal products are
classified as dietary supplements or botanicals
and are regulated as food products. Manufactur-
ers are not required to conduct preclinical safety
or efficacy testing prior to marketing [19]. The
European Union regulation is more precise. An
herb may be considered a medicinal product or
a dietary supplement depending on the medical
claims of a therapeutic indication. The European
Directive 2004/24/EC provides the guidelines for
the use of herbal medicines [20]. Accordingly, an
herbal product is considered a medicinal product
when presented as having properties treating or
preventing disease in human beings or when it
has a pharmacological, immunological or met-
abolic action. If the herbal products are market-
ed as food supplements, Directive 2002/46/EC
on food supplements and Regulation (EC) No
1924/2006 on nutrition and health claims made
on foods of the European Food Safety Authority
(EFSA) apply [21].

Causality assessment of HDs has many
limitations. The general population considers
them safe and usually forgets to disclose con-
sumption of these products to their health care
provider. The intake of products may be irregu-
lar, but, more importantly, compounds may vary
or are not precisely defined in the product label.
Parallel to their increasing popularity, published
reports of hepatotoxicity are increasing. Typical

liver damage is of a hepatocellular pattern ac-
companied with very high transaminase levels as
clinical presentation. Liver injury caused by di-
etary supplements is an important cause of acute
liver failure in transplantation centers [22].

Herbs related to liver injury include: Aloe
Vera (Aloe barbadensis), Arrowroot juice (Ma-
ranta arundinacea), Black Cohosh (Actaea rac-
emosa), Cascara (Cascara sagrada), Celandine
(Chelidonium majus L.), Chaparral (Larrea di-
varicata), Comfrey (Symphytum officinale), Fo-
ti (Polygonum multiflorum), Gotu kolu (Centella
asiatica), green tea extract (Camellia sinensis),
Groundsel (Senecio vulgaris), Hathisunda (He-
liotropium) and others [23]. Reported cases of
dietary supplements-induced liver injury include:
linoleic acid, usnic acid and vitamin A. Multi-in-
gredient products such as Herbalife products,
Hydroxycut, LipoKinetix and Oxy ELITE Pro
taken for weight loss and muscle building are
also connected to liver injury [22].

Anabolic androgenic steroids used for
muscle building usually without medical super-
vision are frequently mentioned as a cause for
liver injury. Reports of illicit anabolic steroids
include use of stanozolol, methyltestosterone,
oxandrolone, fluoxymesterone and danazol. Liv-
er injury is manifested as focal nodular hyperpla-
sia, non-alcoholic fatty liver disease, cholestasis
hepatitis, hepatocellular adenoma or carcinoma.

Hepatotoxicity is associated with a dis-
tinct phenotype, increase of the total bilirubin
and low values of transaminases and alkaline
phosphatase. These patients also suffer from hy-
pertension, cardiomyopathy, left ventricular hy-
pertrophy, dyslipidemia, coagulation disruption,
temporary hypogonadism and neuropsychiatric
disturbances [24].

Drugs of abuse affect the higher nervous
functions. Regular intake produces physical de-
pendence sometimes with fatal overdoses. This
group includes depressants of CNS (ethanol,
methaqualone and secobarbital), stimulants (co-
caine, methamphetamine), opioids (heroin) and
hallucinogens (lysergic acid diethylamide- LSD,
phencyclidine-PCP, and tetrahydrocannabinol)
[25]. Drugs of abuse are illegally synthesized
and contaminated with unknown compounds.
Chronic abuse ultimately leads to liver dam-
age, acute fatty infiltration, cholestatic jaundice,
granulomas, hepatitis and liver cirrhosis. The
mechanisms of drug-induced hepatotoxicity are
dependent on the reactive metabolite formation,
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modification of the covalent bonding between
the cellular components, generation of ROS, ac-
tivation of signal transduction pathways and cel-
lular mitochondrial damage [26].

Ethanol: Alcohol-related liver diseases are
complex. Changes usually begin as fatty liver,
progressing to alcoholic hepatitis and culminat-
ing in alcoholic cirrhosis. Alcohol metabolism
by alcohol dehydrogenase increases the produc-
tion of NADH. This shift in the metabolic bal-
ance leads to the formation of glycerol phosphate
which combines with fatty acids to generate tri-
glycerides that accumulate in the liver leading to

“fatty liver disease”. Interleukins attack
the hepatocyte causing swelling known as the
“alcoholic hepatitis”. The ongoing liver injury
leads to irreversible liver damage or liver cir-
rhosis. Alcoholic hepatitis is characterized with
jaundice, fever, hepatomegaly, splenomegaly
and portal hypertension with ascites, pedal ede-
ma, encephalopathy and distended superficial
abdominal veins [27].

