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Abstract

Nonalcoholic fatty liver disease (NAFLD) encompasses a range of liver pathology ranging from
simple steatosis to varying degrees of inflammation, hepatocyte injury and fibrosis. Without
intervention it can progress to end-stage liver disease and hepatocellular carcinoma. Given its
close association with obesity, the prevalence of NAFLD has increased dramatically worldwide.
Currently, there are no FDA-approved medications for the treatment of NAFLD and although
lifestyle modifications with appropriate diet and exercise have been shown to be beneficial, this
has been difficult to achieve and sustain for the majority of patients. As such, the search for
effective therapeutic agents is an active area of research. Peroxisome proliferator-activated
receptors (PPARs) belong to a class of nuclear receptors. Because of their key role in the
transcriptional regulation of glucose and lipid metabolism, PPAR ligands have been investigated as
possible therapeutic agents for NAFLD. Here we review the current evidence from preclinical and
clinical studies investigating the therapeutic potential of PPAR ligands for the treatment of this
spectrum of liver disorders.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined as hepatic steatosis in the absence of
significant alcohol intake. Although there is clearly a genetic basis for susceptibility to
NAFLD, development and progression of this disease is closely associated with obesity and
insulin resistance. Consequently, with the obesity epidemic, NAFLD has now become the
most common cause of liver disease in the United States. Prevalence estimates among the
general population range from 20-50% in adults and 10-40% in children, with a much
higher prevalence noted among obese individuals [1,2,3]. Worldwide prevalence of NAFLD
is about 24% with estimates ranging from 6-35% [1,4]. The wide range in prevalence
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estimates reflects differences based on geographical location, ethnicity, definition, and mode
of diagnosis. Additionally, such studies may also be underestimating the true prevalence as
they fail to account for cases of cryptogenic cirrhosis, a significant percentage of which may
be secondary to progressive NAFLD.

NAFLD encompasses a range of histological findings (Figure 1). A majority of patients have
isolated steatosis, but a subset of patients can develop inflammation with varying degrees of
fibrosis termed nonalcoholic steatohepatitis or NASH. Some patients can develop bridging
fibrosis and cirrhosis and potentially hepatocellular carcinoma. Although isolated steatosis is
generally considered benign, patients with biopsy findings consistent with NASH have a
poorer prognosis and increased morbidity and all-cause mortality compared to the general
population [5,6]. In a study involving 129 patients with biopsy confirmed NAFLD and
elevated ALT, patients with NASH were more likely to die from cardiovascular disease and
liver-related causes in a mean follow up time of 13 years [6]. Cirrhosis secondary to NASH
accounted for 13.4% of liver transplants in 2015 (https://optn.transplant.hrsa.gov/data/view-
data-reports/build-advanced/). This percentage has been steadily increasing over the past
decade and with its rising prevalence and emergence of effective treatments for hepatitis C
virus, NASH is predicted to become the leading cause of liver transplantation within the next
decade [7].

Studies estimate that 37-41% of NAFLD patients show fibrosis progression in follow up
biopsies [6,8]. Although the progression of fibrosis is generally a slow process, the rate of
change is highly variable among individual patients [5]. Prognostic factors have been
investigated and studies suggest that diabetes and higher BMI are most highly associated
with rapid progression of fibrosis [5,6]. Patton and colleagues retrospectively evaluated 245
children enrolled in the NASH clinical research network for features of metabolic syndrome.
Not surprisingly, the study found metabolic syndrome to be common among children with
NAFLD, and central obesity and insulin resistance were associated with increased severity
of NAFLD including advanced fibrosis [9]. As such, therapies that target insulin resistance
and metabolic abnormalities are believed to constitute an attractive target for treating the
progression to NASH.

2. Pathophysiology of NAFLD

The pathophysiology of NAFLD is complex and multifactorial. There is a clear association
with obesity, dysfunctional adipose tissue, and dysregulated de novo hepatic lipogenesis.
Fatty acids in circulation and hepatic lipogenesis significantly contribute to accumulation of
triglycerides in the liver while dietary lipids also account for a significant proportion of
intrahepatic lipids [1,10].

A two hit model of injury has been proposed to explain the development and progression of
NAFLD and NASH. The first hit is hepatic steatosis, which results in increased
susceptibility to other forms of injury including exposure to gut-derived endotoxin,
excessive inflammation, ER stress, oxidative stress, and mitochondrial dysfunction. This
ultimately results in cell injury and death as well as activation of hepatic stellate cells, which
produces extracellular matrix leading to fibrosis [11]. Studies have found that
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polymorphisms in PNPLA3[12] and TM6ESF2[13] genes are associated with increased
susceptibility to NAFLD and certain variants may be associated with more rapid progression
to NASH [1,14] by mechanisms that are poorly understood.

