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Abstract

Introduction—Drug induced steatohepatitis (DISH), a form of drug induced liver injury (DILI)
is characterized by intracellular accumulation of lipids in hepatocytes and subsequent
inflammatory events, in some ways similar to the pathology seen with other metabolic, viral and
genetic causes of non alcoholic fatty liver disease and steatohepatitis (NAFLD and NASH).

Areas covered—This paper provides a comprehensive review of the main underlying
mechanisms by which various drugs cause DISH, and outlines existing preclinical tools to predict
it and study underlying pathways involved. The translational hurdles of these models are
discussed, with the example of an organotypic liver system designed to address them. Finally, we
describe the clinical assessment and management of DISH.

Expert Opinion—The complexity of the interconnected mechanistic pathways underlying DISH
makes it important that preclinical evaluation of drugs is done in a physiologically and
metabolically relevant context. Advanced organotypic tissue models, coupled with translational
functional biomarkers and next-generational pan-omic measurements, may offer the best shot at
gathering mechanistic knowledge and potential of a drug causing steatohepatitis. Ultimately this
information could also help predict, detect or guide the development of specific treatments for
DISH, which is an unmet need as of today.
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1. Introduction

Drug induced steatohepatitis (DISH), is a form of drug induced liver injury (DILI) that is
characterized by characteristic pathological patterns of intracellular accumulation of lipids in
hepatocytes, often accompanied by oxidative stress and inflammatory events that involving
secondary cell types[1]. This is in many ways similar to the pathology seen with other
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metabolic, viral and genetic causes of non alcoholic fatty liver disease and steatohepatitis
(NAFLD and NASH). Though many include DISH under the spectrum of NAFLD and
NASH (Figure 1), recognized as the leading cause of liver disease in the western world, a
majority of NASH cases are attributed to metabolic causes, due to the burgeoning obesity
epidemic[2]. While DISH accounts for fewer than 2% of all cases of NASH[3], there are a
significant number of drugs that can acutely cause a spectrum of steatohepatitic progressive
changes. This pattern of DISH has pathogenic mechanisms and phenotypes that are distinct
from other forms of DILI such as hepatocellular, cholestatic and immunologic
hepatotoxicity induced by drugs. In this article, we review the drugs and mechanisms
implicated in causing DISH, existing models and endpoints to preclinically predict the
potential of drugs causing it and study underlying pathways, as well as the clinical
assessment and management of the condition. We also discuss an organotypic model for
studying underlying mechanisms in a more physiologically relevant milieu to provide the
context for an expert opinion that frames assessment approaches for the future.

2. DISH: Drugs and Underlying Mechanisms

A number of excellent recent reviews have taken disparate approaches towards the
classification of drugs that cause DISH. While none of these classifications is arbitrary, they
often reflect the particular interest of the authors as well as the complex nature of a
phenomenon where few commonalities may appear to exist amongst drugs responsible for
the induction of steatohepatitis. The basis for classification has included systematic
groupings based on the phenotype of the resulting hepatic injury[4, 5], the underlying
mechanisms of injury[5, 6], dependence, or lack thereof on an underlying metabolic
phenotype or pre-existing NAFLDI3], or the chemical properties of the drugs themselves
(Schumacher, 2015). Attempts to refine the classification of DISH have also led to the sub-
classification of drugs based on their class affiliation and the genesis of such terms as
“CASH” (chemotherapy-associated steatohepatitis;[7]) and “TASH” (toxicant-associated
steatohepatitis;[8]).

2.1. Cationic Amphiphilic Drugs

Many of the drugs that induce DISH possess characteristic chemical features and are known
as cationic amphiphilic drugs (CADs). CADs include such drugs as amiodarone,
perhexiline, propranolol and tamoxifen[9]. These drugs tend to be sequestered in the liver,
probably due to trapping in mitochondria and lysosomes[10, 11]. CADs typically have a
lipophilic ring structure (LogP > 1) and possess one or more substituent groups containing
secondary or tertiary amines (pKa > 6.5). In the acidic intracellular environment of the
lysosome these drugs become increasingly ionized and unable to readily diffuse across
membranes. This phenomenon can result in the intracellular accumulation of very high
levels of drug and sets the stage for hepatotoxic interactions. From a drug development
perspective, this can make the interpretation of pharmacokinetic and pharmacodynamic data
difficult since sequestration of these compounds can be mistaken for active transport[11].
Lysosomal sequestration of CADs has been implicated in connection with phospholipidosis,
the excess accumulation of phospholipids, after forming tight complexes with phospholipids
and interfering with their catabolism[12, 13]. Amiodarone and perhexiline are both known to
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induce phospholipidosis[6, 9]. Similarly, after crossing the outer membrane of the
mitochondria, CADs are protonated in the acidic intermembrane space and then driven into
the matrix by the mitochondrial membrane potential causing mitochondrial dysfunction
through a number of mechanisms including disruption of fatty acid B-oxidation and resulting
in steatosis[6].

