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Abstract Oleuropein, the major phenolic compound
found in olive leaves and oil, exerts antioxidant, anti-
inflammatory and anti-atherogenic effects and suppresses
the adipocyte differentiation in vitro. Herein, we charac-
terized molecular mechanisms underlying the anti-adipo-
genic effects of oleuropein on 3T3-L1 cells and adipocytes
derived from stromal-vascular fraction of dorsolumbar and
gonadal fat dissected from mice. We found that oleuropein
(>100 pM) decreased viability of preadipocytes prolifer-
ating in vitro and did not exerted any cytotoxic effects in
post-confluent cells after induction of differentiation.
Oleuropein (>100 pM) inhibited adipocyte differentiation,
suppressed gene expression of peroxisome proliferator-
activated receptor Y (PPARY), CCAAT-/enhancer-binding
protein o, sterol regulatory element-binding transcription
factor 1c and fatty acid synthase. Furthermore, we tested
ability of oleuropein to regulate of PPARY-, PPARa- or
PPARpB-/PPARS-mediated B-lactamase expression in
appropriate reporter gene assays. Oleuropein between 10
and 400 UM concentrations did not affect activity of
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PPARa or PPARP/S. Contrary, PPARYy activity, either
basal or rosiglitazone activated, was inhibited by oleurop-
ein. Our data suggest that oleuropein exerts anti-adipogenic
effect through direct inhibition of PPARY transcriptional
activity.
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Olive oil and leaf extracts - Catalase

Abbreviations

C/EBPla CCAAT-/enhancer-binding protein o

DMEM Dulbecco’s modified Eagle’s medium

FAS Fatty acid synthase

FCS Fetal calf serum

PPARa/B/3/y  Peroxisome proliferator-activated receptor
o/ B/dly

SREBP-1 Sterol regulatory element-binding
transcription factor lc

SVF Stromal-vascular fraction

Introduction

Plant-derived polyphenols, secondary plant products, are
abundant micronutrients present in the human diet. These
natural bioactive compounds have been discovered for
based on their beneficial effects in the prevention of
chronic disorders such a cancer, cardiovascular diseases,
inflammatory and metabolic diseases including obesity.
Many experiments with the polyphenols demonstrated
substantial modulation of physiological and molecular
pathway involved in energy metabolism and adiposity
(reviewed in (Meydani and Hasan 2010)). Catechins from
green tea (Lin et al. 2005), resveratrol from red grapes
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(Floyd et al. 2008) and curcumin from curcuma (Ejaz et al.
2009) suppressed adipogenesis on 3T3-L1 cell line through
several mechanisms including attenuation of peroxisome
proliferator-activated receptor y (PPARY) regulatory path-
way (Manach et al. 2004). Also, the olive tree, botanically
known as Olea europaea, and its products are a source of at
least 30 phenolic compounds, and particularly, extra-virgin
olive oil contains considerable amounts of phenolic com-
pounds, e.g., oleuropein and its hydrolysis product hy-
droxytyrosol, which are responsible for its peculiar taste
and high stability. Oleuropein concentration varies with
cultivar and climate and is several times higher in the olive
leaf than the oil (Omar 2010). Beneficial effects of olive
leaf extract have been described in vivo, including a
reduction in adiposity and hyperlipidemia in dietary obese
rat (Oi-Kano et al. 2008), improvement of alloxan-induced
diabetes in rabbits (Al-Azzawie and Alhamdani 2006) and
improvement of insulin sensitivity in overweight humans
(de Bock et al. 2013). Purified oleuropein considerably
reduced the infarct size in both normal and hypercholes-
terolemic rabbits that were subjected to ischemia/reperfu-
sion, protected the reperfused myocardium from the
oxidative damage and decreased total cholesterol and tri-
glyceride levels (Andreadou et al. 2006). In vitro, oleu-
ropein reduced the expression of PPARY, inhibited
adipogenesis and enhanced osteoblastogenesis in stem cells
derived from human bone marrow (Santiago-Mora et al.
2011). Oleuropein (in concentration higher than 100 pM)
acted on 3T3-L1 cells to reduce preadipocyte differentia-
tion and lipid accumulation and thus regulated the size of
fat cells. The expression of key transcriptional modulator of
adipocyte differentiation genes PPARy, CCAAT-/enhancer-
binding protein oo (C/EBP1a) and sterol regulatory element-
binding transcription factor lc (SREBP-1c) and their
downstream target genes were suppressed by oleuropein in
dose depended manner during the differentiation process
(Drira et al. 2011). The aim of current study is to further
characterize molecular mechanisms underlying anti-adi-
pogenic effects of oleuropein on 3T3-L1 cells and differ-
entiated adipocytes derived from stromal-vascular fraction
(SVF) of murine dorsolumbar and gonadal fat.