Various animal models have been used to study NAFLD and NASH in tractable organisms.
Each model has its advantages and disadvantages, and no one model perfectly recapitulates
the disease in humans. Dietary models include the methionine and choline deficient (MCD)
diet, high fat diets of varying compositions, fructose-containing diets, and high cholesterol
diets [15,16]. That these diet compositions fail to accurately represent physiologic
conditions and reproduce human dietary factors are major criticisms of all models. While the
MCD diet consistently results in significant steatohepatitis, it may not model NAFLD in
humans as mice fed a MCD diet tend to lose weight and have decreased plasma triglyceride
and cholesterol levels. A high fat diet can induce obesity and insulin resistance with liver
injury that tends to be less severe than that induced by the MCD diet [15,16]. Cholesterol-
containing diets can reliably produce findings consistent with NASH, but the amount of
cholesterol may be much higher than physiologic conditions in humans [17]. Frequently-
used genetic models include ob/0b mice, db/db mice, as well as genetically-engineered mice
often superimposed with dietary or toxin administration [15,16,17]. The major limitation of
genetic models is the concern that such mouse models represent a form of NAFLD that may
be distinct from that associated with metabolic syndrome in humans. Lastly, a number of
hepatotoxins (e.g. carbon tetrachloride (CCl4) and LPS in the context of high fat diet) have
also been used to model hepatic stellate cell activation and the development of fibrosis [15].
The development and use of animal models that can reliably reflect human disease would
facilitate our understanding of the pathophysiology of NAFLD and the development of
therapeutic agents.

Currently, there are no FDA approved drugs for the treatment of NAFLD. Although lifestyle
modifications with weight loss are an effective form of treatment, for many individuals this
is not attainable and is subject to high rates of recidivism [18]. With our current
understanding of the underlying pathophysiology of NAFLD, agents that correct metabolic
abnormalities or have insulin sensitizing properties have been investigated. One of the most
commonly targeted class of compounds act as ligands of the nuclear receptor transcription
factor family known as the peroxisome proliferator-activated receptors (PPARS). There are
three PPAR isoforms: alpha (a.), beta/delta (8/6), and gamma (7y), which are differentially
expressed in various tissues [19,20]. PPARa is expressed ubiquitously, but is largely present
in the liver. PPARP/S is expressed mainly in skeletal muscle and to a lesser degree in
adipose tissue and skin. PPARy is highly expressed in adipose tissue [19,20,21,22]. (Table
1).

Several endogenous PPAR ligands have been suggested including free fatty acids,
eicosanoids, and various complex lipids [23,24]. Exogenous ligands include environmental
and pharmaceutical molecules that can activate one or all of the PPAR family receptors to
varying degrees [25,26,27,28,29]. Once ligand-bound, PPARs form a heterodimer with
retinoid X receptor (RXR) to bind response elements that regulate the expression of genes
encoding enzymes or proteins involved in beta oxidation, fatty acid uptake, adipogenesis,
and adipocyte differentiation [19,30,31,32]. Although PPAR was originally named for the
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ability of ligands to induce hepatic peroxisome proliferation and resulting hepatocellular
carcinoma [30], this phenomenon is specific to rodents [33,34]. Given the PPARS’ critical
role as a master regulator of lipid and glucose metabolism in multiple cell types, it is not
surprising that this family of nuclear receptors has been the target of drug development for
the treatment of metabolic diseases including NAFLD.

Below, we discuss existing evidence for the efficacy of PPAR ligands as potential
therapeutics for this emerging public health problem. Due to the focus of this review on
NAFLD and NASH, we have emphasized papers that have specifically looked at this aspect
of hepatic pathophysiology. We have also limited our scope to studies using direct ligands
and excluded papers with use of natural products or endogenous lipids that may act as PPAR
ligands. Lastly, we apologize for any papers omitted due to oversight or space limitations.

PPARa is expressed ubiquitously, but is most highly expressed in the liver. It plays a critical
role in the regulation of fatty acid uptake, beta oxidation, ketogenesis, bile acid synthesis,
and triglyceride turnover [19,32,35,36]. In addition to its role in the regulation of
metabolism, PPARa is also thought to have anti-inflammatory effects through complex
regulation of NF-xB [37]. As discussed below, several papers have examined the effects of
PPARa in regulating hepatic metabolism and insulin sensitivity in liver using both knockout
mice and a variety of synthetic PPARa ligands.