2.2. Mechanisms underlying intracellular lipid accumulation

A consensus view among many authors is that the mechanisms of drugs that cause steatosis
or intracellular lipid accumulation in DISH can be aligned with the four broad, basic
mechanisms associated with the induction of steatosis: 1) increased fatty acid synthesis; 2)
decreased fatty acid p-oxidation; 3) decreased lipoprotein export; and 4) increased
mobilization and uptake of fatty acids[6, 9, 14]. The progression of steatosis into
steatohepatitis is thought to further involve pathophysiologic mechanisms that result in the
production of reactive oxygen species that drive oxidative stress[4, 5].

2.3. Increased fatty acid synthesis

The mechanisms by which xenobiotics induce de novo lipogenesis are not well understood.
De novo synthesis of fatty acids is regulated by glucose and insulin. Carbohydrate
responsive element binding protein (ChREBP) and sterol regulatory element binding protein
(SREBP) are transcription factors that respond to glucose and insulin, respectively[14].
Tamoxifen is thought to increase fatty acid synthesis through upregulation of SREBP and
activation of its downstream target genes fatty acid synthase, acetyl-CoA carboxylase and
stearoyl-CoA desaturase [15, 16]. Many hepatic nuclear receptors also play a prominent role
in energy homeostasis and lipid metabolism and the steatogenic potential of some nuclear
receptors such as PXR, LXR and PPARy has been clearly demonstrated [17]. Some drugs
are known to activate these lipogenic transcription factors leading to the subsequent
induction of the enzymes directly involved in fatty acid synthesis. Drugs that may utilize this
mechanism include the glucocorticoids through activation of glucocorticoid receptor, the
PXR activator nifedipine, and the PPAR-y activator troglitazone[4, 6].

2.4. Decreased fatty acid p-oxidation

Drugs that severely impair mitochondrial B-oxidation can induce the accumulation of free
fatty acid and triglycerides resulting in microvesicular steatosis. Unlike the more common
and reversible, large droplet macrovesicular steatosis associated with alcohol and metabolic
disease, microvesicular steatosis is more serious and manifests as diffuse accumulation of
small fat droplets without peripheral displacement of the nucleus or evidence of significant
inflammation[4]. A number of distinct mechanisms have been identified for the inhibition of
[B-oxidation by xenobiotics. Direct inhibition of mitochondrial enzymes involved in -
oxidation can be induced by amiodarone, tamoxifen and valproic acid[6]. In addition,
indirect inhibition of p-oxidation can occur through the inhibition of carnitine
palmitoyltransferase | (CPT-1) (tamoxifen, amiodarone, perhexiline, valproic acid),
sequestration of essential cofactors for the esterification of fatty acids such as coenzyme A
and carnitine (valproic acid, salicylic acid), inhibition of the mitochondrial respiratory chain
(amiodarone, methotrexate, perhexiline, tamoxifen, tetracycline) and disruption of
mitochondrial DNA (tamoxifen, troglitazone) [4-6, 9, 18, 19].
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2.5. Decreased lipoprotein export

Once synthesized, fatty acids are esterified to glycerol to form triglycerides, incorporated
into very low density lipoproteins (VLDL) and secreted into plasma. Another potential
mechanism driving DISH is a reduction in the rate of lipoprotein export. This can be a result
of decreased fatty acid incorporation into VLDL or a reduction in VLDL secretion [4].
Synthesis of VLDL particles is dependent on apolipoprotein B (apoB), the primary
lipoprotein of VLDL, as well as upon microsomal triglyceride transfer protein (MTP) which
plays a critical role in lipoprotein assembly (Hussain, 2008). Several steatogenic drugs,
including amiodarone and tetracycline, have been demonstrated to inhibit MTP activity, the
lipidation of apoB into VLDL and hepatic lipoprotein secretion [14]. This mechanism has
also been demonstrated for tamoxifen [16].

2.6. Increased mobilization and uptake of fatty acids

Hepatocellular uptake of non-esterified fatty acids is a major contributor to the excess
accumulation of triglycerides associated with steatosis [20]. One of the best characterized
regulators of this process is fatty acid translocase, CD36 [21]. Adenosine monophosphate-
activated protein kinase (AMPK) is universally recognized as a major regulator of fat
metabolism and promotes fatty acid uptake into cells via activation of CD36 [6, 22]. This
mechanism has been implicated for the non-nucleoside reverse transcriptase inhibitor,
efavirenz, where the activation of AMPK is likely a compensatory response to the inhibition
of complex | of the mitochondrial respiratory chain [23]. CD36 has also been defined as a
shared target of the hepatic nuclear receptors LXR and PXR, as well as PPARa and PPAR~y
[14, 24]. This may provide a link between activators of these transcription factors and
increased steatotic potential.