Materials and methods
Oleuropein

The oleuropein used in this study was isolated from Olea
europaea leaves as described before (Andreadou et al.).
Briefly, air-dried and pulverized leaves were extracted with
mechanical stirring for 12 h with acetone. The extract was
evaporated to dryness and washed with a mixture of
dichloromethane/methanol (98:2). The insoluble material
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was separated, dried and submitted to medium pressure
liquid chromatography with Si gel 60 Merck, using
dichloromethane/methanol gradient as the eluent to provide
pure oleuropein. The purified oleuropein (95 %) was
entirely in the glucoside form and was free of any aglycone
forms. The structure elucidation of oleuropein was carried
out using spectroscopic and spectrometric methods, as well
as comparison with literature data (Zoidou et al. 2010).
Specifically, 1D and 2D NMR spectra (COSY, COSYLR,
HSQC-DEPT, HMBC) were recorded in deuterated meth-
anol (CD30OD-Merck), on a Bruker Advance III spec-
trometer (Bruker Biospin GmbH, Reinsteten, Germany)
operating at 600.11 MHz for 1H and at 150.11 MHz for
13C, with a 5-mm inverse detection probe. The residual 1H
(3.33 ppm) and 13C (49.50 ppm) signals of CD30D were
used as internal standard. One- and two-dimensional NMR
experiments were performed with standard pulse programs,
at room temperature. HRMS & HRMS/MS data were
obtained by direct infusion method using a hybrid LTQ-
Orbitrap Discovery Mass Spectrometer (Thermo Scientific,
Bremen, Germany) equipped with an ESI probe, in positive
mode. For each experiment, oleuropein was freshly dis-
solved in sterile water and directly diluted in appropriate
supplemented cell culture medium (Dulbecco’s modified
Eagle’s medium with 4.5 g glucose; DMEM).

Murine 3T3-L1 preadipocytes

Cells were plated and grown until 2 days post confluence
in DMEM supplemented with 10 % calf serum and peni-
cillin/streptomycin in a humidified atmosphere of 10 %
CO, at 37 °C. Cells differentiation was induced using a
medium containing 10 % fetal bovine serum, 2 uM dexa-
methasone, 0.1 uM rosiglitazone (BRL 49653, in dimethyl
sulfoxide) and 5 pg/ml insulin. This medium was con-
taining or not catalase (100 units/ml, catalase from bovine
liver, Sigma-Aldrich, Co., USA), and it was present for
2 days. Afterward the cells were maintained in DMEM
containing 10 % fetal bovine serum and 5 pg/ml insulin in
the presence or absence of catalase (100 units/ml).

Isolation, plating and culture condition of adipose
precursor cells/primary SVF cultures