The administration of a high fat diet is often associated with increased hepatic expression of
PPARa and PPARa target genes involved in fatty acid oxidation in wild-type mice and it
has been suggested that this is an adaptive or protective response by PPARa [38,39,40,41].
In humans with NAFLD, hepatic expression of PPARa is decreased, but was found to
increase in parallel with NAFLD histological improvement secondary to lifestyle
intervention or bariatric surgery [42]. Mice with genetic deletion of PPARa are viable and in
the context of a high fat diet, PPARa—/- mice accumulated more hepatic triglycerides with a
significantly higher NAFLD activity score (NAS) compared to WT controls [38,43,44].
PPARa knockout mice fed a high fat diet have increased markers of oxidative stress,
inflammation, and cell death [44,45].

When Ip and colleagues fed wild type and PPARa—/— mice an MCD diet for five weeks it
was found that PPARa—/— mice developed more severe steatohepatitis compared to wild
type mice. Furthermore, one of the most potent PPARa agonists, Wy-14643 (Table 2),
prevented MCD diet-induced intrahepatic triglyceride accumulation and liver injury in wild
type mice, but had no effect on PPARa.—/— mice [46]. PPARa activation is thought to
prevent triglyceride accumulation by increasing fatty acid turnover and catabolism as
Wy-14643 administration resulted in increased gene expression of acyl-CoA oxidase, liver
fatty acid binding protein, L-bifunctional enzyme, and peroxisomal ketothiolase [46]. A
subsequent study by Ip and colleagues also showed that administration of Wy-14,643 was
able to reverse established steatohepatitis induced by an MCD diet [47]. Together, this
suggests that Wy-14,643 can prevent and reverse MCD diet-induced NASH in a PPARa-
dependent manner, likely via increased fatty acid oxidation [46,47]. In conjunction with
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improved histological findings, Wy-14643 treatment was also associated with decreased
number of activated hepatic stellate cells. However, its effect on the expression of genes
implicated in hepatic fibrosis is less clear since there was no change in TGF-1, TIMP-1,
MMP-2, or connective tissue growth factor, but there was a significant decrease TIMP-2 and
MMP-13 [47]. Thus, although histological evaluation following treatment with Wy-14643
was consistent with substantially decreased fibrosis in mice, the mechanism by which this
occurs remains unclear.

The fibrates are a class of less potent, compared to Wy-14,643, but clinically relevant
PPARa agonists that have also been evaluated in experimental models and in studies in
humans. In humanized APOE2 knockin (APOE2KI) mice fed a western diet containing high
levels of sucrose and cholesterol as a model of steatohepatitis, treatment with fenofibrate
resulted in decreased hepatic steatosis, hepatic macrophage accumulation, inflammatory
gene expression, and upregulation of genes involved in beta oxidation [48]. Fenofibrate also
reduced hepatic steatosis and inflammation in rats fed a high fat and fructose diet [49].
Similarly, in rats given fructose to induce hepatic steatosis, fenofibrate reduced liver
inflammation and lipid accumulation [50]. While the use of fibrates has been shown to
prevent and reverse NASH findings in rodents, conclusions about fibrate effectiveness in
clinical studies are less clear. In a small study involving 16 patients with biopsy-confirmed
NASH, twelve months of clofibrate treatment resulted in no change in baseline ALT or
histological findings [51]. Similarly, a small pilot study involving 16 NAFLD patients
treated with fenofibrate for 48 weeks showed lower plasma ALT concentration, but there
was no significant improvement in histological findings compared to baseline liver biopsies
[52]. Basarangoglu and colleagues conducted a larger study involving 46 patients with
NASH. They found that four weeks of gemfibrozil treatment resulted in an improvement in
serum ALT concentration compared to the non-placebo control group. However, histological
endpoints were not assessed [53]. Thus, given the available clinical data, PPARa agonists
may lower plasma ALT concentrations, but there is no evidence that they produce
histological improvement of NASH in humans.

Differences in the efficacy of PPARa agonists between rodent and human studies may be
explained by dissimilarities in PPARa tissue expression patterns [54,55,56]. Compared to
humans, rodents have a ten-fold higher expression of PPARa in the liver [54,55]. There also
may be species-specific differences in PPARa biology since use of PPARa ligands in
rodents is associated with peroxisome proliferation and hepatocellular carcinoma, but this
has not been recapitulated in humans [33,34,57]. Clinically approved agonists are also much
less potent than many of the experimental compounds and there may also be differences in
the relative doses given. Therefore, although disappointing, it is not entirely surprising that
rodent and human NAFLD treatment studies using PPARa agonists have yielded different
results.