Pesticides are generally regulated sub-
stances. Before being registered and introduced
to the markets, rigorous tests are performed to
determine their influence on humans and the en-
vironment. Primary classes in use include fumi-
gants, fungicides, herbicides, and insecticides.
When properly applied they possess little risk to
human health [28]. Organophosphorus pesticides
(OPs) can be highly toxic. Human exposure is
mostly through environmental or occupational
exposure. Suicidal poisonings are also regis-
tered in rural areas. Their toxic effect is mostly
on the nervous system through the inhibition of
acetylcholinesterase. Liver damage is marked
with changes of hepatic markers (AST, ALT,
direct and indirect bilirubin). Key disturbance
mechanisms in liver metabolism and metabolic
mitochondrial pathways are caused by oxidative
damage [29].

Heavy metals are inorganic chemicals
widely spread in nature. Increased human expo-
sure is usually occupational: mining, emissions
of metal-related by-products of industrial pro-
cesses or during disposal. Physiological amounts
can be taken through the food chain or through
drinking water. In the recent years especially
in large cities the polluted air is also common
source of exposure. Heavy metals are not bio-
degradable and may be deposited in the liver.
Liver injury caused by exposure to heavy met-
als in experimental animals is characterized with

hepatocellular necrosis and abnormal liver tests.
The mechanism responsible for the liver damage
is the overproduction of reactive oxygen species
due to oxidative stress and covalent binding of
radicals to macromolecular proteins or lipids in
the membranes of subcellular organelles [30].

Drugs are important and common cause
of liver injury. In the US drugs account for 50%
of the cases of acute liver failure i.e., 39% due
to acetaminophen. Namely, acetaminophen is a
widely used analgesic. When used in therapeutic
doses it is considered safe. Overdoses, acciden-
tal or deliberate, however, may cause fatal acute
centrilobular hepatic necrosis. Acetaminophen is
conjugated with either sulfate or glucuronic acid
to water-soluble, readily excreted metabolites. A
small proportion is metabolized by cytochrome
P450 to a reactive electrophilic intermediate qui-
nonimine. When therapeutic doses of acetamino-
phen are ingested, quinonimine is efficiently de-
activated by conjugation with glutathione. When
higher doses are ingested the sulfate and glucu-
ronide cofactors become depleted, resulting in
more of the acetaminophen being metabolized to
the reactive intermediate. As long as glutathione
(GSH) is available, most of the reactive interme-
diate can be detoxified. When the concentration
of GSH in the liver also becomes depleted, how-
ever, covalent binding to the sulfhydryl (-SH)
groups of various cellular proteins increases, re-
sulting in hepatic necrosis. The severity of liver
damage after acetaminophen overdose is greater
in chronic alcoholics and patients taking drugs
that induce the levels of the P450 isozymes re-
sponsible for the activation of acetaminophen
[31]. Moreover, worldwide, amoxicillin-clavula-
nate is mostly responsible for drug-induced liver
injury (DILI). Amoxicillin-clavulanate is a com-
bination antibiotic used to treat gram-positive
bacterial infections. It has been associated with
delayed liver injury following exposure. The
pathogenesis of amoxicillin-clavulanate-related
DILI appears to result from an immune-mediated
injury to the interlobular bile ducts. Both amox-
icillin and clavulanate form unique antigens
that trigger a T-lymphocyte mediated immune
response. In early stages, this injury is histolog-
ically characterized by periportal inflammatory
cell accumulation, swelling and vacuolation of
biliary epithelial cytoplasm, increased mitotic
figures, lymphocytic infiltration, and hepatocel-
lular and canalicular accumulation of the bile. In
later stages, the injury is characterized by loss
of interlobular ducts, irregular proliferations of
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bile ducts, and fibrosis. This immune-mediat-
ed pathogenesis is associated with certain HLA
polymorphisms. Clinical laboratory findings
typically include increased serum enzymes and
bilirubinemia; however, serum enzyme eleva-
tions are minor in many cases [32].

