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ABSTRACT

Drug-induced lipid accumulation in the liver
may induce two clinically relevant conditions,
drug-induced steatosis (DIS) and drug-induced
steatohepatitis (DISH). The list of drugs that
may cause DIS or DISH is long and heteroge-
neous and includes therapeutically relevant
molecules that cannot be easily replaced by less
hepatotoxic medicines, therefore making
specific strategies necessary for DIS/DISH pre-
vention or treatment. For years, the only avail-
able tools to achieve these goals have been
antioxidant drugs and free radical scavengers,
which counteract drug-induced mitochondrial
dysfunction but, unfortunately, have only lim-
ited efficacy. In the present review we illustrate
how in vitro preclinical research unraveled new
key players in the pathogenesis of specific forms
of DISH, and how, in a few cases, proof of
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concept of the beneficial effects of their phar-
macological modulation has been obtained
in vivo in animal models of this condition. The
key issue emerging from these studies is that, in
selected cases, liver toxicity depends on mech-
anisms unrelated to those responsible for the
desired, primary pharmacological effects of the
toxic drug and, therefore, specific strategies can
be designed to overcome steatogenicity without
making the drug ineffective. In particular, the
hepatotoxic drug could be given in combina-
tion with a second molecule intended to selec-
tively antagonize its liver toxicity whilst,
ideally, potentiating its desired pharmacologi-
cal activity. Although most of the evidence that
we discuss is from in vitro or animal models and
will need to be further explored and validated in
humans, it highlights new avenues to be pur-
sued in order to improve the safety of steato-
genic drugs.
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Key Points

Pharmacological therapy may lead to
steatosis (drug-induced steatosis, DIS) and
steatohepatitis (drug-induced
steatohepatis, DISH).

The list of drugs likely causing DIS or DISH
is long and heterogeneous, including
therapeutically relevant molecules that
cannot be easily replaced by less
hepatotoxic medicines, making specific
strategies necessary for DIS/DISH
prevention or treatment.

For years, the only available tools to
achieve these goals have been antioxidant
drugs and free radical scavengers, which
counteract drug-induced mitochondrial
dysfunction but have only limited
efficacy.

Liver toxicity may depend on mechanisms
unrelated to those responsible for the
desired, primary pharmacological effects.

Specific strategies can be designed to
overcome steatogenicity without making
the drug ineffective, even though most of
the evidence that we discuss is from

in vitro or animal models and will need to
be further explored and validated in
humans.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article, go to https://doi.org/10.6084/
m9.figshare.13858256.

INTRODUCTION

Prescription drugs are a well-known cause of
hepatotoxicity. The estimated prevalence of

drug-induced liver injury (DILI) in the general
population is about 14-19 cases per 100,000
people [1] but these figures are likely underes-
timated not only because the pharmacovigi-
lance chain is sometimes unreliable but also
because the diagnosis of this condition is diffi-
cult and requires a high index of suspicion [2].
Drug-induced steatosis (DIS) and drug-induced
steatohepatitis (DISH) are two of the most
clinically relevant presentations of DILI. In both
these forms of DILI lipids accumulate in liver
cells, more typically causing macrovesicular
steatosis and sometimes microvesicular steatosis
or phospholipidosis [3]. In DISH, in addition to
steatosis, prominent inflammatory changes also
occur together with hepatocyte degeneration
and death [4]. DILI may evolve with the features
of a potentially lethal acute disease, or as
chronic progressive liver injury, which pro-
gresses to cirrhosis [5, 6].

Currently the only way to make the diag-
nosis of DIS is by the means of imaging studies
or, less frequently, histology; whereas, DISH can
be identified only if suspected patients undergo
liver biopsy. What is more, an exhaustive clin-
ical evaluation and comprehensive causality
assessment to rule out other possible causes and
determine the association with the suspected
drug are required [7]. Even though they are
distinct disorders, the slow progressive forms of
DIS and DISH are often confused with or mis-
diagnosed as non-alcoholic fatty liver disease
(NAFLD)—which has been recently renamed
metabolic associated fatty liver disease (MALFD)
[8]- or non-alcoholic steatohepatitis (NASH),
which are much more common and, by defini-
tion, not caused by drugs. To make matters
worse, NAFLD conveys a nearly fourfold
increase of DILI risk in obese middle-aged
patients possibly because of similar patho-
genetic mechanisms and, therefore, NAFLD and
DISH often coexist making it hard to establish a
causative role for drugs in determining the liver
damage in a specific patient [9].