The second isoform of the PPAR family is known as PPARB/S, but henceforth will be
referred to as PPARS, as this is most common in higher organisms. The PPARS isoform is
expressed in skeletal muscle, adipose tissue, and skin, but it is most highly expressed in
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muscle, where it is involved in regulating mitochondrial metabolism and fatty acid beta
oxidation [58,59]. In the liver, PPARS is well expressed in hepatocytes, but is also expressed
in Kupffer cells and hepatic stellate cells, suggesting a potential role in inflammation and
fibrosis [19,20,58]. There is very little work using PPARS knockout mice to study NAFLD
specifically. However, it has been shown that PPARS null mice are more susceptible to
CCl4-induced hepatic fibrosis [60,61].

Several rodent studies have evaluated the effects of treatment with the PPARS agonist,
GW501516. This compound has been shown to protect mice against developing diet-
induced obesity on high fat diet. This finding may be due to higher rates of energy
expenditure since oxygen consumption rates were increased, which is consistent with a role
for PPARS in skeletal muscle fatty acid oxidation. GW501516 treatment also improved
insulin sensitivity and prevented the accumulation of hepatic lipids in mice fed a high fat
diet [58]. However, the caveat to these observations is that mice treated with GW501516
were leaner compared to controls and thus, the improvements in hepatic steatosis and insulin
sensitivity may all be secondary to the lean phenotype. The effects of GW501516 were also
investigated by Nagasawa and colleagues using the MCD diet in mice. Treatment was shown
to decrease hepatic triglyceride content but was not associated with decreased plasma ALT
concentration and only modest histological improvement in steatosis and inflammation.
Although GW501516 treatment was associated with increased hepatic expression of genes
involved in fatty acid beta oxidation such as acyl-CoA oxidase, carnitine
palmitoyltransferase-1, and liver fatty acid binding protein, its effect on the expression of
inflammatory cytokines was variable and it was not associated with increased adiponectin
levels [62]. A major limitation of this study was the absence of fibrosis in the control
animals fed an MCD diet, which prohibits the ability to assess for treatment effects on a
critical component of progressive NASH. Limited, early stage clinical trials assessing the
efficacy of GW501516 for treating NAFLD have been conducted. A two week pilot trial of
with six subjects randomized to each arm (PPARS agonist or placebo) showed that, in
addition to improved lipid profiles, treatment with PPARS agonist reduced circulating liver
enzyme concentrations and liver fat content as measured by MRI [63]. However, histological
evaluation was not performed. This study was limited by the small number of patients, short
duration, and extensive exclusion criteria, reducing generalizability of the results. Of note, in
2007, further clinical development of GW501516 for all uses was abandoned due to
development of cancer in preclinical models [59,64,65].

The therapeutic potential of other PPARS agonists have also been evaluated. In the OLETF
(Otsuka Long Evans Tokushima Fatty) rat model, treatment with GW0742, an experimental
PPARS agonist, improved insulin signaling, reduced hepatic steatosis, and decreased
expression of inflammatory genes. Though the final body weight of the diabetic rats that
were treated with PPARS agonist was not statistically different from the untreated diabetic
rats, the treated rats gained significantly less weight than the untreated rats [66]. Hence, it is
possible that the improvements may be secondary to decreased weight gain. Additionally,
GWO074 has been examined in mice treated with CCI4 to induce liver toxicity and fibrosis.
While treatment with GW0742 resulted in improvement in fibrosis in wild type mice, this
effect was not seen in PPARS null mice demonstrating a PPARS-dependent mechanism of
action to alleviate fibrosis in response to this stimulus [60,61].
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Lastly, a novel PPARS agonist, MBX-8025, was evaluated in a small, randomized, double-
blind, placebo-controlled study. The study included overweight subjects with dyslipidemia
and found that treatment with MBX-8025 resulted in favorable lipid profiles and decreased
GGT as a measure of liver injury. However, other indicators of NAFLD or liver injury were
not measured thus limiting interpretation of its effectiveness in the treatment of NAFLD
[67]. Overall, at this time, data regarding the effectiveness of any PPARS agonist for the
treatment of NAFLD remains too limited to formulate conclusions. With regards to safety
concerns, the role of PPARS in carcinogenesis remains controversial as there are conflicting
studies in /n vitro studies as well as preclinical and clinical studies [59,64].