Male C57BL/6J mice were used for the preparation of
primary SVF cultures. Adipose depots (subcutaneous dor-
solumbar and abdominal gonadal) were dissect under
sterile conditions, minced with scissors and digested using
collagenase (3 mg/ml, type II collagenase; Sigma-Aldrich,
Co., USA; Cat. # C-6885) in modified Krebs—Ringer
bicarbonate buffer (118.5 mM NaCl, 4.8 mM KClI,
2.7 mM CaCl,, 1.2 mM KH,PO,4, 1.1 mM MgSO,-7H,0,
25 mM NaHCO,, 5 mM glucose and 4 % (w/v) bovine
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serum albumin fraction V; pH 7.4). The cell suspension
was filtered through 250-pum nylon mesh, floating mature
adipocytes were discarded, and the infranatant (SVF) was
filtered again through 25-pm nylon mesh. The filtered
infranatant was centrifuged at 700xg for 10 min. The
pellet was resuspended in D-MEM FI12 (containing 5
pg/ml insulin and gentamycin) and centrifuged again. The
cells were resuspended in medium with 10 % fetal bovine
serum, counted in Biirker chamber and plated at a density
of 2,000 cells/cm?. Cells were grown at 37 °C in atmo-
sphere of 5 % CO,. The medium (D-MEM F12 containing
10 % fetal bovine serum, 5 pg/ml insulin and gentamycin)
was changed two times during a week. After 5-7 days,
rosiglitazone was added to the cultivation medium at final
concentration of 100 nM. The cells were kept for 7 days
until full adipocyte differentiation with or without catalase
(100 units/ml) added to the medium.

Cell viability assays

The viability of 3T3-L1 cells was tested with or without
catalase (100 units/ml); see above.

Trypan blue assay

Cells were detached using trypsin—-EDTA solution in
phosphate-buffered saline (pH 7.4) for 10 min at room
temperature and immediately stained with 0.5 % trypan
blue dye (Sigma-Aldrich, Co., USA), and the cell number
was evaluated using a Vi-CELL XR analyzer (Beckman
Coulter, USA). Three samples were used for each experi-
mental group, and 50 measurements were performed on
each sample (i.e., 150 measurements in total).

WST-1 assay

Cells were cultivated in microplates (96 wells) in a final
volume of 100 pl culture medium/well. Cell Proliferation
Reagent WST-1 (10 pl/well; Roche Diagnostics GmbH,
Germany) was added, and the cells were incubated for 4 h.
Then, the formazan product was quantified at 420480 nm
using a microplate absorbance reader (Wallac Victor 1420,
Perkin-Elmer, USA).

Oil Red O staining

After differentiation, 3T3-L1 cells or primary SVF cultures
were washed twice with phosphate-buffered saline (pH
7.4), fixed with 4 % paraformaldehyde at room tempera-
ture for 12 h and then washed twice with sterile water and
once with 60 % isopropanol. Subsequently, cell were
stained with 5 g/LL Oil Red O (in 60 % isopropanol) at
room temperature for 2h and washed with 60 %

isopropanol and sterile water. Pictures were taken using an
inverted microscope (Nicon TE 300, Nicon, Japan)
equipped with digital camera (Penguin 600 CL, Pixera,
USA). The plates with stained cells were measured using a
multiwell plate reader (Wallac Victor 1420, Perkin-Elmer,
USA) at the absorbance 490 nm. Alternatively, captured
pictures were analyzed using AIDA 3.28 software (Raytest,
Germany).

Reporter gene assay

Cellular activation of PPAR nuclear receptors was assessed
in reporter gene assays according to the manufacturer’s
protocol (GeneBLAzer® PPARo UAS-bla HEK293T,
PPAR /6 HEK 293T DA and PPARYy 293H DA, Life
Technologies Corporation, USA). In brief, cells were sta-
bly expressing GAL4-specific PPAR ligand-binding
domain fusion protein and UAS-[-lactamase reporter gene.
Cells were incubated with tested compound or antagonist
for 30 min before adding agonist and then incubated in a
humid 37 °C/5 % CO, incubator for 16 h. Fluorescence
intensity at 460 and 530 nm emission following excitation
at 406 nm was measured using a TECAN Safire2 (Tecan
Group Ltd.,, Switzerland) with optimal gain settings
determined by the instrument. After subtraction of fluo-
rescence background from cell-free wells, the ratio of
fluorescence intensity at 460 versus 530 nm (designated as
460:530 nm) was calculated. T0O070907 (Cayman CHEM-
ICAL, Cayman Europe, Estonia) was used as specific
PPARY inhibitor (Lee et al. 2002).