The list of drugs that may cause DIS or DISH
(Box 1) is long and heterogeneous and includes
therapeutically relevant drugs that cannot be
easily replaced by less hepatotoxic medicines
[6, 10-13]. Therefore, the issue of implementing
strategies to prevent or mitigate their toxicity
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for the liver appears of utmost clinical rele-
vance. Unfortunately, the therapeutic armory
available to achieve these goals is currently
limited to few antioxidant drugs of little clinical
efficacy that are administered to counteract the
oxidative mechanisms involved in the patho-
genesis of DISH [14]. As a matter of fact, DISH
has been classically explained as the conse-
quence of the mitochondrial dysfunction
induced by the hepatotoxic drug itself or by its
metabolites which promote reactive oxygen
species (ROS) production, lipid peroxidation,
and further mitochondrial damage. These
events finally lead to the inhibition of hepatic
fatty acid oxidation, to cell damage and death,
and the production of inflammatory cytokines
(mainly tumor necrosis alpha and interleukin-
6), causing inflammation, fibrogenic response,
and cell death [15]. Nonetheless, basic research
in cellular and animal models showed that the
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Fig. 1 Basic mechanisms of drug-induced steatosis. The
figure shows a pictorial representation of very general
mechanisms responsible for drug-induced steatosis (DIS).
The left part of the figure shows that, in physiological
conditions, the excess of intracellular lipids depends on the
amount of free fatry acids (FFA) available for the synthesis
of both triglycerides and cholesterol. FFA may either enter
the cell from the blood through specific transporters or be
synthesized through an intracellular pathway which is
highly regulated at the transcriptional level. FFA are
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pathophysiology of DIS and DISH is much more
complicated since steatogenic drugs may act by
multiple mechanisms and induce lipid accu-
mulation in the liver by disturbing lipid and
lipoprotein metabolism at several levels [16]. In
particular, steatogenic drugs may increase the
amount of fatty acid in the hepatocytes, impair
lipid incorporation in apolipoproteins, or
reduce the secretion of lipoproteins [17] (Fig. 1).
Fatty acids in the hepatocytes may increase
because of enhanced synthesis, decreased
degradation, or enhanced influx from the blood
of fatty acids mobilized in the periphery. Fatty
acid synthesis is mainly regulated at the level of
the gene expression of key enzymes involved in
this process. The main transcription factors
operating this regulation are carbohydrate
responsive element binding protein (ChREBP),
which is glucose sensitive, and sterol regulatory
element binding protein 1c (SREBP1c), which is

FFA

INCORPORATION DEGRADATION BY

MITOCHONDRIAL
B-OXIDATION
\:\
\

OQO

degraded mainly through mitochondrial P-oxidation.
Specific lipid droplet proteins further control lipid home-
ostasis and the stability of lipid droplets. The right part of
the figure illustrates specific alterations in intracellular lipid
homeostasis that may cause DIS: on the one hand FFA
degradation through B-oxidation can be decreased and, on
the other hand, FFA intracellular concentration may be
increased either because of enhanced influx, increased
synthesis, or both. Finally, increased expression of specific
lipid droplet proteins may be involved

I\ Adis



Adv Ther

regulated by insulin [18]. Fatty acids are degra-
ded through B-oxidation, which mainly takes
place in mitochondria and can be, therefore,
functionally impaired by drugs exerting toxic
effects on these organelles. In addition, gene
expression of the enzymes of this metabolic
pathway is regulated by peroxisome prolifera-
tor-activated receptor alpha (PPAR«), which are
well-known drug targets. Fatty acids enter the
hepatocytes from the blood via CD36 (cluster of
differentiation 36), a fatty acid translocase
whose activity is regulated by AMP-activated
protein kinase (AMPK) and gene expression by
liver X receptor (LXR) and pregnane X receptor
(PXR), as well as PPARa and PPARy. Lipids syn-
thesized in the liver are incorporated into nas-
cent lipoproteins through the action of a
specific microsomal triglyceride transfer protein
(MTP) whose dysfunction will induce lipid
accumulation. Whatever the mechanism
involved, excess lipids in the liver will deter-
mine the formation of lipid droplets that rep-
resent a hallmark of steatosis. Evidence has been
recently accumulated that these droplets are
not just a passive form of storage but physio-
logically active organelles. Indeed, they regulate
liver lipid metabolism and their own fate
through a family of proteins known as lipid
droplet proteins, which include perilipins and
the cell death-inducing DFF45-like effector
(CIDE) family proteins Cidea, Cideb, and Cidec/
Fsp27. As a matter of fact, alterations in these
lipid droplets are now considered a relevant
pathogenetic mechanism of steatosis [19].

In the present review we will cover some
notable examples of drugs acting on some of the
pathophysiological steps that we quickly
defined above, with the main aim of illustrating
how, once that the primary steatogenic mech-
anism of a drug has been determined, specific
strategies can be envisaged to selectively pre-
vent or reduce liver toxicity. This article is based
on previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

BOX 1. DRUGS ASSOCIATED
WITH DIS OR DISH

Amiodarone Irinotecan
Antiretroviral drugs Methotrexate
Cocaine Naproxen
Diltiazem Nifedipine
Estrogens Tamoxifen
5S-Fluorouracil Tetracyclines
Glucocorticoids Valproic acid
Ibuprofen Verapamil

TAMOXIFEN, CORTICOSTEROIDS,
AND ANABOLIC AGENTS: IF
MULTIPLE INTRACELLULAR
RECEPTORS ARE INVOLVED, JUST
MODULATE THE RIGHT ONE

TO REDUCE THE RISK OF DISH

A heterogeneous group of drugs acting on
intracellular receptors, which includes tamox-
ifen, corticosteroids, and anabolic/androgenic
steroids (AAS), may induce DIS and DISH. These
drugs have in common their ability to perturb,
in different ways, the complex molecular
mechanisms which allow steroid hormones to
exert diversified effects in different tissues
thanks to the ability of their receptors to take
multiple conformations and interact with mul-
tiple intracellular effectors.

Tamoxifen (TAM) is one of the most impor-
tant pharmacological tools for the treatment of
breast cancer. Unfortunately, in about 2% of
cases it causes DISH, which usually occurs by
2 years from the beginning of therapy with a
median time to onset between 6 and 22 months
[20]. Although DISH does not seem to modify
life expectancy of patients with breast cancer
[21], and in most cases it regresses by 1.2 years
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from the end of tamoxifen treatment [22], its
progression to cirrhosis has been described in a
few patients [23-26].

