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Oleuropein, a bitter glucoside found in green olive leaves, and its metabolite hydroxytyrosol
display powerful antioxidant activity both in vivo and in vitro. In this study, we hypothesized
that the antioxidant activity of oleuropein could attenuate hepatic steatosis. To test this
hypothesis,weestablished steatotichepatocytes usingHepG2andFL83B cells treatedwith free
fatty acids (FFAs) (oleate:palmitate, 2:1). To confirm hepatic steatosis, the intracellular lipid
levels were quantitatively measured by Nile Red staining, and the sizes and distributions of
lipid droplets were visualized by transmission electron microscopy. The expression of PAT
family proteins as well as of adipose differentiation-related protein and tail interacting
protein (TIP47) was evaluated by reverse transcriptase polymerase chain reaction and
immunoblotting. To examine the cellular and molecular events associated with oleuropein,
annexin V/propidium iodide staining and immunoblotting were performed. Oleuropein
decreased the number and size of lipid droplets in FFA-treated cells and reduced
intracellular triglyceride accumulation. However, it did not affect the expression of lipid
droplets-associated PAT family proteins, including adipose differentiation-related protein and
TIP47. In addition, oleuropein reduced FFA-induced extracellular signal-regulated kinase
activation but had no effect on c-Jun N-terminal kinase or AKT activation. Given its protective
effectsagainst FFA-inducedhepatocellular steatosis, oleuropeinmaybea lipid-loweringagent.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD), one of the most
common causes of chronic liver disease in the world [1,2],
n related protein; BSA, bo
regulated kinase; FFA, free
er disease; NASH, nonalc
al Medicine, Seoul St. Mar
9559.
K. Yoon).

right © 2012 Published b
7

results from excessive fat accumulation, not alcohol abuse, in
the liver. It is associated with nonalcoholic steatohepatitis
(NASH), which is characterized by steatosis, various degrees of
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progression of NASH can be explained by the “two-hit
hypothesis” [3,4]. According to this theory, the first hit involves
the accumulation of fat in hepatocytes owing to insulin
resistance. The progression of hepatic steatosis to NASH is
then induced by hepatic injury attributable to oxidative stress,
reactive oxygen species, lipid peroxidation, and cytokines (the
second hit). These factors result in hepatocellular injury and
subsequent progression toward hepatic fibrosis.

Olive oil, an important component of the Mediterranean
diet, is known to be effective in the prevention of cancer,
cardiovascular disease and chronic degenerative disease [5–7].
Oleuropein, themost abundant compound in olive leaves, can
produce other bioactive substances, including oleanolic acid
and hydroxytyrosol, by hydrolysis. Corona et al [8] first
demonstrated that although oleuropein is not absorbed in
the small intestine but it is rapidly degraded by the colonic
microflora to yield hydroxytyrosol, which may then be
absorbed. However, how oleuropein reaches the liver and
whether it is effective in vivo are unclear. Recently, Poudyal et
al [9] reported that an olive leaf extract reduced the weight of
the liver in a high-fat-fed rat model by reducing portal
collagen deposition and fat deposition in the liver.

Previous research has demonstrated the preventive effect of
oleuropein against steatohepatitis induced by a high-fat diet in
rodents [10]. However, the mechanism underlying its hepatic
lipid-lowering effect remains unclear. Based on previous re-
sults, we hypothesized that oleuropein prevents hepatic
steatosis induced by free fatty acids (FFA). To test our
hypothesis, we established FFA-induced steatotic cells using
the human hepatoma-derived cell line HepG2 and normal
mouse hepatocyte FL83B cells. HepG2 cells were selected
because the cell line has been successfully used to establish a
stable in vitro steatosismodel in previous studies. However, the
epigenetic and genetic alterations in this cell line confer many
properties that are distinct from those of normal hepatocytes,
including differences in metabolism regulation [11,12]. Accord-
ingly, we employed normal mouse hepatocytes to further test
our hypothesis in this study. Based on our hypothesis, this
investigation determined the anti-steatotic effects, oleuropein
on steatotic hepatocytes at the cellular and molecular level.
2. Methods and materials

2.1. Cell culture and FFA treatment

HepG2 and FL83B cells in Dulbecco's modified Eagle's medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum, 100 μg/mL penicillin, and 0.25 μg/mL strepto-
mycinweremaintained at 37°C in a humidified incubator with
5% CO2. Fatty acid-free bovine serum albumin (BSA, 1%;
Sigma-Aldrich, St. Louis, MO, USA) was used as a vehicle for
FFA treatment. After reaching 70% confluence, cultured cells
were serum-starved and exposed to0.5 mmol/L FFAs (oleic
acid:palmitic acid, 2:1) and various concentrations of oleur-
opein (purity >80%; Extrasynthese, Lyon, France) in medium
containing 1%FFA-free BSA. A stock solution of 0.1 mol/L
oleuropein in dimethyl sulfoxide (DMSO) was prepared.
Because we used DMSO-dissolved oleuropein, cells cultured
in serum-free medium containing an equivalent volume of
DMSO without oleuropein were used as controls to ensure
that DMSO would not cause unwanted cellular effects. The
final concentration of DMSO was below 0.3%.