Quantitative real-time PCR

Total RNA isolated using TRI reagent (Sigma-Aldrich, Co.,
USA). Levels of various transcripts were evaluated using
LightCycler 480 II instrument (Roche Diagnostic Ltd.,
Switzerland) and LightCycler 480 SYBR Green I Master kit
(Roche Diagnostic Ltd., Germany). PCR condition were
95 °C for 5 min and 45 cycles of 95 °C for 10 s, 55-60 °C
for 10 s and 72 °C for 20 s. Specificity of the amplified PCR
product was assessed by performing a melting curve ana-
lysis. Lasergene 9 software (DNASTAR, Inc., USA) was
used to design primers. To correct for inter-sample varia-
tion, levels of the transcript were normalized using geo-
metrical mean of two reference genes—CYPHJ (Gene ID:
19035) and EEF2 (Gene ID: 13628). For primer sequences,
see Hensler et al. (2011). Primers for PPARY (Gene ID:
19016)—GCCTTGCTGTGGGGATGTCTC/CCTCGCCT
TGGCTTTGGTCAG, fatty acid synthase (FAS, Gene ID:
14104)—GGCTGCCTCCGTGGACCTTATC/GTCTAGC
CCTCCCGTACACTCACTCGT, C/EBPa (Gene ID:
12606)—CGCTGGCCGGCCTCTTCCCCTACC/GCCCC
GCAGCGTGTCCAGTTCA, SREBP-lc (Gene ID:
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20787)—GCTTCCGGCCTGCTATGA/CTCGTGTGGCT
CCGGGAC.

Statistical analysis

All values are presented as mean + SE. Logarithmic
transformation was used to stabilize variance in cells when
necessary. Data were evaluated by ANOVA (one-way or
two-way) with Holm-Sidak post hoc test using Sigma Stat
3.5 statistical software. Comparisons were judged to be
significant at p < 0.05.

Results

Cytotoxic effect of oleuropein on proliferating cells is
prevented by catalase

Exposure of proliferating 3T3-L1 cells to increasing con-
centrations of oleuropein (from 10 to 400 uM) for 24 h
resulted in lower viability of the cells. When
100 units catalase/ml was added into medium for culturing
for pre-confluent cells, the inhibitory effect was completely
prevented (Fig. |—upper panel). Interestingly, no cytotoxic
effects were detected in post-confluent cells after induction
of adipocyte differentiation (Fig. l—lower panel). The
results were confirmed by two independent approaches,
trypan blue (Fig. 1) and WST-1 assays (data not shown).

Inhibition of differentiation of 3T3-L1 adipocytes
and cells in primary SVF cultures

We verified that oleuropein, added to the medium simul-
taneously with induction of differentiation by dexametha-
sone and rosiglitazone, significantly inhibited 3T3-L1
adipocytes differentiation. Moreover, we next examined
the effect of oleuropein in primary SVF cultures of dor-
solumbar and gonadal fat, physiologically more relevant
model of adipocytes in vitro. As shown in Fig. 2, oleu-
ropein inhibited most adipocyte differentiation at 200 and
400 pM, respectively. To test whether the anti-adipogenic
function of oleuropein was affected by compound oxida-
tion, we incubated cells with catalase. Results from Oil Red
O staining showed that oleuropein reduced total lipid
content in a dose-dependent manner, in the same extent as
in the absence of catalase (Fig. 2).

Effect of oleuropein on gene expression
during differentiation of 3T3-L1 adipocytes

To confirm that oleuropein inhibits the adipocyte differenti-

ation pathway, we analyzed the effect of oleuropein on the
expression of the genes for PPARYy, FAS, C/EBPa and
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Fig. 1 Effect of oleuropein on viability of proliferating and differ-
entiated 3T3-L1 cells. Cells were cultured in appropriate medium at
37 °C in a humidified 5 % CO,, in the absence or presence of
oleuropein (Oleu—0, 1, 10, 100, 200 and 400 pM) and in the
presence or absence of catalase (CAT; 100 units/ml)

SREBP-1c using qRT-PCR. In accordance with the results of
others (Drira et al. 2011), oleuropein in a dose-dependent
manner (starting at a 10 pM concentration) reduced expres-
sion of the genes for the transcription factors PPARYy and
C/EBPa, and pro-lipogenic SREBP-1c and its target gene
FAS (Fig. 3). The presence of catalase (100 units/ml) in the
medium during cell differentiation resulted in a decrease of
C/EBPua transcript level in the control (non-treated by oleu-
ropein) 3T3-L1 adipocytes, while it had no effect on the
expression of the other genes studied. Catalase diminished the
effect of 400 uM oleuropein (the highest concentration stud-
ied) on C/EBPa and SREBP-1c¢ expression (Fig. 3).