TAM is a selective estrogen receptor modu-
lator (SERM), which means that it exerts either
agonist or antagonist effects on estrogen recep-
tors (ER) in a tissue-dependent manner, for
instance acting as an ER antagonist in the breast
and as an agonist in the bone. TAM tissue
selectivity depends on its ability to differentially
modulate the various ER isoforms interfering
with their genomic and non-genomic effects.
Genomic effects (i.e., the regulation of gene
transcription) are exerted through two different
ERs, ERa and ERPB [27, 28], that can be selec-
tively activated or blocked with specific agonists
or antagonists [29], whereas non-genomic
effects (i.e., the regulation of intracellular sig-
naling pathways including, for instance, the
mitogen-activated protein kinase (MAPK) and
the phosphoinositide 3-kinase (PI3K)/Akt path-
way [30, 31]), seem to be mediated by specific
receptors such as orphan G-protein coupled
estrogen receptor 30 (GPER1) and ER36, an iso-
form of ERa that lacks ER transactivation
domains and, therefore, cannot take part in
genomic regulation [32-34]. The evidence that
estrogens exert beneficial effects on liver meta-
bolism by improving insulin sensitivity and
preventing lipid accumulation and steatohep-
atitis, both in animal models [35-37] and in
postmenopausal women under hormonal
replacement therapy [38-40], suggests that TAM
could promote DISH through its estrogen
antagonist activity. Early studies pointed to ERa
as the ER isoform involved in these effects since
it was shown that ERa knockout mice have a
reduced insulin sensitivity and show increased
tissue fat accumulation [41], whereas selective
ERa receptor agonists alleviate hepatic steatosis
in male aromatase knockout mice [42]. More
recently a role in liver protection from steatosis
has been demonstrated also for ERP. Pon-
nusamy et al. [43] showed, indeed, that the
selective ERP isoquinolinone agonist LGND2
prevented in mice the accumulation of lipids in
the liver induced by diets rich of fat or deficient
in methionine and choline. They also demon-
strated that this effect depends on the repres-
sion of PXR-induced genes and on the

induction of farnesoid X receptor (FXR)-regu-
lated genes. The most important implication of
these results is that they could provide a
rational basis for a new approach aiming to
prevent or revert tamoxifen-induced DISH by
concomitantly giving a selective ERpB agonist. As
a matter of fact, while ERa activity promotes
breast cancer growth and survival, and its
blockade is essential for tamoxifen anticancer
activity, ERB seems to inhibit breast cancer and
its stimulation with agonists such as LGND2 to
prevent DISH is not expected to impair tamox-
ifen antineoplastic effects [44, 45]. Therefore,
given the multiplicity of ERs and the divergence
of their effects, pharmacological strategies act-
ing on these receptors could be optimized by
opportunely combining drugs acting on their
different forms. More recently, a similar strategy
has been investigated by targeting plasma
membrane ERs. More specifically, Gu et al
showed that the ER36 antagonist anordrin pre-
vents tamoxifen-induced DISH in mice [46].
Importantly, anordrin also suppresses the
growth of breast and endometrial cancer cells
in vitro, suggesting that its combination with
tamoxifen should not impair the antineoplastic
effect of this drug on breast cancer and should
also help reduce the risk of tamoxifen-induced
endometrial cancer.

Corticosteroids are another class of drugs
acting on intracellular receptors—specifically
glucocorticoid receptors (GR)—that may induce
hepatic steatosis and, more rarely, DISH [47].
Corticosteroids are precious drugs in clinical
practice, being very efficacious in a large group
of inflammatory and immunological disorders,
but their toxicity is a reason for concern, espe-
cially in the case of long-term use at high doses.
Remarkably, metabolic alterations, including
insulin resistance, are among the most common
corticosteroid unwanted effects during chronic
therapy of diseases such as asthma, systemic
lupus erythematosus, rheumatoid arthritis,
psoriasis, inflammatory bowel disease, and
nephritic syndrome [48]. Both preclinical data
in cellular and in animal models and clinical
studies in humans strongly support the role of
corticosteoids in the pathogenesis of NAFLD
[49]. Nonetheless, a low prevalence of hepatic
steatosis has been observed in patients with
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Cushing’s syndrome despite the marked insulin
resistance observed in this condition possibly
because, in these patients, cortisol excess inhi-
bits IL-6-dependent low-grade chronic inflam-
mation [50-52].

