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Abstract Microsomal triglyceride transfer protein (MTP)
is one of the promising targets for the therapy of dyslipi-
demia and MTP inhibition can lead to robust plasma low-
density lipoprotein cholesterol (LDL-C) reduction. Lomi-
tapide, a small-molecule MTP inhibitor, was recently
approved by the US FDA as an additional treatment for
homozygous familial hypercholesterolemia (hoFH). How-
ever, liver-related side effects, including hepatic fat accu-
mulation and transaminase elevations, are the main safety
concerns associated with MTP inhibitors. Here, we review
recent knowledge on the mechanisms underlying liver
toxicity of MTP inhibitors. The contribution of altered
levels of intracellular triglycerides, cholesteryl esters, and
free cholesterols toward cellular dysfunction is specifically
addressed. On this basis, therapies targeted to attenuate
cellular lipid accumulation, to reduce risk factors for non-
alcoholic fatty liver disease (NAFLD) (i.e., insulin resis-
tance and oxidative stress) and to specifically inhibit
intestinal MTP may be useful for ameliorating liver dam-
age induced by MTP inhibitors. In particular, weight loss
through lifestyle interventions is expected to be the most
effective and safest way to minimize the undesirable side
effects. Specific dietary supplementation might also have
protective effects against hepatosteatosis. Despite that, to
date, few clinical data support these therapeutic options in
MTP inhibition-related liver damage, such proposed
approaches may be further explored in the future for their
use in preventing unwanted effects of MTP inhibitors.
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Key Points

Microsomal triglyceride transfer protein (MTP)
inhibitors have prominent effects in lowering low-
density lipoprotein cholesterol levels in patients with
hypercholesterolemia.

Intracellular lipid imbalance contributes to hepatic
fat accumulation and transaminase elevations, which
are main safety concerns associated with MTP
inhibitors.

Although several non-pharmacologic and
pharmacologic strategies appear promising in theory
to minimize MTP inhibition-related hepatotoxity,
robust clinical evidence on these strategies is
lacking.

1 Introduction

Microsomal triglyceride transfer protein (MTP), a key
chaperone in the assembly and secretion of apolipoprotein
B (apoB)-containing lipoproteins, is localized in the
endoplasmic reticulum (ER) of hepatocytes and entero-
cytes [1]. Mutations in the gene encoding for MTP are the
molecular basis of abetalipoproteinemia (ABL), a rare
autosomal recessive disorder characterized by the absence
of circulating apoB-containing lipoproteins of both intes-
tinal and hepatic origin [2]. Following the discovery of the
molecular cause of ABL in the early 1990s [3], MTP
inhibition has emerged as a potential approach with well
established efficacy in lowering plasma low-density lipo-
protein cholesterol (LDL-C) in hypercholesterolemic indi-
viduals. Much data suggest that MTP inhibitors can be
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instrumental in combating homozygous familial hyper-
cholesterolemia (hoFH) [4, 5]. Given the limited thera-
peutic options and the severe mortality and morbidity of
hoFH, lomitapide, one of the systemic MTP inhibitors, was
approved by the US FDA in December 2012 as an adjunct
to a low-fat diet and other lipid-lowering treatments for
hoFH patients [6]. However, substantial liver-related side
effects, including hepatic steatosis and transaminase ele-
vations, have been reported following this treatment in
several clinical trials [4, 5, 7], thus hindering the wide
application of such class of agents in clinic. Here, we
review the liver toxicity and involved molecular mecha-
nisms associated with MTP inhibition. Then we propose
several potential therapeutic strategies, including pharma-
cologic and non-pharmacologic approaches, with the ulti-
mate goal of minimizing the undesirable effects.

2 Hepatotoxicity of Microsomal Triglyceride Transfer
Protein (MTP) Inhibition and Mechanistic Studies

In the human trials to date, lomitapide has always been
associated with hepatic adverse issues. In the phase II study
of lomitapide [4], all of the six patients with hoFH expe-
rienced increases in hepatic fat content, ranging from 10 %
to 40 % at the highest dose of lomitapide (1.0 mg/kg per
day), and elevations in liver aminotransferases were
observed in four of the six patients. After suspension of the
drug, liver fat and enzyme levels returned to baseline
within 4 weeks in all patients except one, whose hepatic fat
accumulation persisted for 14 weeks following active
treatment. Recently, the results of a phase III trial of lo-
mitapide (dose range, 5-60 mg/day; duration, 78 weeks) in
29 subjects with hoFH were published [5]. The mean liver
fat content increased from 1 % at baseline to 8.6 % at week
26 when the dose of lomitapide was titrated up to 60 mg/
day, and then remained at this level for the rest of the study
(8.3 % at week 78) with stabilized drug dose. About one-
third of the patients experienced an increase in transami-
nases more than three times the upper limit of normal
(>3 x ULN), which appeared to be transient and man-
ageable with temporary dose reduction.