In the creation of the LiverTox® database
the drugs were arbitrarily divided into four dif-
ferent categories of likelihood for causing liver
injury based on reports in the published litera-
ture. Drugs in categories A (more likely to have
at least one fatal case of liver injury and report-
ed cases of positive rechallenge) include drugs
for: gout prophylaxis (allopurinol), arrhythmia
(amiodarone), antihypertensive (methyldopa,
hydralazine), antimicrobial agents (amoxicil-
lin-clavulanate, nitrofurantoin, minocycline,
didanosine, efavirenz, erythromycin, nevirapine,
flucloxacillin), antituberculostatics (isoniazid),
antifungal treatment (ketoconazole), antiepilep-
tic (carbamazepine), multiple sclerosis (inter-
feron beta), anabolic steroids for body building,
lipid lowering agent (atorvastatin), immuno-
suppressive agents (azathioprine/6-mercaptopu-
rine, infliximab, methotrexate, gold salts), con-
traceptives, malignancy (busulfan), psychosis
(chlorpromazine), muscle relaxant (dantrolene),
NSAID (diclofenac, nimesulide, ibuprofen), an-
tineoplastic (floxuridine, flutamide), anaesthetic
(halothane) and other [33].

Drug induced liver injury is a common
reason for the withdrawal of marketed drugs.
FDA has recommended withdrawal for brom-
fenac and troglitazone due to severe liver injury
and has issued warnings for several other drugs:
pemoline, felbamate, zileuton, tolcapone, trova-
floxacin, benoxaprofen, telithromycin etc. FDA
has also added boxed warning for propylthioura-
cil informing of risk for severe liver injury and
acute liver failure and limiting use [34].

Literature review uncovered new reports
of previously unrecognized hepatotoxins as
causes of DILI: immune modulators (glatiram-
er acetate), novel gene therapy (onasemnogene
abeparvovec), novel NSAID (pelubiprofen),
GLP-1 analog (liraglutide), tyrosine kinase in-
hibitors and others. A number of drugs used to
treat COVID-19 have been suspected to cause
DILI (lopinavir/ritonavir, remdesivir, tocilizum-
ab) but causality has been difficult to establish.
It still remains unclear if the virus itself is a true
risk DILI factor [35]. Below, several chemicals

xenobiotics responsible for toxic effect on the
human health are mentioned.

Vinyl chloride: Vinyl chloride is an indus-
trial chemical used in the manufacture of poly-
vinyl chloride (PVC). PVC is commonly used
material for production of plastic piping, floor
coverings, consumer goods and electrical appli-
cations. The main route for human exposure is
occupational inhalation. Exposure to vinyl chlo-
ride causes non-cancerous changes in the liver
(fatty liver, steatohepatitis, peliosis hepatitis, and
fibrosis). Highly reactive metabolites (2-chloro-
ethylene oxide and 2-chloroacetaldehyde) induce
the mitochondrial damage, alter the hepatocyte
metabolic functions, and increase the produc-
tion of ROS. The increased oxidative stress and
fatty liver promote the formation of cytotoxic
lipid peroxidation products. Combined cellular
responses activate pro-inflammatory signals and
promote remodeling of the extracellular matrix
and fibrosis. Epidemiological and experimental
animal studies provide sufficient evidence that
exposure to vinyl chloride causes liver cancer
(hepatocellular carcinoma, angiosarcoma). Car-
cinogenic mechanism involves binding of the
reactive metabolites to DNA and promutagenic
action that leads to mutations in proto-oncogenes
and tumour-suppressor genes [36].

Carbon Tetrachloride: Carbon tetrachlo-
ride (CCl,) is a chemical compound formerly
used in fire extinguishers, cleaning agents and
in refrigerants. Human exposure is generally
through inhalation. Exposure to CCl4 affects
several organs (liver, kidneys and CNS). Short-
term inhalation causes headache, weakness, leth-
argy, nausea, and vomiting. Acute exposures to
higher levels or chronic exposure produces liver
and kidney damage. The generation of free rad-
ical during the hepatic metabolism of CCl, by
cytochrome P-450 leads to lipid peroxidation,
covalent bonding of radicals with the structural
proteins, nuclear and mitochondrial DNA lead-
ing to DNA aberration. Studies in animals have
shown that ingestion of CCl4 increases the risk
of liver cancer. US Environmental Protection
Agency (EPA) has classified CCl4 as a Group
B2, probable human carcinogen [37].