Several mechanisms cooperate to cause cor-
ticosteroid-induced hepatic steatosis by exert-
ing direct effects in the liver or indirect effects
in the brain, where they affect behavior and
appetite, or in the adipose tissue, where they
influence insulin sensitivity and lipolysis
(Box 2). Similar to what we described for ERs,
GRs also exert a diversified series of pharmaco-
logical effects because they may interact with
different coactivators and corepressors by taking
multiple conformations, which could be selec-
tively stabilized or repressed by selective recep-
tor modulators [53]. Several GR receptor
modulators have been developed and some of
them, such as mifepristone, also have approved
clinical indications. A proof of concept that also
the steatogenic effects of corticosteroids could
be selectively modulated has been obtained
with CORT118335, a selective GR modulator in
clinical development for olanzapine-induced
weight gain (clinical trial NCT03818256) [54].
To be more specific, when compared with cor-
ticosterone, CORT118335 loses glucocorticoid
ability to promote hepatic cholesterol and
triglyceride accumulation via increased free
fatty acid accumulation and enhanced de novo
synthesis, but maintains glucocorticoid ability
to induce very-low-density lipoprotein (VLDL)
synthesis [55]. Transcriptome analysis showed
that, unlike corticosterone, CORT118335 did
not enhance the transcription of genes involved
in the uptake of free fatty acids or in the syn-
thesis of cholesterol. Because of this pharma-
cological profile, not only CORT118335
does not promote steatosis but it is also expec-
ted to exert antisteatogenic effects. As matter of
fact, Koorneef et al. [55] showed that
CORT118335 prevents and reverts liver steatosis
in mice fed with high-fat diet. Remarkably,
CORT118335’s favorable effects are not exerted
only in the liver but this compound also
decreases fat mass expansion in the adipose
tissue [56, 57]; moreover, by acting in the brain,
it dampens endocrine and behavioral response
to stress [58]. On the basis of the encouraging

results of the preclinical studies, a clinical trial
(NCT03823703) has been started to investigate
the effect of CORT118335 on NASH and its
results are expected in April 2022. CORT118335
does not seem to possess a strong anti-inflam-
matory activity and, therefore, it is unlikely that
it could represent a less hepatotoxic alternative
to the classical steatogenic corticosteroids.
However, the case of CORT118335 represents
an interesting proof of the concept that GR can
be modulated to remove their steatogenic
potential. Moreover, it remains to be investi-
gated whether if given in combination with
anti-inflammatory glucocorticoids it could
reduce their hepatotoxic potential.

The hepatotoxic potential of AAS has been
known for a long time and has been classically
related to the occurrence of hepatocellular
necrosis and intrahepatic cholestasis with
jaundice [59]. The ability of these drugs to
induce DIS and DISH, surprisingly not observed
in the first case series, has been described only
recently [60]. In 2011, research conducted in
Brazil showed fatty liver disease in 12.6% of 95
AAS asymptomatic users who, however, unlike
the typical patients with NAFLD, did not have
insulin resistance [61]. Similar results were
obtained in a second study on 182 asymp-
tomatic bodybuilders using AAS [62]. To make
matters worse and more complicated, there is
clear evidence that pre-existing NAFLD may
make adolescents more vulnerable to hepato-
toxicity from AAS and likely presenting fatty
liver [63]. How AAS induce DIS and DISH is still
unclear, and several mechanisms have been
proposed including the increase in hepatic
lysosomal hydrolases, a decrease in principal
components of the microsomal drug-metabo-
lizing system, and a functional impairment of
the mitochondrial respiratory chain complexes,
which, notably, may occur without alteration of
laboratory serum liver tests [64]. In the per-
spective of our discussion about pharmacologi-
cal actions exerted on steroid receptors it is
worth recalling here that androgens may
directly affect lipid metabolism by acting in the
liver [65]. In physiological conditions, testos-
terone, unlike AAS, seems to prevent steatoge-
nesis as suggested by the evidence that the
prevalence of NAFLD is increased in
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hypogonadal men [65]. Opposite effects have
been observed in women and evidence has been
reported that androgens have a role in causing
NAFLD in the context of polycystic ovary syn-
drome [66], suggesting that the effects of
androgens in the liver are highly dimorphic
[67, 68]. Depending on the tissue considered,
testosterone may exert its effect as such or after
having been converted by the enzyme Sao-re-
ductase (5AR) into its reduced form dihy-
drotestosterone (DHT). The evidence that
hepatic steatosis develops in SAR knockout
mice [69] and in humans taking drugs that
inhibit this enzyme [70] strongly suggests that
most of the androgenic effects in the liver are
exerted by DHT, even though it cannot be
excluded that part of these effects depend on
the concomitant alteration of the metabolism
of glucocorticoids, which are an additional SAR
substrate [71, 72]. It is currently unclear whe-
ther anabolic androgens could affect DHT
effects in the liver and how much such an effect
could impact on the steatogenic potential of
these compounds. It is, however, worth notic-
ing that many of the AAS are resistant to SAR
and, at the same time, they also decrease
endogenous testosterone release (and, conse-
quently, DHT) by exerting a feedback action on
the hypothalamus—pituitary axis, hence shifting
the androgenic effects towards a predominantly
anabolic action.

BOX 2. PATHWAYS INVOLVED
IN CORTICOSTEROID EXCESS

Metabolic mechanisms
o Increased gluconeogenesis [126]
o Stimulation of de novo lipogenesis [127]

o Augmented release of fatty acids from adipose tissue
[128]

e Stimulation of fatty acids uptake by the liver [129]
o Increased synthesis and secretion of VLDL [130]
e Inhibition of B-oxidation of fatty acids [131]

e Inhibition of osteocalcin with subsequent increase in

insulin resistance [132]

e Increased clearance and decreased hepatic

regeneration of cortisol [133]

o Overexpression of the 113-HSDI in adipose tissue

resulting in insulin resistance [134]

e Promotion of lipid accumulation in the fed state

[135]
Behavior changes and hormonal modifications
e Boost of appetite [136]
e Uptake of high caloric foods [137]
e Increased levels of circulating leptin [138]

e Impairment of growth hormone neuroregulation

[139]