2.1 MTP Inhibition and Intracellular Lipid
Accumulation

In the liver and intestine, MTP is responsible for transfer-
ring neutral lipids (mainly triglycerides and cholesteryl
esters) to nascent apoB-lipoproteins for secretion [8, 9].
Therefore, steatosis caused by MTP inhibition is expected
to be explained by intracellular increases in both triglyc-
erides and cholesteryl esters associated with impaired
assembly and secretion of apoB-containing lipoprotein.
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Consistent with this speculation, studies with rodent mod-
els to investigate the effects of genetic ablation and
chemical inhibition of MTP on tissue lipids showed high
concentrations of triglycerides in hepatocytes and entero-
cytes. However, contrary to the expectations, deficiency of
MTP triggered intracellular increases in free cholesterols
and decreases in cholesteryl esters [10].

According to further mechanistic studies [9, 11-13], the
effects that MTP deficiency exerts on cellular cholesterol
homeostasis can be illustrated as follows. Under normal
conditions, acyl-CoA:cholesterol acyltransferase (ACAT)
synthesizes cholesteryl esters, and MTP transfers both free
and esterified cholesterol to apoB-lipoproteins. When MTP
is limiting, transfer of both free cholesterol and esterified
cholesterol to apoB-lipoproteins is curtailed, leading to
accumulation of both esterified and free cholesterol.
Accumulation of esterified cholesterol inhibits esterifica-
tion by ACAT enzymes, contributing to further accumu-
lation of free cholesterol. Increased hepatic triglycerides
and free cholesterol after MTP inhibition is consistent with
previous studies [14-17].

2.2 MTP Inhibition and Elevated Plasma
Transaminases

To understand the relationship between MTP inhibition,
accumulation in liver lipids, and increases in plasma trans-
aminases, Josekutty et al. conducted an experiment using
mice fed a western diet and found that MTP inhibition
enhances hepatic free cholesterol in the ER and mitochondria,
which are associated with ER stress and oxidative stress,
respectively, increasing transcription of the GPT/GOTI genes
through up-regulation of the IRElo/cJun pathway [18]. GPT/
GOTI genes are responsible for encoding for the cytosolic
isoforms of aspartate aminotransferase (AST)/alanine ami-
notransferase (ALT), namely ALT1/ASTI1. Thus, inhibition
of MTP increases synthesis and release of ALT1/AST1 and
ultimately leads to increases in plasma transaminases, without
causing cell death. Results from this study also indicate the
critical role played by cellular free cholesterol in the under-
lying mechanism of MTP inhibition-induced hepatotoxicity
and therefore, lowering hepatic concentrations of free cho-
lesterol may represent a significant way to circumvent liver-
related side effects.

3 Lifestyle Interventions and Weight Loss

Nonalcoholic fatty liver disease (NAFLD) encompasses a
broad spectrum of conditions, ranging from simple stea-
tosis to nonalcoholic steatohepatitis (NASH), cirrhosis, and
hepato cellular carcinoma [19, 20]. Lifestyle interventions
to induce weight loss, including dietary modification and
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increased physical activity, are recommended by recent
guidelines for NASH treatment in adults and children [21,
22]. Reductions in body weight are accompanied by
decreases in liver fat, which recently has been systemati-
cally reviewed [23, 24]. Weight loss is also associated with
improvement in hepatic aminotransferases and insulin
resistance (IR) [19, 24]. In addition, weight reduction
through bariatric surgery markedly improved the major
components of metabolic syndrome: glucose tolerance,
hypertension, and hyperlipidemia [25].

