
Role of peroxisome proliferator-activated
receptor gamma agonist in improving hepatic
steatosis: Possible molecular mechanism

Non-alcoholic fatty liver disease (NAFLD) refers to a wide spec-
trum of liver disease ranging from simple fatty liver (steatosis) to
non-alcoholic steatohepatitis (NASH) and cirrhosis (irreversible,
advanced scarring of the liver). What all the stages of NAFLD have
in common is the accumulation of fat in the hepatocytes. The
prevalence of NAFLD is shown to be approximately 30% of adults
among the Western population. Approximately 90% of NAFLD
patients have at least one characteristic of metabolic syndrome
profile (abnormal glucose level, dyslipidemia, hypertension etc.),
which makes a significant impact on developing type 2 diabetes1.

We evaluated approximately 8000 non-diabetic individuals
who underwent comprehensive annual medical check-ups for
5 years. They were categorized into four groups according to
the presence of impaired fasting glucose and NAFLD at baseline.
The association between NAFLD and incident diabetes was eval-
uated separately in groups with normal and impaired fasting
glucose. For 4 years, the incidence of diabetes in the NAFLD
group was 9.9% compared with 3.7% in the non-NAFLD group,
with multivariable-adjusted hazard ratio of 1.33 (95% CI 1.07–
1.66). This study suggested that NAFLD has an independent
and additive effect on the development of diabetes2.

Many therapeutic modalities have been proposed to treat
hepatic steatosis, such as lifestyle modification including weight
loss and drug treatment with insulin sensitizer (biguanides and
thiazolidinediones), cannabinoid receptor 1 (CB1) receptor
antagonists and hepatoprotective or antifibrotic agents (ursode-
oxycholic acid, betaine, vitamin E etc.)1.

Thiazolidinediones (TZD) are agonists of peroxisome prolifer-
ator-activated receptor gamma (PPARc), which is a nuclear
transcription factor primarily involved in insulin action, lipid
and glucose metabolism, and energy homeostasis. TZD-activated
PPARc improves insulin sensitivity in most tissues, and have
shown effects on lipid metabolism in a cell- and tissue-specific
manner. Several randomized controlled clinical trials have
shown that TZD improved hepatic steatosis in patients with
NASH. However, their favorable effects on liver histology and
biochemical markers disappeared on their discontinuation.

Several lines of evidence suggest that TZD activate adenosine
monophosphate-activated protein kinase (AMPK) by both
PPARc-dependent and -independent pathways, implying that
AMPK should be a key regulator of the beneficial metabolic effects

of TZD. Although the molecular mechanism linking TZD effect
on hepatic steatosis has become more understandable, the precise
underlying mechanism still requires further understanding.

Our group focused on sirtuin as a candidate mechanism
for the effect of TZD on hepatic steatosis. Sirtuins are a
family of proteins with nicotinamide adenine dinucleotide
(NAD)+-dependent deacetylase and adenosine diphosphate
(ADP)-ribosyltransferase activities. They control key cellular and
physiological processes including apoptosis, energy homeostasis,
mitochondrial function and longevity. Seven mammalian sirtu-
ins (Sirt1–7) have been characterized according to their distinct
localization patterns and biological functions, and have been
suggested as potential therapeutic targets for metabolic syn-
drome. Sirt1 is a well-studied nuclear sirtuin with beneficial
metabolic effects, which was implicated in the improvement of
hepatic steatosis. Sirt1 overexpression in high-fat diet-fed mice
results in improved glucose tolerance, along with protection
from hepatic steatosis and inflammation when compared with
wild-type controls. Sirt6 is another sirtuin localized in the
nucleus. Liver-specific deletion of Sirt6 in mice causes profound
alterations in gene expression, leading to increased glycolysis, tri-
glyceride synthesis, reduced b-oxidation and fatty liver forma-
tion. In particular, Sirt6 mutant mice had a slightly higher rate
of triglyceride (TG) secretion from the liver to the blood com-
pared with wild-type mice. Human fatty liver samples showed
significantly lowered levels of Sirt6 than normal controls. Thus,
Sirt6 plays a critical role in fat metabolism, and might serve as a
novel therapeutic target for treating fatty liver disease3.

We planned to address the potential role of Sirt6 in the protec-
tive effects of TZD on hepatic steatosis. TZD treatment amelio-
rated hepatic lipid accumulation and increased expression of Sirt6,
peroxisome proliferator activated receptor gamma coactivtor-1-a
(PGC1-a) and Forkhead box O1 (Foxo1) in rat livers. AMPK
phosphorylation was also increased by TZD accompanied by alter-
ations in phosphorylation of liver kinase B1 (LKB1). Interestingly,
in free fatty acid-treated cells, Sirt6 knockdown increased hepato-
cyte lipid accumulation measured as increased TG contents, sug-
gesting that Sirt6 might be beneficial in reducing hepatic fat
accumulation. In addition, Sirt6 knockdown abolished the effects
of TZD on hepatocyte fat accumulation, messenger ribonucleic
acid (mRNA) and protein expression of PGC1-a and Foxo1, and
phosphorylation levels of LKB1 and AMPK, suggesting that Sirt6
is involved in TZD-mediated metabolic effects. Our results showed
that TZD significantly decreased hepatic lipid accumulation, and
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that this process appeared to be mediated by the activation of the
Sirt6-AMPK pathway. We proposed Sirt6 as a possible therapeutic
target for hepatic steatosis4.