ATYPICAL ANTIPSYCHOTICS: HIT
AT THE CORE OF THE MACHINERY
REGULATING LIPOGENIC GENE
EXPRESSION

The development of atypical antipsychotics
(AAPs) represented a major advancement for
the treatment of psychosis because of their
higher efficacy against negative symptoms and
lower prevalence of extrapyramidal unwanted
effects in comparison with typical antipsy-
chotics. Unfortunately, AAPs also possess an
intrinsic high metabolic toxicity, and their use
has been linked to the appearance of metabolic
syndrome in 15-70% of patients [73]. It has
been estimated that about 25% of the patients
receiving AAPs will develop NAFLD with a FLI
(fatty liver index) score > 60 by 3 years from the
beginning of the treatment [73] and rare cases
of progression to cirrhosis and hepatocellular
carcinoma have been reported as well [74]. For a
long time, the metabolic toxicity of AAPs has
been explained as the consequence of the
blockade of central receptors controlling feed-
ing behavior, mainly of the 5-HT, and specifi-
cally  5-HT,c serotoninergic and H;
histaminergic type, hence suggesting that
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better-tolerated drugs could be obtained by
finely tuning their receptor specificity [75-77].
More recently, a novel mechanism has been
elucidated which could open the way to new
potential strategies for preventing AAP-induced
DISH. Ferng et al. first observed that in glial cells
antipsychotic drugs, namely clozapine and
haloperidol, increase the synthesis of lipids by
inducing the transcription of lipogenic genes
including HMGCR (3-hydroxy-3-methylglu-
taryl-coenzyme A reductase), HMGCS1 (3-hy-
droxy-3-methylglutaryl-coenzyme A syn-
thase 1), FASN (fatty acid synthase), and SCD
(stearoyl-CoA desaturase) [78]. Similar results
were later obtained also, in primary cultures of
hepatocytes and, in vivo, in the liver of mice
treated with risperidone [79, 80]. The exact
mechanism by which antipsychotic drugs
induce lipogenic gene transcription is still
matter of discussion but it seems to involve the
endoplasmic reticulum multiprotein complex
composed of SREBPs, and their regulators: Srebp
cleavage-activating proteins (SCAPs), insulin-
induced genel (INSIG1), and progesterone
receptor membrane component1 (PGRMC1)
(Fig. 2). SREBPs are atypical transcription factors
since they are synthesized as integral endo-
plasmic reticulum proteins which need to be
proteolytically cleaved to be converted in active
forms which, then, translocate to the nucleus to
regulate gene transcription [81]. Three main
forms of SREBPs have been identified: SREBP1a
and SREBP1c (both encoded by the SREBFI
gene), which mainly control the expression of
genes involved in the synthesis of triglycerides,
and SREBP2 (encoded by SREBFZ gene), which
regulates cholesterol synthesis. In normal con-
ditions, SREBPs are retained in endoplasmic
reticulum membranes because their chaperone
SCAP is bound to INSIG proteins; when the
concentrations of sterols or free fatty acid
increase in the cytoplasm, SCAP is released from
the INSIG proteins and may promote SREBP
translocation to the Golgi where these tran-
scription factors are cleaved to the active forms.
PGRMCI1 binds to INSIG1 and SCAP and coop-
erates in preventing SREBP translocation to the
Golgi as also indicated by the activation of
SREBP-dependent gene transcription and the
appearance of hepatic steatosis in PGRMCI1

knockout mice [82]. Several lines of evidence
support the hypothesis that AAPs may exert
their detrimental metabolic effects through the
activation of the SREBP machinery. First, it has
been demonstrated that, in continuous human
hepatocyte cell lines, SREBP1 and SREBP2 are
cleaved and activated upon exposure to these
drugs [83]. Second, AAPs increase SREBP1 and
SREBP2 and reduce INSIG2Z and PGRMCI1 ex-
pression in the liver. Third, polymorphisms of
INSIG2 have been linked to the risk of AAP-in-
duced detrimental metabolic effects [84, 85].
Finally, AAP-induced lipogenesis in adipocytes
in vitro may be reverted by the overexpression
of INSIG2 [86]. The exact mechanism by which
AAPs may activate SREBP remains unclear.
However, evidence has been reported that
because of their amphiphilic structure these
drugs could bind sterols in the cytoplasm and
prevent their translocation to the endoplasmic
reticulum, hence indirectly activating SREBPs
[87]. The hypothesis that SREBP activation
could be involved in causing AAP-induced
metabolic effects suggests that these detrimen-
tal effects could be prevented or mitigated by
therapeutic strategies targeting the SREBP
machinery. A proof of concept of this principle
has been recently provided by Cai et al. who
showed that the steroid receptor antagonist
mifepristone increases the expression of
PGRMC1 (and INSIG2) in the liver and pre-
vented AAP-induced increase in serum triacyl-
glycerols, total cholesterol, and free fatty acids
[88] (Fig. 2). These findings provided a potential
explanation for previous observations that both
in experimental animals and in humans
mifepristone may reduce and prevent the
unwanted metabolic effects of AAPs [8§9-91]. In
conclusion, strategies preventing SREBP activa-
tion could be effective in preventing the unde-
sired metabolic effects of APPs. However, before
planning controlled studies to assess the effi-
cacy of mifepristone or similar compounds in
humans, it will be important to understand
better whether the increase in SREBP-target
gene expression in glial cells is required for the
antipsychotic effects of these drugs—as origi-
nally proposed by Ferng et al. [78]—or not.
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Fig. 2 Mechanisms of DIS caused by atypical antipsy-
chotic drugs and of its improvement by mifepristone. The
left part of the figure shows the mechanism responsible for
DIS induced by atypical antipsychotics (AAPs). AAPs
increase the expression of sterol response element binding
proteins (SREBPs), the master regulators of lipogenic gene
transcription, at the same time also reducing the expression
of insulin induced gene 1 (INSIGI1) and progesterone
receptor membrane component 1 (PGRMCL1), two pro-
teins which prevent SREBP activation by causing its
retention in the endoplasmic reticulum as a complex
bound to SREBP cleavage-activating proteins (SCAPs). In