Currently, the necessary degree of weight loss for
improvement of NAFLD remains unknown. Studies in
adults and children suggest that loss of 3-5 % of body
weight reduces hepatic steatosis, while decreasing inflam-
mation and progression of NASH may require as much as
10 % weight reduction [21]. In a 12-month trial of adults
with type 2 diabetes, losing 1-5 % of body weight reduced
hepatic steatosis by 33 % compared with a 65 % reduction
in those who lost 5-10 % body weight and 80 % reduction
in those who lost more than 10 % [26]. Similarly, in obese
children with NAFLD, body mass index (BMI) reduction
by 1-2 kg/m” resolved NAFLD in 48 %, while a more than
2 kg/m2 reduction resolved NAFLD in 89-95 % [27].
Recent clinical studies demonstrated that body weight loss
of more than 7 % resulting from a combination of diet and
exercise, induced significant improvements in steatosis,
inflammation, and hepatocyte ballooning [28]. Further
evidence also supports the beneficial role of weight loss in
histological improvements of NAFLD/NASH [29, 30]. Of
note, aerobic and resistance exercise, even without weight
loss, decreases hepatic steatosis and other markers of
lipotoxicity [31, 32]. Pharmacologic agents that induce
weight loss, such as orlistat, sibutramine, and rimonabant,
have shown promising effects in the treatment of NAFLD/
NASH [29, 33-35].

Collectively, weight reduction, primarily through
restricted diet and the promoted physical activity, posi-
tively influences NAFLD/NASH. Therefore, we recom-
mend this effective and safe strategy for both adults and
children treated with MTP inhibitors, especially for those
with co-existing obesity, metabolic syndrome, or diabetes.
Further preclinical and clinical evidence is needed to val-
idate the beneficial effects of weight loss on MTP inhibi-
tion-induced liver injury.

4 Dietary Supplements

Intake of specific dietary components may be particularly
important in preventing and/or treating hepatic damage
triggered by MTP inhibitors. Based on evidence from recent
experiments, piperine (1-piperoylpiperidine), oxymatrine,
and walnut (Juglans regia) have shown promise in this

regard. Intake of these dietary supplements from natural
sources may further enhance the beneficial effects of life-
style modifications on MTP inhibition-related hepatic tox-
icity; however, this hypothesis is not supported by
the clinical research so far.

Piperine is an alkaloid present in black pepper (Piper
nigrum), long pepper (Piper longum), and other Piper
species fruits (family: Piperaceae) [36]. Administration of
piperine has been demonstrated to reverse high-fat diet-
induced hepatic steatosis, as well as notably improve serum
transaminase and lipid profiles in rats [37, 38]. The precise
mechanisms and pathways explaining the liver-protective
effects of piperine are unclear. It might be associated with
reduced hepatic ER stress, improved IR, and suppression of
lover X receptor (LXR)-o-mediated lipogenesis [37].
However, Choi et al. [38] proposed that the underlying
mechanism is related to activation of adiponectin-AMP-
activated protein kinase (AMPK) signaling, which plays an
important role in mediating lipogenesis, fatty acid
(FA) oxidation, and insulin signaling in the liver. Regard-
less of the exact mechanism, hepatic side effects of MTP
inhibitors may benefit from dietary supplementation of
piperine.

Oxymatrine, an active monomer isolated from the
medicinal plant Sophora flavescens Ait [39], is found to
ameliorate hyperlipidemia and hepatic lipid accumulation
in rats with NAFLD [40]. Further observations indicate that
the therapeutic effect of OMT on hepatic steatosis results
partly from down-regulating sterol regulatory element-
binding transcription factor 1 (SREBF1) and up-regulating
peroxisome proliferator-activated receptor (PPAR)-a and
MTP-mediated metabolic pathways simultaneously. These
results imply that OMT may be used to attenuate MTP
inhibition-induced hepatosteatosis.

Different components of the walnut have been used in
folk medicine for protection against liver injury [41], and
recent literature provides information about the hepatopro-
tective effects of walnuts. Walnut oil is capable of differ-
entially modifying hepatic and systemic lipid homoeostasis
in a rodent steatosis model. The drop in hepatic triglyceride
content by high intake of walnut oil was paralleled by a
significant elevation of fasting serum triglycerides, with
increased very low-density lipoprotein (VLDL) secretion.
These data share common features with the basic principle to
lower ectopic lipid stores in the liver by increasing hepatic
lipid disposal. With regard to the molecular mechanisms,
walnut oil inhibits hepatic lipid accumulation probably by
regulating hepatic gene expression of MTP and lipoprotein
lipase (LPL) in obese Zucker rats [42]. Further, in vitro,
walnut oil treatment significantly increased cholesterol
efflux through decreasing the expression of the lipogenic
enzyme stearoyl CoA desaturase 1 (SCD1) in macrophage-
derived foam cells (MDFC) [43]. Based on both rodent and