Bromobenzene: Bromobenzene is a toxic
industrial solvent known to produce centrilob-
ular hepatic necrosis through the formation of
reactive epoxides. Free radicals (bromobenzene
2,3-epoxide and bromobenzene 3,4-epoxide)
are produced by P450 oxidations. 3,4-epoxide
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covalently binds to cellular proteins leading to
cell injury. If 3,4-epoxide is not over produced it
can be detoxified through: rearrangement to the
4-bromophenol, hydration to the 3,4-dihydrodiol
catalyzed by epoxide hydrolase, or conjugation
with glutathione. Pretreatment of animals with
inhibitors of cytochrome P450 is known to de-
crease tissue necrosis by slowing down the rate
of formation of the reactive metabolite, whereas
pretreatment of animals with certain P450 induc-
ers (e.g., phenobarbital) can increase the toxicity
of bromobenzene [38].

BIOTRANSFORMATION AND
MECHANISMS OF LIVER INJURY

The liver is the principal site of metabo-
lism for orally ingested drugs, alcohol, and oth-
er xenobiotics after their absorption from GIT.
These substances are distributed through the he-
patic portal vein or may be concentrated during
the enterohepatic circulation. The main location
of the xenobiotic metabolizing enzymes, primar-
ily the cytochrome P450-dependent monooxy-
genase system (CYPs) is the centrilobular region
of the liver. CYPs in the liver are abundant in
the microsomal fraction. Besides their main role
in the bile acid biosynthesis and metabolism of
foreign compounds, CYPs are also involved in
the homeostasis of steroid hormones, metabo-
lism of vitamins, unsaturated fatty acids as well
as cholesterol biosynthesis. In the process of bio-
transformation, CYPs are involved in the meta-
bolic activation of the environmental chemicals
to reactive carcinogenic products. 15 isoforms
of 18 human CYP families, mostly 1, 2 and 3
are accountable for 70-80% of the metabolism
of drugs, environmental chemicals and carcin-
ogens. CYP1A2, CYP2C9, CYP2D6 and CY-
P3A4/5 are mostly responsible for CYP-mediat-
ed metabolism of clinically marketed drugs [10].

Besides CYPs, several other families of
enzymes are involved in the metabolism of xe-
nobiotics in the liver: flavin-containing monoo-
xygenases (FMOs), alcohol and aldehyde dehy-
drogenases, amine oxidases, cyclooxygenases,
reductases and hydrolases as well as conjugat-
ing enzymes [39]. Metabolism occurs in various
reactions, categorized as phase I (modification),
phase II (conjugation), and phase III (addition-
al modification and excretion). The net result

of these coordinated functions is an efficient re-
moval of xenobiotics and their metabolites from
the body [40].

Phase | modifications alter the chemical
structure of the lipophilic drug through oxidation,
reduction, hydrolysis, cyclization/decyclization,
and either by removing hydrogen or adding ox-
ygen. These processes create a metabolite with
increased polarity compared to the parent mol-
ecule. Oxidation typically results in metabolites
that still retain some of their pharmacological
activity. The cytochrome P450 system catalyzes
most of the phase I reactions.

Phase II reactions usually, but not always,
occur sequentially. In phase II modifications, a
drug molecule couples with another molecule in
a conjugation reaction. Conjugation usually ren-
ders the compound pharmacologically inert and
water-soluble, allowing easy excretion in the
urine (or, less often, in the bile). The enzymes re-
sponsible for phase Il metabolism belong to five
enzyme families: UDP-glucuronosyltransfer-
ases, glutathione S - S-transferases, sulfotrans-
ferases, N - acetyltransferases, and methyltrans-
ferases [41]. Conjugation mechanisms include
methylation, acetylation, sulphation, glucuroni-
dation, and glycine or glutathione conjugation.
Most conjugation enzymes are located in the cy-
tosol, whereas the family of UDP—glucuronosyl-
transferases is found in the ER. Besides the liv-
er, these processes can occur in other locations,
such as the kidneys, lungs, intestines, and other
organ systems.