PPAR-y is most highly expressed in adipose tissue, where it serves an essential role in the
regulation of adipocyte differentiation, adipogenesis, and lipid metabolism [68]. It should
also be noted that hepatic PPARy expression is robustly induced in NAFLD patients and
experimental models [69,70,71,72]. In fact, PPAR~y deletion in mouse hepatocytes has been
shown to be protective against development of steatosis [73,74,75], but this also exacerbates
insulin resistance [74]. It is likely that increased PPARy activity in liver of mice leads to
activation of an adipogenic gene expression program and storage of lipid in liver. As
discussed below, it is likely that this does not translate to human physiology or occur with
PPAR+y ligand administration in humans.

Thiazolidinediones (TZDs) are the most widely investigated PPAR+y agonists. TZDs
represent a class of clinically-used insulin-sensitizing drugs, which currently includes
rosiglitazone and pioglitazone. PPARy activation by TZDs results in increased production of
various adipokines, including adiponectin, which enhances hepatic fatty acid oxidation
[1,76,77]. PPARy activation also promotes fat storage in adipocytes and decreases adipose
tissue lipolysis thereby decreasing the concentration of fatty acids presented to the liver. In
addition to its metabolic effects, TZDs are also thought to decrease inflammation and
cytokine production in patients with metabolic syndrome [78,79]. Various studies conducted
in rodents have clearly demonstrated improvement in metabolic profiles with improved
insulin sensitivity after treatment with TZDs. When histological data is available, TZDs
appear to also improve some features of NASH such as steatosis and inflammation, but this
is not universal, especially in the histologic evaluation of fibrosis [80,81,82]. Below, we have
detailed experimental evidence for both the clinically-used TZDs and other PPARy agonists.

Of the TZDs, rosiglitazone is the most potent PPARy ligand [83]. In many rodent models,
use of rosiglitazone has little effect on, or actually exacerbates, hepatic steatosis [74,84]. It is
possible that the strong activation of PPARy by rosiglitazone in liver of steatotic mice drives
the expression of genes promoting fat storage. In other models, however, rosiglitazone
administration reduced hepatic steatosis [85]. Even in studies where rosiglitazone
exacerbated steatosis, use of this ligand almost universally resulted in reduced inflammation
and prevention or reversal of fibrosis and hepatic stellate cell activation. These include
studies conducted in mice with steatohepatitis secondary to an MCD diet [82,86], treated
with CCI4 [87] or in LDLR-/- mice on a high fat diet [85]. Furthermore, as discussed
below, clinical studies utilizing PPARy agonists have not detected worsening of steatosis.
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These discrepancies once again highlight the difference between rodent and human PPARS
and the limitations of applying preclinical data to humans.

Rosiglitazone has been evaluated in humans for treatment of NAFLD and NASH. One trial,
conducted without a placebo control group, involved patients with biopsy-proven NASH to
investigate the effects of 48 weeks of rosiglitazone. Approximately half of the patients had
impaired glucose tolerance or diabetes at the start of the trial. After treatment, ALT levels
decreased significantly and both HOMA-IR and QUICKI statistically improved.
Histological evaluation revealed decreased steatosis, hepatocyte ballooning, and notably,
45% of patients no longer met criteria for NASH diagnosis. Although there was an
improvement in zone 3 perisinusoidal fibrosis, the global fibrosis score showed no
statistically significant change. Unfortunately, despite improved histological findings and
improved insulin sensitivity, rosiglitazone was associated with significant weight gain in the
majority of patients. Also disappointing, within six months of discontinuation of
rosiglitazone, ALT levels returned to pretreatment values [88].