A\ Adis



216

M. Lin et al.

human data [42-46], dietary intervention with walnut oil also
lowers plasma cholesterol levels as well as improving
endothelial function and antioxidant potential. On the other
hand, walnut leaf extract has shown promise in attenuating
carbon tetrachloride (CCly)-induced liver damage in rats
[41]. In CCl,-treated rats, administration of walnut leaf
extract significantly decreased serum transaminases and
alkaline phosphatase levels, with increased antioxidant
enzymes, including superoxide dismutase and catalase.
Histopathological examination of livers showed reduced
fatty degeneration, cytoplasmic vacuolization, and necrosis
with walnut leaf extract treatment. The above beneficial
effects of walnut intake suggest a novel way to protect
against MTP inhibition-triggered hepatic injury.

5 Minimizing Cellular Lipid Accumulation

To avoid hepatic lipid accumulation and plasma transami-
nase elevation, adoption of an add-on therapy along with
MTP antagonists has been proposed as one of the strategies
to garner the full potential of MTP inhibition. In this respect,
to inhibit intracellular lipid synthesis and to enhance lipid
clearance appear to be two main therapeutic strategies.

5.1 Reducing Cellular Free Cholesterol Content

A viable means to attenuate free cholesterol buildup might
be to inhibit cholesterol synthesis through HMG-CoA
reductase. Statins inhibit HMG-CoA reductase, enhance
hepatic low-density lipoprotein receptor (LDLR) expression,
and lower plasma cholesterol [47]. Accumulating evidence
from both in vitro and in vivo studies indicates that statins
also have anti-inflammatory effects that are independent of
their hypocholesterolemic activity [48-50]. Retrospective
cohort data in 17 patients with NAFLD treated with statins
for 10-16 years showed reduced liver steatosis but no effect
on inflammation or fibrosis [51]. Furthermore, 5-year statin
therapy has been associated with significant decreases or
even normalization of serum aminotransferase activities in
individuals affected with both coronary heart disease (CHD)
and moderately elevated transaminases [52]. There is addi-
tional evidence for histological improvement in hepatic
steatosis and reduction in serum transaminases of NAFLD/
NASH after treatment with statins [53-59]. It has also been
reported that atorvastatin therapy could prevent or delay the
progression of liver steatosis into NASH [60]. Based on
these findings, it is tempting to suggest that a combinatorial
inhibition of MTP and HMG-CoA reductase may be effec-
tive in decreasing plasma cholesterol and preventing against
hepatic fat accumulation. Similarly, potent inhibitors of
squalene synthase might be used with MTP inhibitors to
achieve these goals.
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By comparison, ezetimibe, a sterol absorption inhibitor,
exerts its lipid-lowering effect through inhibition of the
intestinal Niemann-Pick Cl-like 1 (NPCIL1) lipid trans-
porter. This transporter is also expressed in the liver, where
it facilitates cholesterol uptake and thus allows the reten-
tion of biliary cholesterol by hepatocytes [61, 62]. Eze-
timibe could disrupt this process and thus might be useful
in ameliorating liver fat accumulation. Evidence from
human studies has validated a protective role of ezetimibe
against NAFLD-related liver steatosis and elevated trans-
aminases [7, 63]. Results from another clinical trial have
also proved the usefulness of both combined ezetimibe/
simvastatin (10/10 mg) treatment and simvastatin (20 mg/
day) monotherapy to lower serum ALT and AST in pa-
tients with NAFLD [58]. Mechanistic studies indicated that
ezetimibe not only reduced lipid synthesis in the liver, but
also promoted lipid discharge from the liver by preventing
post-translational degradation of MTP via a reduction of
hepatic reactive oxygen species (ROS) generation, leading
to inhibition of the development of NAFLD [64]. These
findings raise the possibility of this drug being used for
improving MTP inhibition-induced hepatic toxicity. Evi-
dence from a phase II trial of lomitapide supports this
potency of ezetimibe in a hyperlipidemic population [7]. In
this trial, more patients receiving lomitapide alone than
those receiving it in combination with ezetimibe discon-
tinued study drugs due to transaminase elevations, with an
incidence of 21.4 % (6/28) and 10.7 % (3/28), respectively.
However, it is noteworthy that statin and ezetimibe have
not shown promising results in avoiding hepatic fat accu-
mulation and increases in liver enzymes in the phase III
study of lomitapide [5]. Indeed, among the 29 lomitapide
recipients with hoFH enrolled in the trial, 27 were also
treated with statins and 22 with ezetimibe (all in combi-
nation with a statin). During the study, transaminase levels
more than 3 x ULN were seen at least once in 10 of 29
patients. Mean hepatic fat in the 20 patients with evaluable
nuclear magnetic resonance (NMR) scans increased from
1.0 % to 8.6 % with ascending dose of lomitapide. Further
research, especially large prospective studies, should fully
assess the efficacy and safety of statins or ezetimibe in
dealing with MTP inhibition-induced liver abnormalities.