2.2. Cell viability and apoptosis assays

To determine cell viability, cells were cultured at a density of 5
× 103 cells per well in 96-well plates and treated with FFAs in
the presence or absence of oleuropein. After 24 hours,
CellTiter 96 MTS reagent (Promega, Madison, WI, USA) was
added to each well according to the manufacturer's instruc-
tions. After 4 hours of culture, cell viability was measured
based on the absorbance at 490 nm using a SpectraMax 250
microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Each treatment was performed in triplicate.

To assess cellular apoptosis, FFA-treated cells were stained
with fluorescein isothiocyanate–conjugated annexin-V and
propidium iodide (PI; BD Biosciences, San Jose, CA, USA) [13].
Stained cells were detected by flow cytometry using a FACS
Calibur apparatus (BD Biosciences).

2.3. Nile Red and 4′,6-diamidino-2-phenylindole staining

Nile Red was used to stain intracellular lipids [14,15]. Cells
were treated with 0.5 mmol/L FFAs together with oleuropein
for 24 hours, washed in phosphate-buffered saline (PBS), and
stained with Nile Red (1 μg/mL). The cells were then fixed with
3.7% paraformaldehyde for 15 minutes at room temperature,
washedwith PBS, andmounted in Gel/Mount (Biomeda, Foster
City, CA, USA) containing 0.2 μg/mL 4′,6-diamidino-2-pheny-
lindole (DAPI) (Sigma-Aldrich). The cells were then observed
under an LSM 510 inverted laser-scanning confocal micro-
scope (Carl Zeiss, Jena, Germany) at a wavelength of 488 nm
for excitation and greater than 550 nm for emission. Fluores-
cence was quantified using a microplate reader (Molecular
Devices) and normalized to the cellular DAPI content based on
a previously published assay [16].

2.4. Transmission electron microscopy

Cells were collected and fixed with 4% paraformaldehyde and
2.5% glutaraldehyde in 0.1 mol/L phosphate buffer, pH 7.2, at
4°C overnight. After rinsing with 0.1 mol/L phosphate buffer 3
times for 30 minutes each, the cells were treated with 1%
osmium tetroxide in 0.1 mol/L phosphate buffer for 1 hour,
dehydrated through a graded series of ethanol and acetone,
embedded in Epon 812, and polymerized at 60°C for 3 days.
Ultrathin sections (60–70 nm) were prepared using an ultra-
microtome (Leica Ultracut UCT; Leica Microsystems GmbH,
Wetzlar, Germany). The sections on Formvar-coated slot grids
(200 mesh) were examined under a transmission electron
microscope (JEM 1010; JEOL Ltd., Tokyo, Japan) operating at 60
kV. Images were recorded using a CCD digital camera (Orius
SC1000; Gatan, Pleasanton, CA, USA). All experiments were
repeated 3 to 5 times to ensure reproducibility.

2.5. Measurement of the intracellular triglyceride content

Cultured cells were washed twice with cold PBS, and cellular
lipidswere extractedwith 5%Triton X-100. After centrifugation,
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the supernatants were transferred to clean tubes and stored at
−80°C before use. The triglyceride levels were measured using
an EnzyChrom triglyceride assay kit (Bioassay Systems,
Hayward, CA, USA) following the manufacturer's instructions
and expressed as micrograms of lipid per milligram of cellular
protein [17].