Phase III metabolism may also follow
phase II. During phase III, conjugates and me-
tabolites are excreted from the cells. Transport
proteins located on the canalicular membrane are
responsible for the chemical transport. Transport
proteins are members of a multi-gene superfam-
ily known as the ATP-binding cassette transport-
ers. The P-glycoprotein (ABC B) subfamily is
responsible for the elimination of many struc-
turally diverse compounds. The multidrug-re-
sistance associated protein (ABC C) subfamily
recognizes anionic chemicals. Transporters can
be found in both the canalicular (apical) and si-
nusoidal membranes of hepatocytes. Biotrans-
formation enables active transport across the
canalicular membrane into the bile. The bile duct
transfers chemicals to the gall bladder that fur-
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ther excretes the bile into the intestines for fecal
elimination [42].

Conversion of xenobiotics to more stable
hydrophilic forms enables excretion, howev-
er, biotransformation of certain xenobiotics can
lead to the production of highly reactive unstable
chemical species that can interact with function-
al biomolecules. These reactive metabolites in-
clude epoxides, quinones, free radicals, reactive
oxygen species, and unstable conjugates. De-
pending on their half-life of a reaction or the pos-
sibility of being transported, intermediates can
be divided into ultra-short-lived, short or lon-
ger-lived metabolites [14]. Ultra-short-lived or
“suicide” metabolites primarily bind to the par-
ent enzyme substrates and form enzyme-bound
intermediates that react with the active site of the
enzyme. Many xenobiotics fall into the second
group of short-lived metabolites. They remain in
the cell or migrate to the nearby cells and cause
localized tissue damage at the site of their acti-
vation. Longer-lived metabolites in contrast can
be transported to cells and tissues distant from
the site of activation in their original form or as
conjugates, which then release the reactive inter-
mediate under the specific conditions in the tar-
get tissue [43].

Once reactive metabolites are formed, dif-
ferent cell mechanisms enable their rapid remov-
al or inactivation. Toxicity depends primarily on
the balance between the rate of metabolite for-
mation and the rate of removal. When balance
is disrupted, reactions are triggered. These reac-
tions can lead to alteration of the structure and
function of cellular macromolecules leading to
deregulation of the cell signaling pathways, dys-
function of target organelles and eventual cell
death [44]. Depending on the nature of the reac-
tive variety of reactions, this can occur: reactive
metabolites may covalently bind to nucleophilic
sites on cellular macromolecules (proteins, poly-
peptides, RNA, and DNA) and initiate events
like mutagenesis, carcinogenesis, and cellular
necrosis. Radicals produced during the oxida-
tion, may induce lipid peroxidation and subse-
quent destruction of lipid membranes leading to
cellular necrosis.

Reduced glutathione has an important role
in preventing the trapping of metabolites and
preventing the binding to hepatic proteins and
enzymes. Although conjugation reactions occa-
sionally result in bioactivation of a compound,
the acetyl-, glutathione-, glucuronyl-, or sulfo-

transferases usually result in the formation of a
nontoxic, water-soluble metabolite that is easily
excreted [45].

CLINICAL PERSPECTIVES
ON XENOBIOTICS-INDUCED
HEPATOTOXICITY

Xenobiotics-induced hepatotoxicity (XIH)
is acute or chronic liver impairment secondary to
drugs or herbal drugs, which makes it very dif-
ficult to distinguish from other liver conditions.
Acute hepatic impairment is more often seen and
can be presented as acute hepatitis, cholestasis or
mixed pattern [46].

The characteristics of XIH can vary from
asymptomatic, with elevated alanine amino-
transferase (ALT) concentrations to jaundice,
encephalopathy and acute liver failure [47].

When cholestasis predominates, the bile
secretory components are affected, either at the
canalicular membrane or beyond. The associated
jaundice and pruritus may be severe, and a per-
manent loss of bile ducts may happen [48].

The lists of drugs that can cause acute and
chronic hepatic failure are presented in Table 1
[49, 50]. XIH may be classified as intrinsic or
spontaneous (idiosyncratic) and their character-
istics are shown in Table 2 [47, 51, 52]. Unpre-
dictable liver injury (idiosyncratic) can happen
as a result of two possible mechanisms: Idiosyn-
cratic reactions and Immune-mediated reactions
(allergic reactions) that are shown in Table 3
[48,51]. Unpredictable (idiosyncratic) XIH usu-
ally occurs as mild, asymptomatic with transient
ALT abnormalities, which may occur 10 to 20
times more often than overt disease [46].

The transient state of these reactions sug-
gests a type of adaptation. Patients that show
failure to adapt to injury can progress to clini-
cally overt disease. This is all in line with the
rationale of AST monitoring.