Effect of oleuropein on activity of PPARa, B/d and vy

We used the cell-based reporter gene assay to test whether
oleuropein directly affects the activity of nuclear receptors
PPARa, PPARP/S and PPARY. Oleuropein between 10 and
400 pM concentrations did not affect the activity PPAR«
or P/6 (see Supplemental Fig. 1). Contrary, PPARYy
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Fig. 2 Effect of oleuropein on
differentiation of 3T3-L1
adipocytes and SVF cells
isolated from dorsolumbar and
gonadal adipose tissue of
C57BL/6J mice in primary
cultures. Cultured cells were
exposed for 11 days to
differentiation medium
containing or not oleuropein
(Control or Oleu—0, 10, 200
and 400 pM) in the absence or
presence of catalase (CAT;
100 units/ml) at 37 °C in a
humidified 5 % CO,,
respectively, 10 % CO,. Cells
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activity, either basal or rosiglitazone activated, was inhib-
ited (by 30-50 %) by oleuropein (200 uM; Fig. 4). The
inhibitory effect of oleuropein was stronger than that of the
specific inhibitor of PPARy—T0070907 (Lee et al. 2002)
at concentration of 0.1 pM.

Discussion

Oleuropein and other polyphenols from olive were studied,
among others, for their ability to protect against metabolic
syndrome, type 2 diabetes, cardiac ischemia, and other
disorders, both in humans (de Bock et al. 2013) and in

Oleu (uM)
Primary cultures of dorsolumbar fat

P

Oleu (pM)

1 R 5L

e Tt
Y
Oleu 400 pM

experimental animal models (Andreadou et al. 2006); (Al-
Azzawie and Alhamdani 2006); (Oi-Kano et al. 2008). As
it has been already reported, oleuropein suppressed adi-
pogenesis in a dose-dependent manner in murine 3T3-L1
cell culture model (Drira et al. 2011). Our current findings
reveal that oleuropein suppressed not only the differentia-
tion of 3T3-L1 cells, but also that of SVF cells derived
from either dorsolumbar or gonadal adipose tissue. The
SVF cultures with multiple cell types are more predictive
of in vivo condition. These can be obtained from various
depots and following various in vivo treatments.

The important feature of the adipocyte differentiation is
the increases expression of the PPARY gene. In general,
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Fig. 3 Effect of oleuropein on 0.7 25
expression of PPARY, FAS, S 06 PPARY 3 C/EBPa
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S and PPAR P/0 (see Supplemental Fig. 1). Oleuropein
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0 cultures, and the inhibitory effect was even stronger when
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Fig. 4 Cell-based PPARY reporter gene assay. Cells were incubated
with oleuropein (Oleu) in concentration 10 and 200 uM. Rosiglitaz-
one (Rosi) was used as an activator PPARY in concentration 0.05 and
0.5 pM and T0070907 as specific inhibitor of PPARY at concentration
0.1 uM. Cells were incubated with Oleu or T0O070907 for 30 min
before adding Rosi and then incubated at 37 °C in a humidified 5 %
CO, for 16 h. *™“Significant difference (one-way ANOVA) com-
pared with control, Oleu 200 pM and Rosi 0.5 pM, respectively

bioactive plant polyphenols, such as green tea catechins,
resveratrol, curcumin and also oleuropein, are known to
decrease PPARY expression, leading to the inhibition of
adipocytes differentiation (see “Introduction”). Accord-
ingly, in the current study increasing concentration of
oleuropein in the cell culture medium resulted in a
remarkable reduction in mRNA levels for the key

@ Springer

rosiglitazone used for induction of differentiation in 3T3-
L1 or primary SVF cultures was 0.1 pM, i.e., within the
concentrations of rosiglitazone used in the activity assay
(0.05 and 0.5 pM).