Another possible approach to lowering cellular choles-
terol is to enhance its efflux mediated by LXR activation.
LXRs belong to the nuclear receptor superfamily and carry
on the function of controlling expression of genes involved
in cholesterol efflux in macrophages, hepatic bile acid
synthesis, and intestinal cholesterol absorption [65-68]. In
apoef/f and 1dIr '~ mice, LXR agonists not only enhance
cholesterol efflux and decrease atherosclerosis, but also
increase hepatic bile acid synthesis and reduce hepatic
cholesterol levels. These agonists reduce cholesterol
absorption via ABCG5 and ABCGS up-regulation in the
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intestine. Nevertheless, LXR agonists lead to high rates of
hypertriglyceridemia [69], which can be alleviated by MTP
antagonists. Therefore, it is worth examining whether LXR
agonists and MTP inhibitors can be used in combination to
avoid hepatic steatosis and the increases in plasma trans-
aminases, without causing hypertriglyceridemia.

5.2 Avoiding Overt Accumulation of Triglycerides

Cellular triglyceride accumulation is one of the main
characteristics of MTP inhibition. Triglyceride synthesis
involves FA uptake, intracellular transport to microsomes
by FA-binding proteins (FABPs), and acylation with
glycerol by several monoacylglycerol acyltransferases and
diacylglycerol acyltransferases (DGATS). Suppression of
these steps is likely to reduce cellular triglyceride levels.

First, ablation of liver FABP (L-FABP) has been shown
to lessen hepatic steatosis caused by treating mice with an
MTP inhibitor [70, 71], supporting that co-repression of both
L-FABP and MTP may be an effective means to reduce
VLDL secretion without causing liver fat accumulation.

Second, joint inhibition of DGAT and MTP activity
seems to be a promising way to avoid hepatic triglyceride
accumulation based on several lines of evidence. DGAT,
with two isozymes DGAT1 and DGAT2, catalyze the final
reaction of triglyceride biosynthesis [72]. Absence of
DGAT1 in mice shows a protective effect against a high-fat
diet-induced hepatosteatosis [73, 74]. On the other hand, a
lack of DGAT?2 in mice reduces hepatic triglyceride syn-
thesis and secretion, enhances FA oxidation, and lowers
plasma triglyceride levels. Furthermore, a defect in
DGAT?2 in a rodent model causes a reduction in the mes-
senger RNA (mRNA) levels of several hepatic lipogenic
genes, including HMG-CoA reductase [75]. Recently, the
target-specific silencing of DGAT2 using small interfering
RNAs (siRNAs) has been found to decrease plasma levels
of cholesterols as well as lessen hepatic triglyceride accu-
mulation caused by MTP antagonism in mice [76]. Sup-
porting evidence also comes from taxifolin, a plant
flavonoid, which was shown to inhibit triglyceride syn-
thesis and reducing apoB secretion by limiting triglyceride
availability via DGAT and MTP activity in HepG2 cells,
without increasing cellular lipids [77]. Thus, it is recon-
firmed that joint inhibition of DGAT and MTP activity
might avoid cellular triglyceride accumulation.

Third, cellular triglyceride levels can be reduced by up-
regulating FA oxidation, in theory. PPARs are a super-
family of nuclear hormone receptors that are involved in
the control of lipid metabolism. PPAR-o is the most
expressed PPAR in hepatocytes and it acts as an efficient
intracellular lipid sensor [78, 79]. Activation of PPAR-a
promotes hepatic B-oxidation of FAs by augmenting
expression of genes coding for enzymes of mitochondrial

and peroxisomal B-oxidation [80]. Studies in fatty liver
mice have confirmed the critical role of activated PPAR-a
in maintaining sufficient clearance of lipids from the liver
and preventing lipid accumulation and peroxidation in the
liver [81, 82]. However, previous studies in humans and
rats have shown inconsistent results that PPAR-o agonists
decreased VLDL-triglyceride secretion [83-85], making it
still far from clear what effects PPAR-a agonists would
have on lipid accumulation in the liver.