The FLIRT trial was a randomized, placebo-controlled trial evaluating the efficacy of
rosiglitazone. Compared to placebo, patients treated with rosiglitazone were more likely to
demonstrate improvement in hepatic steatosis and normalization of serum ALT. However,
there was no significant improvement in other histological features such as fibrosis,
hepatocyte ballooning and inflammation [89]. In its extension trial, FLIRT2, 44 patients (22
of whom were originally on placebo and 18 of whom were originally on rosiglitazone)
received rosiglitazone for an additional two years [90]. For patients who were assigned to
the treatment group in the FLIRT trial, two additional years of rosiglitazone treatment
produced no additional benefit in measured steatosis and again there was no significant
improvement in NAS, inflammation, fibrosis, or hepatocyte ballooning [90]. Thus, it is
unlikely that inadequate duration of treatment is responsible for its lack of efficacy as there
was no effect on inflammation or fibrosis even in the group of patients who received three
years of treatment. Interestingly, as with improvement in steatosis, maximum improvement
in insulin sensitivity appears to occur after one year of treatment with rosiglitazone [90].
Torres and colleagues examined the effects of rosiglitazone in a randomized, open label trial.
This trial sought to compare the effects of rosiglitazone alone compared to rosiglitazone plus
metformin and rosiglitazone plus losartan. All three groups demonstrated improvement in
ALT and histological features from baseline. Unfortunately, none of the groups were
significantly different from each other, suggesting that the addition of supplementary agents
(at least in the form of metformin and losartan) is ineffective [91]. Although Torres and
colleagues demonstrated histological improvement in steatosis, inflammation and fibrosis in
all three groups, these effects were not compared to a placebo group.

Pioglitazone is a less potent PPARy agonist, but clinically this agent is very effective and
associated with fewer side effects [83,92,93,94,95,96]. The role of pioglitazone in NAFLD
has been evaluated in rodent studies using a variety of high fat diets and has been shown to
be very effective [80,97,98,99]. Pioglitazone is also efficacious in preventing the
development of steatohepatitis in the MCD diet model. Compared to mice fed an MCD diet
without pioglitazone, there was a significant decrease in serum ALT and total hepatic lipid
content and an increase in adiponectin expression with pioglitazone treatment [99]. In a
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choline-deficient L-amino acid defined (CDAA) diet-induced liver fibrosis model, treatment
with pioglitazone decreased hepatic triglyceride content and prevented [80] and reversed
[97] hepatic fibrosis. Concomitant /in vitro studies illustrated decreased activation of hepatic
stellate cells treated with pioglitazone [80]. Using diet-induced and CCl4-induced hepatic
fibrosis, Leclercq and colleagues showed that pioglitazone, when administered early in the
course of injury, reduced fibrosis. However, later administration was not associated with
improvement. Furthermore, pioglitazone may not have an effect on fibrosis secondary to bile
duct ligation [100]. This suggests that pioglitazone does not have all-encompassing effects
on suppressing hepatic stellate cell activation and fibrosis and that fibrosis formation and
resolution is regulated by a complex and dynamic extracellular matrix milieu. The
effectiveness of this compound may depend not only the cause of injury but also duration
and severity of injury at the time of treatment initiation.

There have been numerous clinical trials with pioglitazone over the years. Belfort and
colleagues conducted a placebo-controlled trial of pioglitazone in 55 NASH patients with
impaired glucose tolerance or type 2 diabetes. Compared to placebo, patients receiving
pioglitazone had improved glycemic control and glucose tolerance, lower ALT
concentrations, higher adiponectin concentrations, and reduced hepatic fat content. In
histological outcomes, both groups demonstrated improvement in inflammation score
following treatment, but only the pioglitazone group demonstrated improvement in
ballooning necrosis, steatosis and fibrosis following treatment. Of note, the fibrosis score
between the placebo group and the pioglitazone group was not statistically different after
treatment. The authors speculated that the duration of treatment, as well as limitations of
biopsy specimens, due to the patchy nature of NAFLD, were potentially limiting factors
[101].

Subsequently, a larger randomized, placebo-controlled trial treated NASH patients for 12
months with pioglitazone. Of note, diabetic patients were excluded from this study.
Compared to placebo, there was statistically significant improvement in findings of
hepatocellular injury (i.e., hepatocyte ballooning, apoptosis, necrosis) and Mallory bodies,
but there was no significant improvement in steatosis or inflammation. Although there was a
trend towards improved fibrosis, this did not reach statistical significance [102]. The
PIVENS trial was a randomized, placebo-controlled, double-blind clinical trial investigating
the role of pioglitazone or vitamin E for nondiabetic adults with biopsy proven NASH.
Patients (247 adult men and women) were recruited and subjects received treatment for 96
weeks. Although pioglitazone significantly improved some histological features such as
steatosis and inflammation, there was no benefit over placebo in the fibrosis score or the rate
of improvement in NASH [103]. As a significant percentage of patients with NASH also
have diabetes and diabetes represents a risk factor for rapid progression of fibrosis, the
findings could be explained by the inclusion of only nondiabetic subjects in the studies.