It is imperative that strategies be developed for use in the early preclinical stages of drug
development in order to effectively evaluate the potential for steatohepatitis of drugs with
recognizable risk factors such as cationic amphiphilic structures or mechanisms of action
which involve interaction with nuclear receptors or other key regulators of hepatic lipid
metabolism. A number of groups have attempted to define a transcriptomic signature that is
predictive of DISH for the purpose of providing a specific and sensitive assay for pre-
clinical drug development. Sahini et al [25] defined nine genes regulated in common by
drugs which induced DISH related to lipid transport and excess triglyceride accumulation in
the form of lipid droplets. Benet et al [26] have described a common signature for steatotic
drugs likely mediated by repression of a complex network of transcription factors including
three key regulators of liver metabolism: FOXAL, HEX and SREBP1C. Most recently, Liu
et al [27] have suggested that serum miRNAS can be used to distinguish between DISH and
NAFLD. Despite these efforts at defining molecular signatures for the identification of
DISH, there remains an unmet need for human-relevant /in vitro systems for the preclinical
assessment of the steatohepatitic potential of drugs in development.
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3. Preclinical and in vitro DISH Models

Preclinical assessment of DISH can be a routine part of animal toxicity studies as well as
include various /n vitro and cellular assays aimed at screening the potential of drugs to
induce the accumulation of fat and subsequent inflammatory effects in hepatocytes.

3.1. Animal models

A variety of animal models have been specifically developed to recreate NASH arising from
metabolic causes using dietary and genetic approaches and have been previously covered
extensively in multiple reviews[28-31]. However animal models of DISH are generally
described in literature secondary to, or as part of /n7 vivo toxicity testing of compounds. Most
of these reported studies include the drugs commonly associated with DISH listed in the
previous section. For instance, Choi et al investigated the role of fatty acid transport and
esterification in tetracycline-induced steatosis male ICR mice[32]. Intracellular lipid
accumulation and the protein expression of fatty acid translocase (FAT or CD36) and
diacylglycerol acyltransferase (DGAT) 2 were increased in the mouse liver. Tamoxifen is
one of the most widely assessed drugs in animal models for its ability to cause DISH.
Larosche et al. treated male Crl:CD-1(ICR)BR Swiss mice with Tamoxifen for 28 days and
demonstrated its ability to induce steatosis by inhibiting hepatic triglyceride secretion as
well as mitochondrial p-oxidation and respiration[33]. Other studies have similarly
demonstrated the ability of Tamoxifen to induce microvesicular steatosis in male Wistar
rats[34] or increased triacylglycerol biosynthesis with resulting accumulation in female
rats[35]. Le et al 2014 co-administered Uridine, a pyrimidine nucleoside was tested along
with tamoxifen in C57BL/6J mice to evaluate its reported protective effects against drug-
induced fatty liver. Liver lipid levels were evaluated with lipid visualization using coherent
anti-Stokes Raman scatting (CARS) microscopy, biochemical assay measurement of
triacylglyceride (TAG), and liquid chromatography coupled with mass spectrometry (LC-
MS) measurement of membrane phospholipid. Blood TAG and cholesterol levels were
measured. Uridine co-administration prevented tamoxifen-induced liver lipid droplet
accumulation in mice. Others have used publically available microarray databases from drug
treated animals as in the the Japanese Toxicogenomics Project (TGP) to explore mechanisms
underlying drug-induced steatotic signatures by studying comprehensively whole genome
gene expression changes in the liver of treated rats[25]. In this study Sahini et al examined a
total of 36 drugs diverse in molecular structure and mode of action that included 17 and 12
drugs with the ability to cause either steatosis or phospholipidosis respectively, and 7 drugs
negative controls based on histopathological findings. They focused on 200 genes that they
had previously deemed to be mechanistically relevant in the process of lipid droplet
biogenesis in hepatocytes. In the study, they identified 19 genes that exhibited dose
dependent responses and defined a unique signature made up of 9 genes (ANGPTL4,
FABP7, FADS], FGF21, GOT1, LDLR, GK, STAT3, and PKLR) to predict drug induced
steatosis. Other strongly regulated genes included genes linked to glucose metabolism, lipid
transport and lipogenesis signalling. They were able to identify 26 genes to be regulated in
common between drugs causing phospholipidosis and/or steatosis.
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3.2. Cellular Models of DISH

Cellular models to identify efficacious drugs and compounds that lack the potential to cause
hepatotoxicity in man have been around for decades. These offer a way to predict effects that
may be missed in animal models due to inherent species differences and can be a medium
throughput screen to identify cytotoxic potential at different doses. To be optimally
successful in reproducing key processes that underlie specific phenotypic hepatotoxic
outcome such as DISH, the culture models need to be metabolically competent while
possessing a lifespan long enough to build up the pathologic change, e.g steatosis. Cellular
models also need to be coupled with endpoint assays that measure the phenotytpic changes
or underlying perturbations with high sensitivity, specificity and reproducibility. Some of
these approaches have been described in a previous review[18]. Cell types typically used
include primary hepatocytes from multiple species, immortalized cell lines as well as iPSC
derived hepatocytes (Table).