2.6. Total RNA extraction and semiquantitative reverse
transcriptase polymerase chain reaction

Total RNA was extracted from frozen tissues using TRIzol
reagent (Invitrogen) as per the manufacturer's instructions.
Total RNA (1 μg) was reverse-transcribed to single-stranded
cDNA using random primers (TaKaRa Bio, Shiga, Japan) with a
SuperScript First Strand Synthesis System (Invitrogen) and
thenamplified by polymerase chain reaction (PCR). Theprimer
sequences were as follows (5′→3′): for adipose differentiation
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Fig. 1 – FFA treatment of HepG2 and FL83B cells. (A) Cytotoxic effe
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related protein (ADRP), sense GGGATCCCTGTCTACCAAGC
and antisenseAGATGTCGCCTGCCATCACC; for tail interacting
protein (TIP47), sense CAGCAGAGAAGGGAGTGAGG and anti-
sense ACACAAGCTCCTTGGTGTCC; and for β-actin, sense
AGGCCAACCGCGAGAAGATGACC and antisense GAAGTC-
CAGGGCGACGTAGGAC. PCR conditions were an initial dena-
turation at 94°C for 5 minutes, followed by 30–35cycles of
denaturation at 94°C for 30 seconds, annealing at 55°C for 30
seconds, and extension at 72°C for 30 seconds, with a final
extension at 72°C for 5 minutes. The products were analyzed
using 1.5% agarose gels stained with ethidium bromide.

2.7. Western blot analysis
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EDTA, 1mmol/L phenylmethylsulfonyl fluoride, and Com-
plete Protease Inhibitor Cocktail (Roche, Mannheim, Germa-
ny). The lysates were cleared by centrifugation, and the
protein content was determined using a Bradford protein
assay kit (Bio-Rad, Hercules, CA, USA). The lysates were them
separated by 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Whatman, Maidstone, Kent, UK). The membranes were
incubated overnight at 4°C with the following primary
antibodies:monoclonal anti-β-actin (Sigma-Aldrich); mono-
clonal anti-phospho-c-Jun N-terminal kinase (JNK; Cell
Signaling Technology, Beverly, MA, USA); or polyclonal anti-
JNK1, anti-phospho-AKT, anti-AKT, anti-phospho-extracellu-
lar signal-regulated kinase (ERK), anti-ERK1, anti-ADRP, or
anti-TIP47 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Membranes were washed with Tris-buffered saline contain-
ing 0.05% Tween-20 and incubated with horseradish perox-
idase–conjugated anti-mouse or anti-rabbit secondary
antibodies (Amersham Pharmacia Biotech, Piscataway, NJ,
USA). Protein bands were visualized using an enhanced
chemiluminescence system (Amersham Pharmacia Biotech)
according to the manufacturer's instructions. The protein
band densities were determined by densitometry using β-
actin as a loading control.

2.8. Statistical analyses

The results obtained are expressed as means ± SE. Differences
between groups were analyzed using Student's t test. P <.05
was considered to be significant.
3. Results

3.1. FFA treatment induces cellular steatosis

Recently, we reported that oleuropein displayed a protective
effect against high-fat diet–induced hepatic steatosis in a
mouse model [8]. In the present study, we examined
whether oleuropein could prevent FFA-induced steatosis in
an in vitro model.

To determine the optimal concentration of FFA to
induce steatosis, HepG2 or FL83B cells were cultured with
FFAs (oleate:palmitate, 2:1) at a concentration of 0.5, 1, 1.5,
or 2 mmol/L for 24 hours. Treatment with 0.5 or 1 mmol/L
FFAs (oleate:palmitate, 2:1) had no cytotoxic effects on
HepG2 or FL83B cells, as determined by MTS assay.
However, 1.5 and 2 mmol/L FFAs decreased cell viability (
Fig. 1A). Furthermore, treatment with 0.5 (Fig. 1B) or 1
mmol/L FFAs (data not shown) did not induce apoptosis
based on the FACS analysis of annexin V/PI-stained HepG2
and FL83B cells.

Nile Red staining of HepG2 and FL83B cells confirmed the
formation of intra cellular lipid droplets in FFA-treated cells.
Steatotic cells resulted after incubation with 0.5 or1 mmol/L
FFAs for 24 hours, with lipid accumulation reaching levels
similar to those in human steatotic liver in the absence of
apoptosis [12]. For maximal intracellular lipid accumulation
with minimal cytotoxicity, cells were treated with 0.5 mmol/L
FFAs for 24 hours in subsequent experiments.
3.2. Oleuropein reduces FFA-induced cellular steatosis

To quantify the number, size, and distribution of lipid
droplets, we analyzed FFA-treatedHepG2 and FL83B cells
stained with Nile Red by transmission electron microscopy.
Oleuropein treatment reduced lipid droplet accumulation, as
shown by fluorescence microscopy (Fig. 2A) and microplate
fluorometry (Fig. 2B). As shown in Fig. 2B, lipid accumulation
did not differ between the groups treated with10 and 50 μmol/
L oleuropein.

Transmission electron microscopy of FFA-treated cells
revealed abundant macro- and microdroplets of lipid approx-
imately 2.2 μm in size. In the presence of 10 or 50 μmol/L
oleuropein, the lipid droplets in the FFA-treated cells were 1.1
to 1.61 μmol/L in diameter (Fig. 2C). Thus, oleuropein reduced
FFA-induced cellular lipid accumulation and lipid droplet size.