AMIODARONE: RELIEF
FOR A STRESSED ENDOPLASMIC
RETICULUM

The class III antiarrhythmic drug amiodarone is
known for its hepatotoxic potential since it
induces an asymptomatic increase in transami-
nases in about 25% of patients, hepatitis in
1-3% of cases. Moreover, amiodarone is one of
the most prevalent causes of DISH, which
occurs in 1-3% of patients taking this drug
chronically [1, 92, 93]. The latency of amio-
darone-induced DISH may be quite short, and
cases have been observed after about 2 months
of treatment [94]. Unlike other steatogenic
drugs, amiodarone-induced hepatic damage
may progress after the drug has been discon-
tinued and this could depend on the long-term
persistence of the drug that is concentrated in
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addition, AAPs bind to intracellular lipids, hence prevent-
ing their interaction with SCAPs and INSIG1, which is
the signal causing the retention of the SCAP/SREBP
complex in the endoplasmic reticulum. The right part of
the figure illustrates how mifepristone could prevent or
improve AAP-induced DIS. This progesterone and gluco-
corticoid antagonist increases the expression of INSIG2
and PGMRC1, hence counterbalancing the inhibitory
effects of AAPs and preserving the inhibitory activity of
these proteins on SREBP activation and, consequently,
lipogenesis and DIS development

the liver where it may reach concentrations 500
times higher than in blood [95]. Especially
worrying is the evidence that amiodarone-in-
duced DISH may evolve into cirrhosis, although
this occurs quite rarely.

Classical studies performed on isolated
mitochondria established that amiodarone and
its metabolite desmethylamiodarone are
directly toxic for these organelles [96, 97]. These
compounds inhibit the respiratory chain and,
independently from the blockade of respiration,
they also decrease fatty acid p-oxidation
[96, 98]. Although mitochondrial permeabi-
lization and cytochrome c leakage, which is a
potent  apoptosis-inducing  signal, = were
observed in vitro upon amiodarone exposure
[99], the events downstream of mitochondrial
toxicity and how they could lead to DISH have
been poorly understood for many years.
Recently, Erez et al. reported convincing
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evidence that endoplasmic reticulum stress
could be involved, and their findings could
open the way to new targeted approaches for
the prevention or treatment of amiodarone-in-
duced DISH [100] (Fig.3). Specifically, they
showed that, both in immortalized hepatocytes
in vitro and in the liver of mice in vivo, amio-
darone potently activates the endoplasmic
reticulum stress response as demonstrated by
the increased expression of spliced X-box
binding protein 1 (sXBP1), of its direct target
endoplasmic reticulum-localized DnaJ 4 (Erd-
j4), of CCAAT-enhancer-binding protein
homologous protein (CHOP), and activating
transcription factor 4 (Atf4) [100]. A plausible
mechanism responsible for endoplasmic reticu-
lum stress induction was the decrease in Ca*"
concentration in the endoplasmic reticulum
caused by amiodarone through the inhibition
of mitochondrial respiration and, consequently,
the decrease in intracellular ATP, which is
essential for the pumping activity of the smooth
endoplasmic reticulum Ca?" pump (SERCA).
Chop induction contributes to lipid accumula-
tion by promoting the expression of the lipid
droplet proteins cell death activator (Cidea), cell
death inducing DFFA like effector C (Cidec),
and perilipin-2. The crucial role of Chop in
amiodarone-induced endoplasmic reticulum
stress is supported by the evidence that Dit3~/~
mice, which lack Chop, are less susceptible to
amiodarone-induced steatosis. Therefore, a
likely mechanism of amiodarone-induced DISH
could be that on the one hand amiodarone
inhibits mitochondrial B-oxidation and fatty
acid degradation, whereas, on the other hand, it
promotes lipid droplet formation. Note that
endoplasmic reticulum stress is also a well-
known apoptosis-inducing mechanism and its
involvement in amiodarone-induced cell death
has been documented as well [101]. The most
important consequence of these findings is that
if amiodarone-induced DISH so critically relies
on endoplasmic reticulum stress, it theoretically
could be prevented or alleviated by relieving
endoplasmic reticulum stress. As a matter of
fact, 1-(3,4-dihydroxyphenyl)-2-thiocyanate-
ethanone (Bix), a chemical which potently
induces binding immunoglobulin protein (Bip)
and, therefore, decreases endoplasmic

reticulum stress by promoting protein folding
[102], reduced lipid accumulation in the hepa-
tocytes and liver damage in mice treated with
amiodarone (Fig. 3).