While the use of human primary hepatocytes is ideal, cell limes and rodent hepatocytes are
often a cheaper alternative making their use more common. Summeren et al [36] used
primary mouse hepatocytes to overcome issues of availability and inter-individual variation
faced with human hepatocytes and coupled them with differential in gel electrophoresis
(DIGE) to study large-scale protein expression following exposure to amiodarone. Le and
colleagues [37] interestingly used mouse hepatocytes to demonstrate the effect of uridine in
preventing tamoxifen-induced liver lipid droplet accumulation. Primary rat hepatocytes have
also been used extensively and as early as 1994 when Deschamps et al [38] demonstrated the
ability of perhexiline to induce microvesicular steatosis via inhibition of oxidative
phosphorylation and the beta-oxidation of fatty acids, by the measurement of ATP and
carbon 14 labeled fatty acids. Other drugs like amiodarone, diethylaminoethoxyhexestrol,
valproate, tetracycline and tamoxifen have also been assessed for steatotic potential using a
variety of endpoints such as triglycerides, lipid peroxidation, mitochondrial respiration
dysfunction and oxidative stress [32, 34, 39, 40]. Recently Germano and colleagues exposed
rat hepatocytes in Collagen I-Matrigel™ sandwich cultures to chronic non-cytotoxic
concentrations of various drugs over 14 days. While they were able to induce
phospholipidosis similar to that seen /n vivo, they had limited success in reproducing
steatosis. Tetracycline-induced steatosis has been demonstrated in primary canine beagle
hepatocyte cultures by increases in the Oil Red O-stained lipid inclusions and an increase in
intracellular triglyceride following a 24-h exposure[41].

To overcome the lack of species relevance of animal cells, various human hepatocyte cell
lines are commonly employed to assess steatosis. Hep G2 cells, a cell line derived from a
well-differentiated hepatocellular carcinoma are used for toxicity as they possess many of
the genotypic features of primary hepatocytes[42]. HepG2 cells have been demonstrated to
pick up the steatotic effects of oleic acid, amiodarone, doxycycline, tetracycline, valproate
and tamoxifen in combination of a variety of endpoints such as oil red O, Nile red,
BODIPY493/503 dyes, cellular ATP content and lipid peroxidation assays [16, 43-46]. A
challenge with HepG2 cells however is that their metabolic activity is significantly lower
than primary hepatocytes, translating into decreased sensitivity that is less than a fifth of
primary hepatocytes while testing the toxicity of drugs [47]. HepaRG cells, also derived
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from a human hepatocellular carcinoma cell line [48] retain a drug metabolism capacity that
is more comparable to primary hepatocytes [49] and are shown to maintain hepatic functions
and expression of liver-specific genes at levels comparable to human hepatocytes[50].
However they are more expensive than HepG2 cells. HepaRG cells have been used to study
the steatotic potential of amiodarone and tetracycline using Oil Red O and triglyceride as
endpoints in combination to a lipid metabolism gene panel [50]. Others have used HepaRG
cells to demonstrate the ability of agents such as PPAR agonists or Farnesol to reduce
steatosis following oleic acid-overloading [51, 52].

Human induced pluripotent stem cell (iPSC)—derived hepatocytes hold the promise of
possessing a primary hepatocyte-like phenotype, and can offer an unlimited source of
genotype-specific cells from different individuals [53, 54]. Sirenko and colleagues recently
used iPSC derived hepatocytes to demonstrate the potential of amiodarone, chloroquine and
propranolol to induce phospholipidosis and steatosis using the using LipidTOX reagent[55].
However, a major drawback of iPSC derived hepatocytes is that they exhibit aspects of fetal
phenotype [56] including significantly lower albumin secretion than primary hepatocytes
with simultaneous persistence of alpha-fetoprotein (AFP) expression. This is also associated
with lower expression and activities of specific CYP450 enzymes (e.g. the CYP3A family),
responsible for metabolizing almost 50% of drugs including amiodarone, reflective of a
limited ability to generate toxic intermediates [57].