If hepatocyte injury predominates, ami-
notransferase levels may be at least five times
higher than normal. Threshold abnormality is
considered as ALT level greater than three times
the upper limit of normal. XIH is usually seen as
a moderate to severe injury to hepatocytes with
a clinical picture as a viral hepatitis, with a rapid
onset of malaise and jaundice. Elevations of al-
kaline phosphatase and bilirubin levels predomi-
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nate in cholestatic syndromes. Acute liver failure DIAGNOSIS OF XENOBIOTIC-
may develop after a week or more of disease, INDUCED LIVER INJURY
especially if the patient has continued the drug
after the onset of symptoms [53].

d A stl}mmarﬁ t(l)lf 'theﬂtyi)e of lilclipsyncrat{[c There should be caution for drug reaction
(rlqg ?agllozs jg cifetiect on celis 15 Present=  when the patient presents liver injury. The prac-
cd in Table 4 [48]. titioner should include taking anamnesis for drug

Table 1. Drugs-induced hepatic failure

Drug-induced acute hepatitis Drug-induced acute cholestasis or mixed pattern

Acetaminophen
Dihydralazine ACE-inhibitors
Dantrolene i . .
: Amoxicilline-Clavulonic acid
Fluoxetine
. Androgens
Isoniazid Lo
Azathioprine
Ketokonazole
. . Bosentan
Minocycline .
Chlorpromazine
Nefazodone .
Acute Paroxetine Erythromycin
hepatic Pyrazinamide Estrogens
failure Sertraline Phenytoin
. Sulfonamides
Terbinafine .
RN . Terbinafine
Tienilic acid Tricyclic antidepressants
Troglitazone y P
Valproic acid
Chronic Granulomatous Nonalcoholic
hepatitis Chronic cholestasis .. Steato- Fibrosis
hepatitis ..
hepatitis
Chronic Dantrolene Flucloxacillin All.opurinol
hepatic Methyldopa Tetracycline Diltiazem Amiodarone Methotrexate
failure Minocycline Trimethoprim- Quinidine Tamoxifen Vitamin A
Nitrofurantoin Penicillamine
sulfamethoxazole .
Procainide

Table 2. Characteristics of intrinsic and idiosyncratic xenobiotics-induced hepatotoxicity

Intrinsic Idiosyncratic
Predictable Yes No
Common Less More
Dose-dependend Yes (e)g.gcetamlr}ophen, No
] aspirin, cocaine) ) )
Predominant pattern of Zonal hepatocellular Diffuse necrosis and
injury necrosis cholestasis
Inflammatory infiltrates Rare Common
Systemic S1gns of Rare Common
hypersensitivity
Latency period Short Variable
Reproducible in animal Yes No

models
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Table 3. Mechanisms of unpredictable liver injury (idiosyncratic)

Unpredictable liver injury

Immunoalergenic features

Clinical patterns

latency

rechallenge

Immune-mediated reactions
Yes

Fever, rash, eosinophilia,
Lymphadenopathy, severe
hepatocyte injury

Intermediate (1 to 6 weeks).
Rapid recognition of toxic
effects and immediate
discontinuation of the
offending drug for limiting
hepatic and cutaneous
damage.

positive

Idiosyncratic reactions

No
Damage to hepatocytes
throughout the hepatic lobule,
various degrees of necrosis
and apoptosis

Delayed (days or weeks after
the initial exposure, up to
1 year), may continue even
after the offending drug is
withdrawn.

Table 4. Idiosyncratic Drug Reactions, cells that are affected and examples of drugs

Idiosyncratic drug
reaction

Hepatocellular

Cholestasis

Immunoallergic

Granulomatous

Microvesicular fat

Steatohepatitis

Autoimmune

Fibrosis

Vascular collapse

Oncogenesis

Mixed

Cells effect

Direct effect or
production by enzyme—
drug adduct leads to cell
dysfunction, membrane
dysfunction, cytotoxic
T-cell response