Fibrates, pharmacological ligands of PPAR-a, have been
demonstrated in animal models of steatosis and steatohepa-
titis to exert various protective effects against liver steatosis.
Namely, fibrate-related PPARa activation may stimulate -
oxidation of FAs, reduce IR, and prevent inflammation [86—
90]. The treatment for 11 obese patients with fatty liver with
bezafibrate (400 mg/day) for 2-8 weeks effectively reduced
macrovesicular steatosis and improved serum profiles of
liver function and lipids [91, 92]. Administration of fenofi-
brate (200 mg/day) for 48 weeks among 16 patients with
biopsy-confirmed NAFLD showed a significant improve-
ment in biochemical parameters, including ALT, AST,
alkaline phosphatase, and gamma-glutamyl transpeptidase
(GGT). In regard to histological aspects, such treatment with
fenofibrate only resulted in a decrease in the grade of hepa-
tocellular ballooning degeneration, without marked changes
in steatosis, lobular inflammation, and fibrosis [93]. There
also exist some studies suggesting that fenofibrate clearly
lowered liver triglyceride content in murine models of ste-
atosis [82, 94, 95], despite an increased expression of genes
involved in FA uptake and activation [94]. Besides, treat-
ment with gemfibrozil decreased ALT levels in NASH
patients [96], whereas beneficial effects of clofibrate on
transaminase levels and liver histology were minimal in the
treatment of NASH subjects [97]. Taken together, despite
that the information currently available is not sufficient to
draw conclusions on the benefits of PPAR-a activators in the
therapy of NAFLD, PPAR-a offers a possible therapeutic
target against steatotic liver caused by MTP antagonism.
Still, experimental evidence is lacking in this aspect.

6 Suppressing Oxidative Stress

The mechanism of MTP inhibition at the molecular level
has revealed that free cholesterol accumulation in mito-
chondria could cause an imbalance between excessive
production of ROS and decreased antioxidant defenses, and
finally induce oxidative stresses. Oxidative stress plays a
pivotal role in the transition from simple steatosis to ste-
atohepatitis [98, 99]. In this regard, antioxidants, including
vitamin E (RRR-o-tocopherol), n-3 polyunsaturated FAs
(PUFAs), and probucol, have exhibited a favorable effect
on hepatic steatosis and NAFLD/NASH [19, 98].
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Vitamin E is the most widely assessed antioxidant
dealing with NAFLD and NASH [19, 98, 100-102], based
on its activity as a free radical scavenger. Vitamin E is a
chain-breaking antioxidant in free radical reactions, which
is an important step in lipid peroxidation and membrane
stabilization [98, 103]. Positive results of several in vivo
animal studies reflect the potential therapeutic role of
vitamin E in human NAFLD/NASH [104-108]. The ben-
eficial effects of vitamin E in NAFLD and NASH also have
been evidenced by accumulating clinical data [109-113].
In particular, results of two large multicenter randomized
controlled trials (RCTs) of vitamin E were recently
released. Vitamin E therapy (800 IU per day) for 96 weeks
demonstrated a robust improvement in steatosis, inflam-
mation, ballooning, and resolution of steatohepatitis in
nondiabetic and noncirrhotic adults with aggressive NASH
[114]. In children, the same dose of vitamin E showed a
notable resolution of NASH, but without significant
reduction in steatosis and inflammation [115]. All of the
aforementioned studies have provided some evidence of a
benefit of vitamin E in NAFLD/NASH; therefore, it is
reasonable to assume that vitamin E administered simul-
taneously with MTP inhibitors might attenuate liver dam-
age caused by MTP inhibition. In terms of this
combinatorial strategy, validation from animal experiments
and clinical trials is needed to assess the safety and ther-
apeutic value.