A large randomized, controlled trial investigating the effects of pioglitazone in prediabetic
and type 2 diabetic patients with NASH was recently published. After 18 months of
treatment, patients assigned to the pioglitazone arm were statistically more likely to achieve
resolution of NASH [104], although the effect size was modest. While there was a modest
decrease in fibrosis score, pioglitazone treatment patients were not more likely show
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improvement in fibrosis. Additionally, consistent with previous trials involving TZDs,
patients in the pioglitazone arm gained significantly more weight than those in the placebo
arm [104]. Only approximately 50% of the patients enrolled in this study had diabetes and
did not include a subgroup analysis, thus, the applicability of these findings remains limited.

To summarize the findings with TZDs, a recent meta-analysis sought to systematically
evaluate randomized placebo-controlled trials utilizing TZDs in the treatment of patients
with NASH. Four high quality randomized, placebo-controlled trials were identified and the
authors concluded that compared to placebo, treatment with TZDs resulted in significant
decrease in serum ALT and improvement in steatosis, inflammation, and hepatocyte
ballooning; the change in fibrosis was not statistically significant [105]. When only the three
studies evaluating the effectiveness of pioglitazone were included, the improvement in
fibrosis became statistically significant [105] potentially suggesting that compared to
rosiglitazone, pioglitazone has superior effects on reversing hepatic fibrosis. However, it
should be noted that the effect was marginal. Another recent systematic review assessed
three studies using pioglitazone and one study using rosiglitazone to evaluate the
relationship between adiponectin levels and histological changes in TZD. The effects on
other histological parameters were variable, but there was an inverse relationship between
histological score and adiponectin levels, which were increased by TZDs in all three studies.
This suggests that adiponectin may play a key role in histological improvement of NASH
and the authors propose that development of selective PPARy modulators (SPPARMS) that
increase adiponectin levels can improve NASH without the side effects typically seen with
the canonical TZDs [106]. Given these results in rodents, a clinical trial to evaluate the
effects of the PPARy-sparing TZD (MSDC-0602) on NASH has been initiated (https://
clinicaltrials.gov/ct2/show/NCT02784444). For example, we have recently evaluated a TZD
with very limited ability to activate PPARy that has beneficial effects on insulin sensitivity
and adiponectin concentrations in blood [107] and prevents and reverses fibrosis in a mouse
model of NASH (McCommis et al., submitted). As discussed above, the less potent PPAR~y
agonist, pioglitazone may be superior to rosiglitazone for suppressing fibrosis. Though
antithetical to the dogma that TZDs function as PPARy agonists, this could suggest that
there are also PPAR-y-independent effects of TZDs on these parameters [108].

To summarize, clinical trials utilizing TZDs have indicated significant improvement in
hepatic steatosis and inflammation. The ability to reverse fibrosis is less impressive, but may
be significant in pioglitazone as opposed to rosiglitazone. However, concerns regarding
weight gain and other dose-limiting side effects remain.

5. Dual agonists

Because the PPAR isoforms have large, relatively non-selective ligand binding pockets and
significant sequence homology, PPAR agonists with binding affinity for multiple isoforms,
termed dual agonists or pan agonists, have been identified and may represent interesting
therapeutic targets.

Several PPARa/y dual agonists, termed glitazars, have been developed and shown to
improve insulin resistance, dyslipidemia [109,110], and fatty liver [111] in rodent studies.
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However, these drugs were abandoned before reaching markets due to cardiovascular
[112,113] and renal [114] side effects [65]. It is possible that this is a class effect that will
limit the utility of these drugs for treating fatty liver disease. Nevertheless, a novel PPARa/y
agonist (saroglitazar) has been approved for use in India and there is a registered
prospective, randomized clinical trial comparing saroglitazar with pioglitazone in NAFLD
patients (GLAZED) (https://clinicaltrials.gov/ct2/show/NCT02265276). The study began in
October 2014 and was projected to end in September 2015. No published study results are
currently available.

Bezafibrate is a structural member of the fibrate class of PPARa agonists that is believed to
act as a pan-agonist with binding affinity for PPARa and PPARS and to a lesser extent,
PPAR<y [115]. Bezafibrate has been evaluated in rodent models and demonstrated to prevent
the development of steatohepatitis induced by an MCD deficient diet. Treatment led to
decreased ALT, hepatic triglyceride and lipoperoxide content, and increased plasma
adiponectin concentration. Bezafibrate also increased expression of genes involved in fatty
acid metabolism and oxidation, such as acyl-CoA oxidase, carnitine palmitoyltransferase-1,
and liver fatty acid binding protein. It has been suggested that its beneficial effects are
mediated through increased insulin sensitivity, fatty acid oxidation, and decreased
inflammation [62]. The same group published similar findings in MCD diet-fed KK-A(y)
mice [116]. Bezafibrate reduced hepatic inflammation and fibrosis and suppressed
expression of inflammatory cytokine and profibrogenic genes /n vivoand in stimulated
stellate cells in culture. To our knowledge, the effects of bezafibrate on NASH in humans
have not been specifically studied.