3.3. Translational Challenges

Though animal models such as those described in section 3.1 can often pick up the ability of
drugs that induce fatty liver and steatohepatitis, they could be compromised in instances
where the drug effects on metabolic pathways are dependent on enzymes whose isoforms
may be species dependent (e.g. CYP4A family cytochrome). Alternately the drug-
metabolizing CYP enzymes responsible for generating a specific metabolite that could
induce the hepatotoxic effect may not be present in the animal species or the equivalent
isoform may have a vastly different spectrum of activity challenging the translatability of the
effect. With cellular models, the biggest hurdles in translatability relate to four important
aspects: 1) the lack of metabolic equivalence of the cell type when non-primary cells are
used. For instance, HepG2 cells and Huh7 cells are compromised in the levels of various
CYP enzyme activities relative to primary hepatocytes[58]. 2) dedifferentiation and loss of
metabolic and liver specific functions over time in cell culture[59-61]. 3) non-physiological
drug and metabolite concentration profiles in conventional cultures due to the static design
and lack of /n vivo-like flow and transport and 4) the non-physiological levels of
concentrations of hormones, enzymes, growth factors and drugs used in cell culture
maintenance media and for treatments, relative to the /n vivo context. The last aspect could
be a consequence of the earlier three limitations and results in routine use extremely high
baseline levels of glucose and insulin for cell survival and maintenance in many of these
culture systems (Table 2). While the glucose is at diabetic levels, the concentration of insulin
is often over 10,000 fold greater than the fasting to post-prandial physiological range of 50—
300 pmol of insulin[62]. This particularly poses a major translational challenge while
assessing drugs that either cause steatohepatitis or even those may be used to treat NASH.
The non-physiological levels of insulin and diabetic levels of glucose used to counter the
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lack of insulin responsiveness not only create an altered metabolic baseline which is not
reflective of the healthy state, but also influence other processes such as inflammatory
signaling that are instrumental to the mechanisms driving steatohepatitis and complexly
regulated by insulin. For instance, there is evidence that insulin activates the inflammatory
NF-xB in mammalian cells through a post-translational mechanism via insulin receptor
tyrosine kinase and Raf-1 kinase activities [63]. Conversely, there are reports that NF-xB
can induce insulin resistance [64] and inactivation of NF-xB increases insulin sensitivity
[65]. This makes it imperative to develop culture systems that retain the /n7 vivo hepatic
phenotype and responsiveness adequately to allow survival in more physiological milieus
and a more relevant baseline to study drugs impacting metabolic pathways.

Another challenge is the lack of adequate clinical biomarkers that are specific to the
steatohepatitic process and translate from the pre-clinical models to the clinic. Most of the
endpoints used in pre-clinical and 7n vitro models (Table 2) are either cytotoxicity or cell
injury measures similar to those routinely used for DILI, measurement of intracellular lipids
and phospholipids, mitochondrial p-oxidation activity or ATP and respiratory activity. Many
of the clinical serum biomarkers are still in the exploratory stage, and are mainly being
evaluated for metabolic causes of NASH (detailed in another review [18]). These include
serum adipokines and inflammatory cytokine panels (including TNF-a. IL-6 and IL-8),
cytokeratin 18 (CK 18), tissue inhibitor of metalloproteinase 1 (TIMP-1), YKL-40,
hyaluronic acid, serum prolidase enzyme activity, plasmapentraxin3, visfatin, chemirin,
vaspin, fibrinogen chain, retinol binding protein 4, serum amyloid P component, lumican,
and transgelin 2 among others. While there is no clear consensus of any single one of these
being adequate to distinguish the state of steatosis from steatohepatitis, most of them are not
being used during pre-clinical evaluation leaving a gap for clinical translatability.

3.4. Assessment of DISH in a human organotypic system

Flow based organotypic liver systems are designed to avoid the static nature of conventional
cultures, and offer control over oxygen and nutrient transport [66—68] and prevent the build
up of cytokines and toxic metabolites produced by the cells to non-physiological levels [69].
Other flow based systems used as vascular tissue model designs have used cone and plate
viscometry principles to incorporate shear and waveform patterns missing in static culture
conditions[70]. We previously described the adaptation of this technology, on human
primary hepatocytes plated under a transwell culture modeled on the microarchitecture of
the liver sinusoids (Figure 3A), to apply liver-derived blood flow parameters[71]. The
restoration of transmural perfusion, circulatory hemodynamics and transport gradients
missing in conventional culture systems was shown to make primary hepatocytes more /in
vivo-like in terms of morphology, function and responsiveness[71, 72]. This allowed primary
hepatocytes to be cultured under close to physiological insulin/glucose media conditions
with retention of metabolic pathways such as gluconeogenesis and glycogenolysis and
exhibit de novo lipogenesis under high glucose and insulin milieus[73, 74]. The system has
also been used to assess drug responses at clinically-relevant concentrations[75]. We
evaluated the effects of Amiodarone in this system alongside obeticholic acid, an FXR
agonist and a promising new drug in clinical trials for non-alcoholic steatohepatitis (NASH),
as an inverse control. Their transcriptomic signatures of both drugs were compared, with the
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goal of gaining insights into overlapping mechanistic pathways involved in the development
and treatment of steatohepatitis. Following restoration of biology in the system over 7 days,
primary human hepatocytes from 5 separate donors were exposed to the two drugs for 48
hours at concentrations approximating both therapeutic and toxic levels, alongside DMSO
controls. Whole genome transcriptomics by RNAseq, along with measurement of
intracellular lipid accumulation was performed. The heatmaps of key pathways depicting
differentially expressed genes relative to DMSO controls revealed that amiodarone impacts
multiple pathways relevant to lipid accumulation in addition to its well appreciated effect
down-regulating (blue) fatty acid beta oxidation genes (Figure 3B). This was reflected by
marked down-regulation the ABCA family transporters that regulate the transfer of lipid into
organelles and out of cells (Figure 3C) and simultaneous up-regulation (red) of fatty acid
and triglyceride synthesis pathway genes (Figure 3D), offering additional possible
explanations for its steatohepatitic potential. Interestingly, obeticholic acid strongly down-
regulated most triglyceride synthesis genes (Figure 3D) while up-regulating some fatty acid
metabolism genes (Figure 3B) supporting its observed beneficial effect on lowering steatosis
in patients of NASH. Obeticholic acid modestly suppressed the lipid transporters but
strongly up-regulated ABCG5 and ABCGS8 (Figure 3C), which may reflect a potential for
increased cholesterol efflux in addition to bile acids. These steatogenic potential of
amiodarone was also reflected in the marked accumulation of lipid droplets evidenced by
Nile red staining in the amiodarone treated hepatocytes (Figure 3F) relative to the DMSO
(Figure 3E) and obeticholic acid (Figure 3G) treated conditions. Taken together, these data
reflect the opposing effects of amiodarone and obeticholic acid on regulating key pathways
involved in steatohepatitis.