3.3. Oleuropein inhibits FFA-induced intracellular
triglyceride accumulation

To investigate the anti-steatotic effects of oleuropein in
HepG2 and FL83B cells, the intracellular triglyceride content
was assayed. Oleuropein inhibited FFA-induced intracellular
triglyceride accumulation in both cell lines (Fig. 3). However,
the rates of inhibition of the intracellular triglyceride content
between the groups treated with10- and 50-μmol/L oleuropein
were similar, although a significant difference was observed
between the groups of treated with FFA alone and with
oleuropein. These findings indicate that treatment with >10
μmol/L oleuropein did not exert an efficient lipid-lowering
effect.

3.4. The effects of oleuropein on FFA-stimulated ADRP and
TIP47 expression

To explore themechanismof the hepatic lipid-lowering action
of oleuropein in FFA-treated cells, the expression levels of
several regulators involved in hepatic lipid metabolism,
including ADRP and TIP47, were measured by reverse
transcriptase PCR and Western blotting. The ADRP mRNA
expression level was elevated while TIP47 mRNA expression
remained unchanged in FFA-stimulated HepG2 cells com-
pared with control cells (BSA treated HepG2 cells). Further-
more, oleuropein treatment of FFA-treated cells slightly
increased ADRP expression (Fig. 4A). However, oleuropein
treatment did not affect the FFA-stimulated expression of
ADRP and TIP47 inHepG2 and FL83B cells (Fig. 4B). These
results suggest that oleuropein does not regulate the expres-
sion of lipid droplet-associated PAT family proteins, including
ADRP and TIP47.

3.5. Oleuropein treatment inhibits FFA-induced ERK
phosphorylation

In this study, we further examined the effect of oleuropein on
mitogen-activated protein kinase (MAPK) signaling in FFA-
treated cells. Compared with the BSA control treatment, FFA
treatment of HepG2 and FL83B cells increased the level of
phosphorylated ERK. Oleuropein inhibited FFA-induced ERK
activation but had no effect on JNK or AKT activation (Fig. 5).
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Fig. 3 – Effects of oleuropein on the cellular triglyceride
content in HepG2 and FL83B cells. Cells were treated with
BSA (control), FFA alone, or a combination of FFA and
oleuropein for 24 hours, and the intracellular triglyceride
levels were measured using spectrophotometric assays and
as described in the Methods and materials; the triglyceride
content is expressed as μg of lipid/mg of protein. All
absorbance readings were normalized to the protein con-
centration. The data shown are the means ± SE of three
independent experiments. *P < .05 versus FFA-untreated
control cells; *P < .01 versus FFA-treated cells.
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4. Discussion

NAFLD, one of the most common hepatic disorders in
developed countries, encompasses a spectrum of liver dis-
eases, ranging from simple steatosis to steatosis combined
with various degrees of necroinflammation and fibrosis.
Patients with NAFLD display increased lipolysis and increased
delivery of FFAs to the liver. Higher concentrations of FFAs are
associated with more severe liver disease[18]. Generally,
animal models have been used to study NAFLD, but these
models are difficult to prepare, and the reproducibility of the
experimental results is often problematic. In this study, we
established an in vitro fatty liver model and used it to
demonstrate that oleuropein significantly reduced the num-
ber and size of lipid droplets and the accumulation of
triglycerides in cells treated with FFAs to induce fat overload.
Moreover, FFA-induced ERK activation was significantly
inhibited by oleuropein treatment.

FFAs play important roles in mammalian homeostasis,
particularly as components of biological membranes and as
fuel for energy production, in diverse tissues. The saturated
fatty acid palmitate (16:0) induces hepatic insulin resistance
[19] and is proapoptotic, whereas the fatty acid oleate (18:1)
Fig. 2 – Effects of oleuropein on FFA-induced lipid accumulation
photomicrographs showing intracellular lipid accumulation (arro
oleuropein (10 or 50 μmol/L) in the presence of 0.5 mmol/L FFAs
DAPI (blue). Originalmagnification, ×400. (B) Cellular steatosiswa
using image analysis software. The data shown are the means ±
control cells; **P < .05 vs FFA-treated cells. (C) Electron micrograp
oleuropein (10 or 50 μmol/L) are shown. Nu, nuclear; L, lipid; ole
improves insulin sensitivity [20] and imparts protection
against FFA-induced cytotoxicity in several cell types [21–23].