However, several clinical and experimental findings were not
consistent or hardly explained in view of the beneficial effect of
TZD on hepatic steatosis. For example, PPARc is upregulated in
the liver of obese patients with steatosis and steatohepatitis. Also,
the adenoviral gene delivery system to overexpress PPARc1 in
PPARa) ⁄ ) mouse liver triggers the expression of adipocyte-
specific genes and lipid accumulation in hepatocytes. Based on the
mechanism, human and experimental animal models show that
PPARc activation aggravates the hepatic lipid accumulation. How-
ever, in the clinical settings, treatment of PPARc agonist improved
hepatic steatosis. AMPK has been proposed as the therapeutic
effect of TZD for the treatment of diabetes and hepatic steatosis.
However, the short-term overexpression of AMPK, specifically in
the liver by adenoviral vector, decreases hepatic glycogen synthesis
and circulating lipid levels, consequently leading to fatty liver as a
result of the accumulation of lipids released from adipose tissue.

How can we explain these discrepancies between clinical
effects and potential mechanism of TZD? One of the possibili-
ties is the effect of TZD on circulating free fatty acid (FFA). The
well-established effect of TZD on lowering of plasma FFA has
therefore been widely considered to be a major factor responsi-
ble for their insulin sensitizing effect.

Our animal study also showed the same results. TZD treatment
decreased plasma glucose, FF and TG levels. Furthermore, TZD
treatment significantly increased bodyweight by gaining fat, espe-
cially in non-mesenteric depots, but not in the mesenteric fat. The

level of mRNA of lipid storage genes increased in non-mesenteric
fat, but gene expression related to energy expenditure increased in
only mesenteric fat. Therefore, it seemed that TZD treatment was
associated with decreased plasma FFA and TG by depot-specific
effects on fat redistribution in individual adipose tissues5.

The other possibility is the dual effect of TZD on both liver and
adipocyte. We hypothesized that TZD should decrease hepatic FFA
influx from adipocytes and then only improved hepatic steatosis.

We used the co-culture system to elucidate the interorgan
relationship. Two cell populations that were co-cultivated in dif-
ferent compartments (insert and well) stayed physically sepa-
rated, but could communicate with each other via paracrine
signaling through the pores of the membrane. We used 3T3-L1
adipocyte in the main well and AML-12 hepatocytes in the insert
well. Hepatocytes and adipocytes co-cultured with FFA in the
presence or absence of TZD for 48 h. The TZD increased fat
accumulation in adipocyte, while they decreased the accumula-
tion in hepatocyte under co-culture environment at the same
time. In an isolated hepatocyte culture model, TZD treatment
tended to decrease the hepatic lipid accumulation when FFA was
added in culture media, but did not normalize it. So the possibil-
ity of a non-FFA mediated TZD effect could not be ruled out.

Given the results from the several aforementioned experiments,
the beneficial effect of TZD on hepatic steatosis might be indi-
rectly explained by decreasing FFA influx from adipose tissue
and directly explained by the effect on the hepatocytes from the
molecular mechanisms, such as sirtuin and AMPK (Figure 1).

In the clinical practices, the beneficial effect of PPARc activating
agents has been well established, but the side-effects including
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Figure 1 | Suggested mechanism: Thiazolidinediones (TZD) stimulate fatty acid oxidation, and inhibit excessive lipolysis and fatty acid synthesis in the
liver, resulting in reduced hepatic fat contents in both rodents and humans. In adipose tissue, TZD-activated peroxisome proliferator-activated
receptor gamma (PPARc) stimulates adipocyte differentiation and induces lipogenic enzymes, thereby increasing fat storage, especially into
subcutaneous adipose tissue. This sequestration of lipid into adipose tissue decreases circulating levels of triglyceride and FFA, thus decreasing lipid
uptake in the liver. AMPK, adenosine monophosphate-activated-activated protein kinase; AT, adipose tissue; FA, fatty acid; FFA, free fatty acid; LKB1,
liver kinase B1; NAD, nicotinamide adenine dinucleotide; TG, triglyceride.
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weight gain, osteoporosis, fluid retention and increased risk of
heart failure were identified as serious concerns that limited the
clinical use of existing PPARc agonists. Recently, non-TZD, such
as selective peroxisome proliferator-activated receptor gamma
modulator (SPPARM), have been actively under investigation. We
hope this kind of agent to be a new and useful one for treating
hepatic steatosis, replacing PPARc agonist.
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