There have also been a few studies evaluating a novel dual PPARa/6 agonist, GFT505, for
efficacy in treating NASH. Using various rodent models of NASH, including western diet-
fed ApoE2KI mice, carbon tetrachloride, and ab/db mice fed an MCD diet, treatment with
GFT505 demonstrated improvement in histologic measures of NASH, decreased hepatic
triglyceride content, and diminished expression of inflammatory cytokine, and fibrosis
markers [117]. Interestingly, the use of GFT505 also prevented steatohepatitis and decreased
expression of inflammatory and fibrosis genes in western diet fed hApoE2 KI/PPARa KO
mice, demonstrating that these effects can be mediated independently of PPARa.. However,
GFT505 treatment did not improve plasma triglyceride or free fatty acid levels in the
knockouts, thus suggesting both PPARa-independent and -dependent effects [117]. The
contribution of PPARS to the PPARa-independent effects is not entirely clear. GFT505 has
also been used in humans to evaluate potential metabolic benefits. In a double blind,
placebo-controlled trial involving 47 patients with prediabetes, Cariou and colleagues
administered GFT505 and found a significant reduction in GGT and ALT compared to
placebo control. However, improvement in NAFLD was not a defined primary outcome and
no liver biopsies were obtained. Thus, the clinical significance in the reduction of ALT and
GGT remains unclear [118,119]. The investigation of PPAR dual or pan-agonists as a
potential treatment option for NAFLD is still in its early stages, but preliminary data suggest
possible beneficial effects.
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6. Conclusion

NAFLD represents a significant unmet medical need that is emerging as a major public
health problem. Left unchecked, it can progress to cirrhosis and hepatocellular carcinoma.
As the public health crisis of obesity worsens, NAFLD is being increasingly recognized and
diagnosed. In the absence of treatment, a substantial percentage of patients will develop
significant liver disease, which is associated with increased morbidity and mortality. Studies
conducted in rodents and early clinical trials in humans suggest that PPAR agonists are
protective against NASH through various mechanisms including inducing expression of
genes involved in beta oxidation, decreasing inflammation, decreasing oxidative stress, and
increasing the secretion of beneficial adipokines like adiponectin. Although PPARa agonists
seemed promising in animal studies, they were not effective in clinical trials. PPARS
agonists may also be promising but data from human trials is extremely limited. PPARy
agonists have been more successful in improving histological outcomes including fibrosis in
clinical trials. However, the widespread use of thiazolidinediones is limited by side effects
such as weight gain, edema, bone loss, and increased risk of bladder cancer and
cardiovascular complications. Lastly, the use of agonists that activate more than one PPAR
has also yielded promising results, but with the caveat that side effects with dual agonists
have been noted. It remains unclear what is the model profile and ratio of PPAR agonism for
each isoform as well. Thus, an ideal agent remains to be discovered and validated.
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Highlights
Nonalcoholic fatty liver disease is the most common cause of liver disease.
Without intervention NAFLD can progress to end-stage liver disease.
No therapeutic agents are available for the treatment of NASH.

Peroxisome proliferator-activated receptors regulate lipid and glucose
metabolism.

We discuss studies evaluating the efficacy of PPAR agonists for treatment of
NASH.
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Figure 1.
Histological spectrum of NAFLD. A. Steatosis without inflammation, hepatocyte

ballooning, or fibrosis. B. Steatohepatitis with hepatocyte ballooning, Mallory-Denk bodies,
lobular inflammation, and perisinusoidal fibrosis seen on haemotoxylin and eosin stain. C.
Steatohepatitis with perisinusoidal fibrosis detected by trichome stain. D. Cirrhosis with
remaining steatosis. Pictures were kindly provided by Dr. E. Brunt.
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Table 1

PPAR expression and respective ligands.

Primary tissue  Ligands

PPARa Liver Wy-14643
Fenofibrate
Clofibrate
Gemfibrozil
PPARS Skeletal muscle  GW0742
GW501516
MBX-8025
PPARYy Adipose TZDs (rosiglitazone, pioglitazone)
INT131
Dual agonists GFT505
PPARa/8 Bezafibrate
PPARaly Glitazars (saroglitazar)
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