PPARYy is essential for the formation and function of
adipocytes. Regulation of PPARY activity in adipocytes
provides a link between nutritional status, lipid metabolism
and gene expression (Kliewer et al. 1994). PPARY is also
involved in regulating insulin sensitivity. Although acti-
vation of PPARY by the thiazolidinediones class of insulin-
sensitizing drugs (e.g., rosiglitazone) increases insulin
sensitivity, heterozygous PPARY-deficient mice are pro-
tected from the development of insulin resistance due to
adipocyte hypertrophy (Kubota et al. 1999). Moreover,
chronic activation of PPARY by thiazolidinediones results
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in unwanted side effects of this therapy such as weight
gain, possible risk of heart failure and bone loss (summa-
rized in Kuda et al. (2009)).

It was shown previously that oleuropein exhibits anti-
proliferative and anticancer effect in various cell lines
(Acquaviva et al. 2012); (Odiatou et al. 2013). In a sharp
contrast to the post-confluent cells after induction of adi-
pocyte differentiation, viability of proliferating 3T3-L1
cells treated by oleuropein is also decreased, depending on
the concentrations of this compound. The cytotoxic effects
were totally prevented by addition of catalase, enzyme
catalyzing the decomposition of hydrogen peroxide into
water and oxygen. Oleuropein was identified recently
(Odiatou et al. 2013) to produce hydrogen peroxide in
culture media containing sodium bicarbonate (MEM,
DMEM). In our current study, 3T3-L1 cells were cultured in
serum-supplemented DMEM. It can be speculated that also
in our conditions oleuropein generates sufficient amounts of
hydrogen peroxide to diminish cell viability of proliferating
3T3-L1 cells. It should be noted that primary SVF cultures
were grown in D-MEM F12 medium containing sodium
pyruvate, which abrogates hydrogen peroxide produced by
oleuropein (Odiatou et al. 2013). Results from Oil Red O
staining showed that the anti-adipogenic effect of oleurop-
ein was not affected by the presence of catalase, despite
gene expression analysis on 3T3-L1 cells revealed that
catalase interfered with the inhibitory effect of the highest
concentration of oleuropein (400 uM) on C/EBPa and
SREBP-1c genes transcription. Notable, C/EBPa transcript
was also suppressed by catalase in the control (non-treated
by oleuropein) 3T3-L1 adipocytes.

Although our data indicate that oleuropein, similarly to
resveratrol and some other plant polyphenols, is able to
decrease differentiation of adipocytes via PPARy-mediated
mechanism, additional data are needed to confirm that
oleuropein can modulate PPARy-mediated gene expression
in adipose tissue in vivo. Recent studies based on metab-
olite-profiling approaches demonstrated that oleuropein is
rapidly absorbed and distributed through the blood stream
to various tissues in vivo (Serra et al. 2012) and entered to
cell cytoplasm in vitro (Quirantes-Pine et al. 2013). In
acute toxicity studies for oleuropein, no adverse effects
were observed in mice at doses as high as 1 g/kg of body
weight (Petkov and Manolov 1972). Taking into account
concentration at which PPARY inhibition was detected
in vitro (200 uM) and reported level of oleuropein (Cyax
4 h: 24 uM) in rat plasma (Serra et al. 2012) after an acute
intake of a phenolic extract from olive cake (3 g/kg body
weight, oleuropein content ~0.1 mg/g of extract), oleu-
ropein could potentially modulate PPARY activity also
in vivo, which needs to be demonstrated.

In conclusion, oleuropein in vitro exerts anti-adipogenic
effect through inhibition of both expression and activity of

PPARY. As revealed in recent clinical trial (de Bock et al.
2013), dietary supplementation by polyphenols from olive
leaf, and namely oleuropein, may be used as part of novel
therapeutic strategies for prevention and treatment of
obesity and insulin resistance.
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