4. Clinical Assessment and Management of Drug Induced Steatohepatitis

4.1: Identification of the subject at risk

The key consideration is assessment of the likelihood of a drug to cause hepatic steatosis or
steatohepatitis is its mechanism of action. Specifically agents that increase delivery of lipids
to the liver, decrease lipid oxidation, alter the incorporation of fatty acids in to other lipid
classes or affect their transport out of the liver all have the potential to cause fat to
accumulate in the liver. These insights should be available before moving such agents in to
clinical trials. There is also a potential for off-target effects for agents designed to impact
other pathways. Furthermore, distinction of DISH from background NASH or NAFLD is an
important consideration especially in those with risk factors who are prescribed agents with
the potential for DISH.

When considering the clinical assessment of DISH, one has to make distinctions between
clinical trials. In clinical trials of agents with the potential for DISH or where steatosis of the
liver has been noted in preclinical models, it is advisable to obtain baseline measures of
steatosis and steatohepatitis. MR-based proton density fat fraction methods are currently
considered the most accurate way to quantify hepatic fat[76]. However, such methods are
expensive and not widely available and substantially increase the study burden on individual
subjects. Alternatively, the fibroscan continuous attenuation parameter (CAP) score can be
used at a “point-of-care” to assess the presence of hepatic steatosis[77, 78]. However, this
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measure is less quantitative and has not yet been validated to be sensitive to change.
Regardless of the technology used, it is also advisable to obtain a liver stiffness
measurement at the time of assessment of hepatic steatosis[79-81]. The presence of
increased stiffness (> 7 Kp for fibroscan and > 2.9 kp for MRE) suggests the presence of
underlying chronic liver disease with hepatic fibrosis. The presence of elevated AST and
ALT values further increases the likelihood of underlying NASH with fibrosis, the
phenotype at risk of progression to cirrhosis[82, 83]. Considering the widespread prevalence
of NAFLD and NASH in the general population and particularly in those who are obese with
other features of the metabolic syndrome[84, 85], it is likely that a substantial subset of
subjects will have these features. This is particularly relevant for drugs being developed for
cardiovascular disease and type 2 diabetes. The decision to include or exclude such
individuals from clinical trials require a consideration of the need to generate generalizable
data in multiple at risk populations, the potential risks to the individual subject and the
likelihood of DILI or DISH with a given drug.

In clinical practice, there is growing acceptance of non-invasive tools to assess the presence
of fatty liver disease and the risk of liver related outcomes. If these have not been used
already in those with risk factors, they should be used prior to starting drugs with the
potential for causing DISH. This allows assessment of the pre-therapeutic status and makes
assessment of DISH much easier once therapy is started. Those with advanced disease, as
assessed by a FIB-4, AST:platelet ratio, fibroscan or MRI should be triaged for more
detailed assessment regardless of their symptom status. For clinical trials, it is probably
prudent to exclude such individuals unless the study specifically targets this population.

Evaluation of DISH

In those without baseline evidence of NAFLD who are started on drugs with the potential for
DISH, it seems rational to evaluate for the presence of DISH following a long-enough
exposure time to the agent. Unfortunately, this is not clearly clarified for all potential agents.
In such cases a 3-6 month interval from initiation of therapy could be considered since the
natural course of DISH is generally slow and the probability of harm is low within this time
frame for most drugs. Subsequent studies should be performed at 6-12 month intervals
initially and annually after the first year of drug exposure. A measure of steatosis, changes in
liver enzymes and changes in liver stiffness represent a minimal data-set for assessment of
DISH. In those with new onset of steatosis, especially with elevation of liver enzymes and or
increased liver stiffness should be offered a liver biopsy for verification of the presence and
severity of DISH. The development of findings suggestive of steatohepatitis should lead to a
consideration for drug discontinuation. The final decision for drug discontinuation must be
individualized in clinical practice. In clinical trials, this decision is best made based on an a
priori set of criteria established in the protocol to avoid imbalance in how subjects with new
onset DISH are handled in the trial.