METHOTREXATE: IF YOU CANNOT
MAKE IT BY YOURSELF ASK
A FRIEND FOR HELP

Methotrexate (MTX) is a folic acid antagonist
with antiproliferative and immunosuppressant
activity that even nowadays, in the biological
therapy era, is still used for the long-term
treatment of autoimmune diseases such as
psoriasis, rheumatoid arthritis, and bowel
inflammatory diseases. The hepatotoxic poten-
tial of this drug was observed many years ago
and early reports showed the frequent occur-
rence of steatosis with pathological features
very similar to those of alcoholic steatosis in
patients chronically taking low dose MTX. It
was also observed that about 20% of patients
developed cirrhosis and, therefore, stringent
guideline recommendations were issued for the
early identification and the prevention of this
drug-induced complication also by routinely
performing liver biopsy before and during
therapy [103]. Although more recent studies
revised down the estimate of the prevalence of
MTX-induced cirrhosis [104] and there was a
general relaxation in performing liver biopsies
in MTX-treated patients [105], MTX still
remains one of the major causes of DISH. The
mechanism responsible for MTX-induced DISH
have been only partially elucidated but avail-
able data suggest that MTX-induced free radical
generation could be involved. As a matter of
fact, MTX reduces oxygen uptake and decreases
oxidative phosphorylation in isolated mito-
chondria [106]; in addition, it inhibits several
mitochondrial enzymes including 2-oxoglu-
tarate, isocitrate, malate, and pyruvate dehy-
drogenases [107]. MTX-induced free radical
generation depletes hepatic glutathione, pro-
motes apoptotic cell death, and activates the
transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NFxB) [108]
and the synthesis of cytokines, mainly tumor
necrosis factor alpha (TNFa), which maintain a
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Fig. 3 Mechanisms of DIS caused by amiodarone and of
its improvement by thiocyanic acid 2-(3,4-dihydrox-
yphenyl)-2-oxoethyl ester (Bix). The left part of the
figure shows the mechanism responsible for DIS induced
by amiodarone. This antiarrhythmic drug induces endo-
plasmic reticulum stress by inhibiting mitochondrial
respiration, hence causing a decrease in ATP synthesis
and in ATP-dependent Ca®" accumulation in the endo-
plasmic reticulum. As a consequence of endoplasmic
reticulum stress, the expression of Chop is induced which,

strong inflammatory response [109]. Conse-
quently, it has been suggested that MTX-in-
duced DISH could be ameliorated by TNFa
pharmacological inhibition. This hypothesis
has been confirmed in animal models of this
disease. In particular, Cure et al. showed that
the anti-TNFo monoclonal antibody infliximab
reduced the severity of liver damage induced in
rats by MTX administration; nitric oxide (NO)
synthesis was decreased as well, whereas the
expression of arginase and carbamoyl phos-
phate synthetase, two enzymes which decrease
tissue levels of nitric oxide and, therefore, exert
anti-inflammatory effects, were increased [110].
Hafez et al. reported similar results in rats trea-
ted with etanercept, another widely used anti-
TNFo drug consisting in an 1gG1 Fc fragment
fused with TNFa receptors, which were pro-
tected from MTX-induced hepato- and
nephrotoxicity [111]. Hafez et al. also reported
evidence that this protective effect could be

Reduced mitochondrial
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: Reduced formation
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y\dﬁ%@“ﬁ

»;Piﬁ‘i'lmNZ;

Reduced endoplasmic
reticulum stress

in turn, enhances the expression of the droplet proteins
CIDEA, CIDEC, and perilipin-2, finally leading to
intracellular lipid droplet accumulation. The right part of
the figure illustrates how Bix could prevent or improve
amiodarone-induced DIS. This compound is a specific
inducer of the gene expression of binding immunoglobulin
protein (Bip), a protein which reduces endoplasmic
reticulum stress acting as a protein chaperone. Because of
reduced endoplasmic reticulum stress, fewer droplet pro-
teins are expressed and DIS is prevented or reduced

partially dependent on a decrease in the
expression of inducible nitric oxide synthase
(iNOS) and be replicated by the iNOS inhibitor
aminoguanidine. The evidence that anti-TNFa
drugs may reduce MTX-induced hepatotoxicity
is potentially of great clinical interest because
these drugs are often associated with MTX to
potentiate immunosuppressant activity. Clini-
cal study will be necessary to substantiate the
potential beneficial effect of combining these
drugs in humans, also considering that a note of
caution derives from published (though con-
troversial) data suggesting that anti-TNFa
agents themselves could be hepatotoxic
[112, 113]. Nonetheless, the preclinical evi-
dence we reviewed provides an elegant example
of the concept that DISH could be prevented by
choosing appropriate drug combinations that
also give definite advantages for the primary
goal of the therapy.
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VALPROIC ACID: DON'T BREAK ME
DOWN!

Valproic acid (VPA) is a drug commonly used by
physicians to manage seizures and psychiatric
disorders. The first warning about the risks of
fatty liver with VPA came from a pediatric study
performed in a group of 100 children, but there-
after, this idiosyncratic reaction was more and
more often reported also in other age groups
[114, 115] and nowadays it is clear that about
60% of patients treated with this drug will
develop DIS or DISH [116]. The genesis of DIS in
patients taking VPA is probably multifactorial
and different mechanisms have been proposed
that could possibly coexist and synergize (Box 3).
It has been suggested that the high prevalence of
DIS/DISH in patients taking valproate could be
the consequence of the increase in body weight
caused by this drug. This hypothesis is supported
by the evidence that the association between
fatty liver and VPA is more relevant in patients
who are already overweight/obese or present
features of metabolic syndrome when they start
VPA treatment [116-118]. However, recent
studies unveiled specific, direct detrimental
effects exerted by valproate in the hepatocytes. It
has been shown, indeed, that this drug causes an
increase in free radical generation, which could
explain the histopathological features of
microvesicular  hepatosteatosis, commonly
observed in VPA toxicity, that are suggestive of
an impairment of mitochondrial B-oxidation
with a concomitant increase in peroxisomal B-
oxidation [119]. Effects of the drug, which is a
well-known inhibitor of histone deacetylation,
on the epigenetic regulation of genes involved in
intracellular transport of fatty acids and in B-ox-
idation including PPARy, and PPARa, aryl
hydrocarbon receptor (AHR), and fatty acid
translocase CD36 may partly account for val-
proate’s steatogenic activity [120]. Increased
oxidative stress is an important additional factor
contributing to liver toxicity [121, 122]. Most of
the oxidative damage does not seem to be pri-
marily mitochondrial in origin and is instead
contributed by a cytochrome-dependent val-
proate metabolism through CYP2E1l, a cyto-
chrome form that has been implicated in the