Injury to canalicular
membrane and
transporters

Enzyme—drug adducts
on cell surface induce
IgE response

Macrophages,
lymphocytes infiltrate
hepatic lobule

Altered mitochondrial
respiration, b-oxidation
- lactic acidosis

and triglyceride
accumulation

Multifactorial

Cytotoxic lymphocyte
response directed at
hepato cyte membrane
components

Activation of stellate
cells

Causes ischemic or
hypoxic injury

Encourages tumor
formation

Cytoplasmic and
canalicular injury, direct
damage to bile ducts

Drugs

Isoniazid, trazodone,
diclofenac, nefazodone,
venlafaxine, lovastatin

Chlorpromazine, estrogen,
erythromycin and its
derivatives

Halothane, phenytoin,
sulfamethoxazole

Diltiazem, sulfa drugs,
quinidine

Didanosine, tetracycline,
acetylsalicylic acid, valproic
acid

Amiodarone, tamoxifen

Nitrofurantoin, methyldopa,
lovastatin, mino cycline

Methotrexate, excess
vitamin A

Nicotinic acid, cocaine,
methylenedioxymeth
amphetamine

Oral contraceptives,
androgens
Amoxicillin—clavulanate,
carbamazepine, herbs,
cyclosporine, methimazole,
troglitazone
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Table 5. Biomarkers used to assess the degree of liver injury [61,62]

Type of hepatic Biomarkers
injury
Cytotoxic Serum aspartate

aminotransferase

Serum alanine aminotransferase

Serum albumin

Prothrombin time

Cytotoxic or

cholestatic Serum alkaline phosphatase
Serum-glutamyl transferase
Serum bilirubin
Serum bile acids
Cholestatic Serum5-nucleotidase

Urinary bilirubin

history of any drug used in the previous period
(prescription, over-the counter medication, herb-
al or alternative medications) [54,55].

Other reasons for liver injury, such as vi-
ral hepatitis, hypotension, and biliary tract or
liver disease related to alcohol abuse, must be
excluded by taking a thorough medical history,
ultrasonography, and serologic tests. Assessment
of causality can be difficult because many agents
are used simultaneously. There are no specific
tests available to detect XIH [56-59].

When taking the anamnesis, important
data that should be carefully documented and
screened such as the time of the onset, (whether
the onset of the symptoms was between 5 and 90
days after the initial exposure); what happened
after the patient stopped taking the suspected
drug (improvement); are there any risk factors
(alcohol use, pregnancy, or old age); the con-
comitant use of any other drugs; comorbidities
(e.g., viral hepatitis); were there any previous
toxic effects of the suspected drug; and the re-
sponse to rechallenge, if done before.

Characteristics

Low specificity for liver injury

High specificity for acute
hepatocellular injury
Reliable marker of chronic
hepatocellular injury
Reliable marker of acute or chronic
hepatocellular injury; specificity poor

Highest increases occur with
cholestatic injuries

Correlates with alkaline phosphatase
(can exclude bone disease)

High increase(at least 50% of the
direct fraction) indicates liver injury
Higher sensitivity and specificity for

liver injury than serum bilirubin

Highly specific for cholestasis
Higher sensitivity than serum
bilirubin; specificity for cholestasis

Many drug-induced liver injuries are much
more severe with re-exposure, so rechallenge
with the suspected agent is generally not recom-
mended. If there should be rechallenge, it should
be done with caution, but only if the diagnosis of
DIH is highly questionable [60].

Most of these drug reactions are idiosyn-
cratic and the individual or total dose used for
the indication given is important. The therapy for
XIH is the immediate withdrawal of the suspect-
ed drug.

Hepatic biomarkers are important instru-
ments as a signal for hepatic injury, its severity,
type, prognosis and causative factor, along with
drug-specific biomarkers which are elevated in
particular drug toxicity (Table 5) [47].

FUTURE DIRECTIONS
AND CONCLUSION

Taking into account that most of the xeno-
biotic-induced liver injuries are reversible, it is
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very important, the evolution of the injury to be
recognized as soon as possible and the offending
drug to be withdrawn [63].

Unfortunately, many injuries of this type
are presented with nonspecific symptoms that
resemble others diseases. Usually, when classic
signs of hepatic injury such as jaundice or co-
agulopathy are registered, the condition is often
severe and the risk of mortality is increased [64].

Prescription of any drug known to poten-
tially cause liver injury should involve an extra
measure of caution and vigilance [63].

Regular monitoring of hepatic aminotrans-
ferase enzymes may be proper in some cases,
especially during the initial period of the admin-
istration of the drug. Before giving the medica-
tion, the patient’s medical history should be care-
fully reviewed to identify potential risk factors
for injury, including concomitant medications.
Patients should be educated, so many liver in-
juries are detected in early stages when symp-
toms are still mild and severe injuries might be
preventable because the offending drug will be
withdrawn on time [63].