5.3: Management of DISH

The traditional paradigm in DILI is to stop the offending drug. However, in those who are
being treated for severe life-threatening illnesses e.g. tamoxifen in those with breast cancer,
this paradigm could be challenged and the treating physician must consider the competing
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risks of drug discontinuation versus drug toxicity. Further, with increasing literature to
support the ability of various therapies to reverse NASH, one may also consider the use of
such agents in managing DISH. It is however important to remember that none of current
agents that have been shown to improve NASH such as vitamin E, pioglitazone etc have
been systematically evaluated for DISH. Furthermore, none of these agents are approved for
the treatment of NASH and their use would represent off-label use of these compounds.
There is clearly a major unmet need to evaluate the ability to reverse DISH with such agents
in relevant animal models and in-vitro systems and even in small scale human studies with
intense monitoring of safety.

In those with evidence of NAFLD at baseline, the worsening of steatosis, elevation of liver
enzymes from baseline values and increasing stiffness should be considered indicative of
progressive disease. The decision to confirm this with a liver biopsy is up to the treating
physician with input from the patient. In the absence of other obvious factors that the
worsening disease state can be attributed to, one must consider the presence of superimposed
worsening due to the drug and consider alternate agents or drug discontinuation. Certainly,
progression to bridging fibrosis or cirrhosis should definitely lead to drug discontinuation.

Finally, in those where there is evidence of development of steatosis or worsening of
steatosis without changes in liver enzymes or worsening of liver stiffness, the risk of adverse
liver related outcomes is likely to be low. However, it may have an impact on the individual
patients cardiometabolic risk. There are no long-term outcomes studies of DISH to provide
data on the actual impact of DISH on cardio-metabolic outcomes and these risks have to be
inferred from changes in cardio-metabolic risk factors.

If modifiable risk factors worsen, they could be managed accordingly. On the other hand, a
substantial worsening of risk factors especially non-modifiable risk factors should warrant a
discussion of drug discontinuation in clinical trials and at the very least a discussion of
competing risks and alternate approaches in routine practice. These potential cardio-
metabolic risks of drug induced fatty liver are also germane for those with DISH.

In summary, there is growing concern about the potential for many drugs to cause DISH or
worsen underlying NASH. More work is needed especially in preclinical models to develop
paradigms to minimize such risks, identify the problem early and develop ways to manage
DISH to avoid DISH-related adverse outcomes and also allow individuals who need to be on
the offending agents for other reasons to continue on their life-saving drugs while the DISH
is effectively managed. Until then, when in doubt, it is advisable to stop the offending drug.

6. Conclusion

The increasing importance of DISH due to the high background of metabolic disease in the
general population, and the limited management approaches for its detection and treatment
make it a relevant problem. Due to complex mechanisms underlying DISH involving
multiple cell types with sequential metabolic and inflammatory steps followed by cellular
responses, there is a need for developing more physiologically relevant models with
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translational biomarkers and assays. These may eventually lead to newer management
approaches for detection and treatment of DISH.

7. Expert Opinion

The phenomenon of DISH is truly complex on account of the multiple interconnected
mechanistic pathways driving the process. Although the number of drugs causing DISH is a
relatively small fraction of all fatty liver cases, the problem assumes a far greater
significance against the background of the fast-growing metabolic NAFLD pandemic that
tracks with obesity in the western world. Pre-existing NAFLD alters the baseline
intracellular lipid content of hepatocytes, making the population more susceptible to drugs
that affect the lipid homeostasis in the liver. It is known that steatosis can also significantly
alter hepatic cytochrome p450 enzymes and drug transporters that control pharmacokinetics
and drug metabolism, thereby enhancing the toxic potential of drugs. For instance, it is
appreciated that the enzymatic activities of CYP1A2 and CYP2C19 decrease while CYP2A6
and CYP2C9 go up with increasing NAFLD severity in patients[86, 87]. Another significant
effect of background NAFLD and NASH is the marked increase of expression and activity
of the cytochrome P450 2E1 (CYP2EL1) in patients[88]. This has direct consequences of
increasing levels of reactive oxygen species (ROS) triggering oxidative stress and JINK
overactivation[89], and could potentially impact the effects of concomitant steatohepatitic
drugs. CYP2E1 can impair insulin signaling, further dysregulating the metabolic process and
potentiating drug effects. Similarly, changes in expression and function of ATP-binding
cassette (ABC) transporters in NASH are believed to make hepatocytes more susceptible to
hepatocellular damage after administration of methotrexate[90].