n-3 PUFAs, naturally-occurring ligands of PPAR-a, are
known to reduce VLDL triglyceride production and
VLDL-apoB synthesis in the liver [116]. Intake of n-3
PUFAs appears to be beneficial for the treatment of NA-
FLD and NASH patients, with significant reduction in
serum AST, ALT, and GGT. This medication also leads to
amelioration in the extent of hepatic steatosis, fibrosis, and
inflammation [117-121]. Several mechanisms may be
involved in the anti-steatotic action of n-3 PUFAs,
including preventing lipid peroxidation, positively influ-
encing peripheral IR, activating PPAR-a, and suppressing
lipogenic transcription factor sterol regulatory element-
binding protein 1c (SREBP-1) [19]. Recent mechanistic
studies in mice with parenteral nutrition-associated liver
disease have shown that n-3 PUFAs exert their anti-
inflammatory and insulin-sensitizing effects through a
PPAR-y action, independent from the PPAR-a pathway
[122]. Of note, the value for n-3 PUFAs in improving
NAFLD has been questioned by findings in a murine model
of steatohepatitis in which n-3 PUFAs failed to prevent the
development of steatohepatitis due to accumulation of
hepatic lipoperoxides [123]. Therefore, in spite of some
promising evidence with reduction in hepatic steatosis, the
information currently available is not sufficient to draw
conclusions on the benefits of n-3 PUFAs in the therapy of
NAFLD. Further studies are required in order to explore
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benefits of n-3 PUFAs for attenuating liver damage caused
by MTP inhibitors or other etiologies.

Probucol, a lipid-lowering agent with strong antioxidant
properties, is reported to be both effective and safe for the
treatment of NASH [98]. Among NASH patients with
dyslipidemia, probucol therapy is capable of significantly
reducing levels of serum aminotransferases, accompanied
by an improvement in liver histology [124, 125]. These
benefits can probably be attributed to its ability to reduce
IR and oxidative stress [126]. Therefore, probucol is
anticipated to have favorable effects on MTP inhibitor-
induced steatotic liver. However, in spite of the possibly
improved function of high-density lipoprotein (HDL), the
decrease in plasma HDL cholesterol (HDL-C) and the
prolongation of the QT interval remain major safety con-
cerns with probucol treatment [127]. Thus, the efficacy and
safety of probucol-MTP inhibitor combination therapy
needs further validation.

7 Selective Intestinal MTP Inhibition

A mechanistic approach to circumvent the hepatotoxicity of
MTP inhibition has been to develop enterocyte-specific
inhibitors. As expected, such MTP inhibitors are associated
with gastrointestinal adverse events, including nausea, flat-
ulence, and diarrhea. Interestingly, these complications can
be partially or completely avoided with a temporal separa-
tion of drug administration and food intake. Furthermore, the
potential risk for intestinal steatosis is usually not considered
a chronic problem because of the inherent capacity of the
intestine for self-renewal. So far the most popular com-
pounds of gut-selective MTP inhibitors, including dirlotap-
ide, SLX-4090, and JTT-130, have shown good efficacy and
minimal side effects in animal studies.

For example, dirlotapide was found to be clinically safe
and effective in the reduction of lipid absorption and body
weight in obese dogs, with only a few cases of temporary
gastrointestinal discomfort and mildly elevated hepatic
transaminases [128, 129]. This compound is approved by
the FDA for the treatment of obesity in dogs. SLX-4090
has been demonstrated to reduce plasma LDL-C, triglyc-
erides, and body weight in mice fed a high-fat diet, while
showing no sign of hepatic complications [130]. Notably,
treatment with JTT-130 in hyperlipidemic hamsters and
guinea pigs resulted in a decrease in plasma triglyceride
and LDL-C levels, without hepatic lipid accumulation
[131, 132]. However, clinical development of JTT-130 was
recently terminated. Given the above, the intestine-specific
inhibition of MTP may be a promising way for future lipid-
lowering interventions without inducing hepatotoxicity,
and further clinical studies are warranted to substantiate
their efficacy, safety, and tolerability.
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8 Insulin-Sensitizing Agents

Recently, links between NAFLD and IR have been sys-
tematically reviewed by Gariani et al. [133] and Gaggini
et al. [134]; both concluded that IR is one of the major
triggering mechanisms for NAFLD progression. The key
role that IR plays in NAFLD has led to numerous studies of
insulin-sensitizing medications including metformin, thia-
zolidinediones (also known as glitazones), and incretin
mimetics in NAFLD [135].

Metformin exerts anti-diabetic effects through increas-
ing FA/glucose metabolism and improving insulin signal-
ing in the liver and adipose tissue [136, 137]. Over the past
decades, a growing number of clinical trials have been
conducted to investigate the beneficial effects of metformin
in NAFLD, in which the liver function, steatosis, and
insulin sensitivity improved [138-144]. Furthermore,
metformin treatment exhibited protective effects on meta-
bolic abnormalities and cardiovascular risk, making it a
promising therapeutic choice for NAFLD [145, 146].
Conversely, a recent meta-analysis found that metformin,
when used in different doses and for different durations,
did not result in histological improvement in liver [147]. In
addition, metformin is not recommended as a specific
treatment for adults with NASH, as this agent has no
positive effect on liver histology [21].