In the present study, hepatic steatosis models were
established by treating HepG2 and FL83B cells with a mixture
of FFAs (oleate:palmitate, 2:1) at 0.5 mmol/L for 24 hours. Both
cell types displayed increased triglyceride accumulation and
intracellular lipid droplets, comparable to that seen in human
chronic steatosis [12]. Different FFA shave been used to induce
fat accumulation in hepatic cells in a dose- and time-
dependentmanner; however, FFAs appear to bemore efficient
when used as a mixture than individually [12,24]. In vitro
models of FFA-induced hepatocellular steatosis have been
widely applied to study NAFLD pathogenesis and anti-NAFLD
agents. In addition, hepatic cellular models are suitable for
investigating the impact of fat overaccumulation in the liver
while excluding other factors that could influence hepatocyte
behavior. Exposure to the FFA mixture caused minimal toxic
or apoptotic effects and provided a model sufficient for the in
vitro testing of novel compounds against NAFLD.

Oleuropein, a bitter glucoside in green olive leaves, and its
metabolite hydroxytyrosol have powerful antioxidant and
anti-inflammatory properties, both in vivo and in vitro [25].
Moreover, oleuropein treatment decreases the activities of
important regulators of adipogenesis, including peroxisome
proliferator-activated receptor gamma 2, lipoprotein lipase,
and FABP-4, as well as the phenotypic characteristics of
adipocytes such as fat accumulation [26]. We recently
reported that the protective effects of oleuropein against
hepatic lipogenesis are mediated through Wnt10b and FGF1
signaling [27]. Although these studieswere based on an in vivo
approach, an in vitro approach provides a more effective
strategy for elucidating the mechanism of oleuropein action.
In this study, we found that oleuropein decreased FFA-
induced lipid accumulation, lipid droplet size, and the
intracellular triglyceride content of HepG2and FL83B cells.
These results are consistent with our hypothesis that
oleuropein can prevent hepatic steatosis induced by FFA.

Intracellular lipid storage droplets are regulated by the
perilipin family of lipid droplet coat proteins, including
perilipin, ADRP, TIP47, and myocardial lipid droplet protein/
oxidative tissues-enriched PAT protein/lipid storage droplet
protein 5 [28]. In this study, however, oleuropein treatment
did not affect ADRP or TIP47 expression.

FFA have been shown experimentally to directly affect
lipotoxicity in adipocytes, muscle, hepatocytes and pancreatic
islets, leading to the induction of oxidative stress through lipid
peroxidation products via the activation of intracellular
signaling, including MAPK signal transduction (ERK1/2,
SAPK/JNK, and AKT). MAPKs, which are activated by con-
served signaling modules of serine/threonine protein kinases,
are involved in numerous cellular processes, including cell
in HepG2 and FL83B cells. (A) Representative fluorescence
whead) in Nile Red-stained cells after treatment with
(oleate:palmitate, 2:1). The nuclei were counterstained with
s quantified in 21 random low-power fields for each condition
SE of 3 independent experiments. *P <.05 vs FFA-untreated
hs of FFA-treated HepG2 cells after 1 day of culture with
, oleuropein. Bar size = 2 μm.
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Fig. 4 – Effect of oleuropein in the level of expression of lipid droplet proteins in FFA-treated HepG2 cells. (A) reverse
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proliferation, differentiation, motility, and apoptosis [29–31].
In addition, the MAPK/ERK pathway can be activated by
growth factors, mitogens, and cytokines. However, JNK is
known to be activated by cellular stress molecules, including
ceramides and inflammatory cytokines [32]. Recent studies
have shown that activated ERK and JNK are important
mediators of FFA-induced lipotoxicity in hepatocytes [33,34].
In the present study, however, FFA treatment of hepatocytes
activated the phosphorylation of ERK but did not activate the
phosphorylation of JNK. The reason for difference in expres-
sion can be explained by the different proportions of long-
chain saturated (palmitic acid) and unsaturated (oleic acid)
FFAs; this proportion produced significantly different toxic
and apoptotic effects via different signaling pathways [12].
Furthermore, phosphorylated JNK, activated by the saturated
fatty acid palmitic acid, was reported to play an important role
in FFA-induced insulin resistance in primary mouse hepato-
cytes and pancreatic β-cells [33]. Using an in vitro model of
hepatic steatosis, our results suggest that the lipid-lowering
effect of oleuropein involves the inhibition of FFA-induced ERK
phosphorylation, although additional studies are required to
identify the underlying mechanism of oleuropein-induced
ERK inhibition.

In conclusion, our study demonstrates the protective
effects of oleuropein against FFA-induced hepatocellular
steatosis in an in vitro model. The findings suggest a rationale
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to further investigation the potential therapeutic value of
oleuropein in models of NAFLD.
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