Following the sequencing of the human genome, tremendous advances in the field of
molecular biology have led to the -omics revolution. The shift away from a reductionist
approach driven by tools to measure global cellular responses, coupled with refinements in
big data analytics, have provided us unbiased ways to understand disease biology and drug
pharmaco-toxicology. However, to be truly effective, the biological output from in vitro
systems that feed the hypothesis generation and predictive algorithms needs to be reliable
and reflect an in vivo-like response. The relationship between the insulin responsiveness and
NASH particularly make it particularly important that preclinical evaluation of drugs
causing DISH /n vitro are done in metabolically competent cells in a patho-physiologically
relevant milieu. As pointed out in this review, most /n vitro systems continue to use cell
culture media that are far removed from the physiological milieu experienced by cells /n
vivo. This may not impact a single endpoint, but assumes paramount importance while using
—omics global approaches as the perturbation by the milieu can have a domino effect on
multiple interconnected pathways. Another factor to consider while using /n vitro systems is
the stable retention of specific metabolic enzymes that can impact the underlying pathway
being studied. For instance, in a recent study, the effect of obeticholic acid on NASH using
human precision cut liver slices[91] noted the lack of on-target FXR response on key
metabolic enzymes such as CYP7A1 and CYP8B1, and attributed it to the rapid loss of
expression of these genes in the model. Often drugs causing DISH take a prolonged period
to manifest pathologic changes[92, 93]. Loss of relevant lipid metabolism enzymes could
severely compromise the ability of these systems to study such drugs. The use of advanced
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organotypic tissue models that retain /n vivo-like functional responses, coupled with
translational functional biomarkers and next-generational pan-omic measurements, may
offer the best approach at gathering prior mechanistic knowledge and potential of a drug that
can cause DISH.

Looking forward, the greatest opportunities lie in the diagnosis, monitoring and management
of DISH. As of today, there is a need for better non-invasive biomarkers that not only help
diagnose DISH, but also allow for monitoring DISH over a period of time. This is
particularly important, as the only current management option is to withdraw the offending
drug. In instances where there is significant risk with drug discontinuation and there are no
suitable alternative medications, the ability to monitor DISH may offer a way to titrate
treatment. Finally, the lack of definitive treatments highlights the need to develop therapies
based on countering the underlying pathological mechanisms. Since there is a significant
overlap with NASH, which is currently one of the most active areas of drug development,
one can imagine utilizing similar targets and chemistries to be able to reverse the effects of
DISH. Controlled clinical studies, with proper stratification of patient populations from
other contributing causes of NAFLD would need to be conducted to confirm the benefits of
these novel therapies.
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Highlights

. Drug induced steatohepatitis (DISH) is increasingly important due to the high
background of metabolic disease in the population.

. Mechanisms causing DISH are complex due to involvement of multiple cell
types and sequential metabolic and inflammatory steps followed by cellular
responses.

. Predicting and avoiding DISH pre-clinically is challenging due to limitations

of existing models and endpoints.

. More physiological models and translational biomarkers and assays may
support discovery of newer management approaches for detection and
treatment of DISH.
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NAFLD and NASH

i Other
Metabaolic Causes
(Obesity, phenotypes of
Diabetes, etc.) Drug Induced

Liver Injury

NAFLD - Non Alcoholic Fatty Liver Disease
MNASH - Non Alcoholic Steatohepatitis
DILI- Drug Induced Liver Injury

DIS - Drug Induced Steatosis

DISH - Drug Induced Steatohepatitis

Figure 1.
Drug Induced Steatohepatitis (DISH) is a form of drug induced liver injury (DILI) that

shares pathological features characterized by lipid accumulation and inflammatory changes,
similar to non alcoholic steatohepatitis arising due to other causes.
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Figure 2.
Mechanisms involved in Drug Induced Steatohepatitis (DISH). Accumulation of lipids and

triglycerides within hepatocytes is driven by one or more of four different mechanisms: 1.
Increased fatty acid synthesis. 2. Decreased fatty acid p-oxidation: 3. Decreased lipoprotein
export and 4. Increased mobilization and uptake of fatty acids. Subsequent mitochondrial
dysfunction, peroxisomal fatty acid oxidation and induction of CYP2E1 are responsible for
increased lipid peroxidation and oxidative stress. The consequent induction of inflammatory
cytokines like TGF-B, TNF-a and IL-8 results with inflammatory cell recruitment and
stellate cell activation with extracellular matrix production.
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Figure 3.
Assessment of Steatohepatitis in an Organotypic Model. (A) The previously described

model uses liver-derived blood flow parameters to restore transmural perfusion, circulatory
hemodynamics and transport gradients in the system. Primary hepatocytes from 5 donors
were exposed to amiodarone (AMI) or obeticholic acid (OCA) in the system for 48 hours
prior to performing transcriptomics and measuring lipid accumulation by Nile Red staining.
(B) Heatmap of fatty acid beta oxidation genes reveals down-regulation by AMI while OCA
selectively up-regulates multiple genes. (C) Both drugs down-regulated the lipid/cholesterol
transporters of the ABCA family but OCA strongly up-regulated ABCG5 and ABCG8 (D)
Fatty acid and triglyceride synthesis pathway genes were upregulated by AMI but mostly
down-regulated by OCA. (E -G) These steatogenic potential of amiodarone was also
reflected in the marked accumulation of lipid droplets evidenced by Nile red staining in the
amiodarone treated hepatocytes (F) relative to the DMSO (E) and obeticholic acid (G)
treated conditions.
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