Another clinically interesting class of insulin sensitizers
are the thiazolidinediones (e.g. troglitazone, rosiglitazone,
and pioglitazone) that act as agonists of PPAR-y, improv-
ing glycemic control and insulin sensitivity, and by pro-
moting the redistribution of triglycerides from the liver and
muscle to the adipose tissue [148]. The original prototype
compound troglitazone did improve IR and inflammation
in NASH [149], but induced fulminant hepatitis in some
individuals and was withdrawn. In early reports, rosiglit-
azone was demonstrated to normalize transaminases levels,
inflammatory responses, and hepatic steatosis [150-152].
However, due to its obvious side effects (e.g. increased risk
of heart attack), the use of rosiglitazone has been highly
restricted in the USA and banned in Europe [153, 154].
Administration of pioglitazone, a PPAR o7 agonist, led to
significant improvement in insulin sensitivity, liver
enzymes, hepatic steatosis, and inflammation in subjects
with NAFLD/NASH in two placebo-controlled trials [114,
155]. Furthermore, according to a recent study, 4-month
usage of metformin (1 g/day) and pioglitazone (30 mg/
day) was safe and might have equally favorable effects on
biomarkers of liver function, lipid profile, IR, and hepatic
fat content in NAFLD patients [156]. However, pioglitaz-
one was associated with weight gain and edema, which in
turn aggravates heart failure. So the clinical usage of this
drug is still under strict supervision in many countries
[157].

All of the aforementioned data suggest that insu-
lin sensitizers may suppress symptoms of NAFLD/NASH.
Therefore, treatment of IR may be a therapeutic strategy in
the treatment of MTP inhibition-induced hepatosteatosis
and liver dysfunction, but this hypothesis remains unpro-
ven. Of note, thiazolidinediones should be administrated
with caution because of the associated risk for severe
adverse events.

9 Conclusion

As potential risk factors for progressive liver disease [158,
159], historically, hepatic steatosis and elevated liver
enzymes remain major safety concerns associated with
MTP inhibitors, thus restricting the availability of such
agents to only hoFH patients. In order to address the del-
icate liver-related issues, appropriate measures should be
taken promptly. Because hoFH is a rare disorder (1 per
million births), small patient numbers limit the potential for
carrying out clinical trials of therapeutic options. As a
result, to date there exist no clinical data supporting the
aforementioned therapeutic strategies in improving MTP-
induced hepatic side effects, with the exception of statins
and ezetimibe, both of which failed to show promising
results in clinical studies [5].

Among those proposed treatment options, weight loss
through lifestyle interventions is still the most effec-
tive and safest therapy for NAFLD. It also reduces several
specific factors that facilitate the development of NAFLD
(i-e., obesity, IR, dyslipidemia). Therefore, this approach can
be recommended as a mainstay of therapies for all patients
receiving MTP inhibition treatment. Special dietary sup-
plements from natural sources, as well as a moderate intake
of vitamin E and n-3 PUFAs, may further enhance the
therapeutic effects of lifestyle interventions on the liver,
with very few possible side effects. Metformin, with well
established hypoglycemic and insulin sensitizing efficacy,
may exert additional protective effects against MTP inhibi-
tion-induced hepatic steatosis, especially for diabetic and
obese patients. Intestine-specific MTP inhibitors, despite
that their supporting evidence is currently limited to animal
studies, are anticipated to be both effective and safe lipid-
lowering medications without unwanted hepatic side effects.
Other pharmacologic strategies, including approaches to
inhibit intracellular lipid accumulation and to reduce oxi-
dative stress and IR, have also shown promise in this regard.
However, they are associated with frustrating clinical data
(statin and ezetimibe), inconclusive research evidence (LXR
agonists, L-FABP inhibitors, DGAT inhibitors, PPAR-a
agonists, and fibrates), or relatively high risks for severe
adverse events (probucol and thiazolidinediones). With
continuing efforts to further explore these potential non-
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pharmacologic and pharmacologic strategies, there is a
possibility that safety of MTP inhibitors would be improved
in hoFH patients.
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