Once XIH is registered, usually frequently,
treatment options are limited. Prevention strat-
egies are crucial. In addition to the laboratory
monitoring, patients need to be educated about
the symptoms of liver disease, such as jaundice,
dark urine, pruritus, abdominal pain, fever and
fatigue.

Future research should focus on integrat-
ing molecular biomarkers, omics technologies,
and individualized risk assessment to improve
prediction, prevention, and management of xe-
nobiotic-induced liver injury.
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Pe3ume

TOKCUYHOCT HA HPHUOT APOb UHAYLHUPAHA O KCEHOBUMOTULIN

Kasmna I'oprueBcka, Kpucruna I[laBioscka, Iparuna 3engenoBcka,
Emuimja AranacoBcka, Mapuja IleTpymescka

VYuusepsuter ,,CB. Kupun u Metonuj“, Mennnuncku dakynret, MUHCTUTYT 3a MPEeTKIMHUYKA U KIMHIYKA
(apmaxonoruja u Tokcukonoruja, Cromje, PC Makenonuja

TeXHONOUMIKUOT pa3Boj U MHIYCTpUjaIn3alrjaTa 3HAUUTEIHO ja 3rojieMuja M3JI0KEeHOCTa Ha Y0-
BEKOT Ha KCEHOOMOTHIIN, PA3HOBHIHA IPyIa XeMUCKH CYTICTAHIIMU CO MOTEHIMjATHO TOKCHYHU e(eKTH
Bp3 31paBjeto. KcenobuorunuTe ondakaar GpapManeBTCKu MPOU3BO/IH, TECTUIH/IH, TIPOM3BOIH 3a TMYHA
Hera, MHIYCTPUCKH XEMUKAJINU U JIPYyTd €KOJIONIKY 3araayBadn. L[pHHOT npo0, Kako TIIaBeH OpraH 3a
ouorpaHcdopmaliija, UMa KJIydyHa yJiora BO HUBHATa JETOKCHKAI[Mja, HO HCTOBPEMEHO, U BO HHUBHATa
MeTaboJIMYKa akTHBanKja. Bo TeKoT Ha OBHe Ipoliec MOKe Jia ce CO3a/1aT PeakKTHBHH METa0OIHUTH, KO
HPEIM3BUKYBAaT OIITCTYBamhE Ha XCMATOLUTUTE MPEKY MEXaHU3MH KaKO OKCHIATHBEH CTPEC, JIUIHIHA
NEepOKCHIAINja U KMYHOJIOIIKH MEINjUPaHH PEaKIInH.

OBoj peBHjalieH TPy. JiaBa ceomndareH mpernies] Ha Kiacupukaujara Ha KCeHOOUOTHITUTE, MeXa-
HU3MHTE Ha XenarajaHara Onorpancopmaiiija 1 MoJIeKyJapHHUTE MAaTUIITA BKIIYYSCHH BO KCEHOOMOTHYKHI
MHIylIMpaHaTa XernaroTokcuHocT. [loceOeH akIeHT e CTaBeH Ha yjlorara Ha peaKTHBHUTE KHUCIOPOIHU
BUJIOBH, MUTOXOHIpHjajiHaTa AUc(yHKIMja U HAPYLIyBambeTO Ha aHTHOKCHIATUBHHOT OanaHc. Jlomon-
HUTEIHO, Ce pasriefyBaaT KIMHUYKUTE MaHU(ECTAlNHU, I1jarHOCTHYKUTE PUCTA U COBPEMECHUTE
CTpaTeruy 3a MEHAIMEHT Ha OBHE COCTOjOH.

[Tomo6poTo pazbupame Ha OBHE MEXaHU3MHU € O] CYILITHHCKO 3HA4YCH-€ 3a paHaTa JIeTeKIInja, IPEBCH-
Lyjara 1 yHalpeayBambeTo Ha TEPANeBTCKUTE MPUCTAITHU Kaj MAMEHTHTE CO KCEHOONOTHYKH HHIYIUPAHO
OILUTETYBAH-E Ha LIPHUOT JAPO0.

Kiyunu 360poBH: KCCHOOMOTHITH, XEMHUCKH CYTICTAHITHH, XETTAaTOTOKCHYHOCT, OnoTpanchopMarliyja,
KITMHUYIKH MEHAIMEHT