pathogenesis of multiple forms of NAFLD [123]
(Fig. 4). Ma et al. recently showed that the
exposure to valproate causes an increase in the
expression and activity of CYP2E1 both in vitro
in cultured human hepatocytes and in vivo in
male CS57B/6] mice [124]. Importantly, the
pharmacological inhibition of CYP2E1 with
diallyl sulfide, a natural compound contained in
garlic, attenuated valproate-induced free radical
generation and steatogenic effects both in vitro
and in vivo; this favorable effect was accompa-
nied and probably determined by the reduction
of valproate-induced expression of CD36 and of
diacylglycerol acyltransferase 2 [124], exempli-
fying an additional rational strategy to limit or
reverse DIS and DISH, i.e., the pharmacological
inhibition of selective drug-metabolizing path-
ways (Fig. 4).

BOX 3. PROPOSED MECHANISMS
OF VPA LONG-TERM THERAPY-
ASSOCIATED FATTY LIVER

¢ Hyperinsulinemia in patients gaining weight, but also in

obese individuals [140, 141]

e Impairment of insulin signal transduction pathway by

inhibiting GLUT-1 mRNA expression [142]

e Downregulation of adiponectin gene expression in
adipocytes and increase of the gene expression of its

receptor (adipoR1) in liver cells [143]

e Increase of leptin levels and/or resistance consequent to

its abundance in adipose tissue [144]

o Increase in ghrelin levels in the early period of VPA
treatment [145]

e Increment of oxidative stress and consequently

pancreatic beta cells dysfunction [146]

o Inhibition of hepatic carnitine palmitoyltransferase IA

(CPTIA) by valproyl-CoA [147]
e Rapid depletion of hepatocyte glutathione [148]

e Increase of insulin levels directly stimulating GABA

receptors of pancreatic beta cells [116]
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Fig. 4 Mechanisms of DIS caused by valproate and of its
improvement by diallyl sulfide. The left part of the
figure shows one of the mechanisms proposed to explain
valproate-induced DIS, which is presumably a multifacto-
rial process (see text for more details). This antiepileptic
drug induces the expression in the hepatocytes of CYP2EI,
a specific cytochrome P450 isoform whose enhanced
activity causes free radical accumulation. Consequently, the
expression increases of the FFA transporter CD36 and of

CONCLUDING REMARKS

The opinion of the pharmacologist: DIS and DISH
are good examples of drug-induced toxicities
that complicate the use of clinically relevant
medicines since they are difficult to detect, are
frequently unrecognized, and may ultimately
cause “unexpected” serious medical conse-
quences for the patients. The representative
cases that we illustrated in the present review
exemplify how a better knowledge of the toxi-
codynamic mechanisms responsible for poten-
tially serious adverse drug reactions may help in
rationally designing strategies aiming to over-
come these toxicities and ultimately improve
the drug safety profile. Some of the mechanisms
we discussed seem to be quite specific for
selected drugs and, therefore, they could repre-
sent a substantial change of perspective in the
treatment or prevention of DIS and DISH that
were classically focused on not specifically tar-
geting free radical generation and the
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2
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Reduced free
radical generation

diacylglycerol acyltransferase 2 (DGAT2), a key enzyme in
the synthesis of triglycerides. The right part of the
figure illustrates how diallyl sulfide could prevent or
improve valproate-induced DIS. This compound is an
inhibitor of CYP2E1, which, by preventing enzyme
activation and the consequent free radical generation,
may also prevent CD36 and DGAT?2 induction and lipid

accumulation as well

consequent oxidative damage. Most of the evi-
dence that we discussed is from in vitro or ani-
mal models and, therefore, will need to be
further explored and validated in humans.

The opinion of the hepatologist: In clinical
practice identifying DIS and DISH may be quite
difficult. In this regard, excluding with suffi-
cient precision other possible causes according
to the pattern of liver damage (the main role of
liver biopsy) is central to a correct diagnosis.
What is more, diagnostic scales, such as Roussel
Uclaf Causality Assessment Method, based on
the international DILI consensus criteria, or
Digestive Disease Week Japan scale or Maria &
Victorino scale, should be adopted [125]. Con-
sidering these difficulties, substantial efforts
should be directed to the precocious identifica-
tion of potentially hepatotoxic drug(s) in the
therapy of single patients to implement specific
surveillance programs with the final aim of
improving the prognosis of DILI. In this context
it would be extremely valuable to have the
support of additional = pharmacological
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strategies, such as those that we discussed in
this review, that could help in preventing or
treating DIS and DISH.
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