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A B S T R A C T

Oleuropein, a phenolic compound present in olives and extra virgin olive oils, is endowed

with in vivo beneficial health effects and might be considered a functional food ingredient.

Here, we investigated the health effects of neutraceutical oleuropein supplementation (0.59%

w/w) on energy balance at the whole body and molecular level in mice fed a high fat diet

(HFD). Oleuropein supplementation (HFD + O) prevented HFD-induced body weight gain re-

sulting in a body weight that was comparable to that of normal fat diet (NFD)-fed mice.

Furthermore, indirect calorimetric data, motoric movements, serum glucose and leptin levels,

serum and hepatic lipid levels, adipocyte size and adipose tissue gene expression showed

an improved health status compared to the control HFD-fed mice. In fact, it appeared in-

distinguishable between HFD + O-fed mice and NFD-fed mice. Initially, oleuropein might

decrease intestinal energy uptake, while on the longer term weight maintenance could be

related to an increased satiety signal. Our results indicate that oleuropein supplementa-

tion to a HFD can improve health by reducing adiposity.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The global increased prevalence of obesity is causing major
health problems in our society. One of the consequences of the
energy dense diets we consume is an increased amount of cir-
culating lipids and hepatic fat accumulation in our bodies, both
risk factors for cardiovascular diseases (CVDs). Because in the

Mediterranean area the number of CVD-related deaths is low
compared to the rest of Europe (17% compared to 40% of deaths
related to coronary heart disease) (Keys et al., 1984), it is thought
that their major form of dietary fat, being olive oil, might have
beneficial effects on CVDs. More specifically, phenolic com-
pounds in the olives and in olive oil have been suggested as
factors underlying these and other health benefits (Ebaid, Seiva,
Rocha, Souza, & Novelli, 2010; Visioli & Galli, 2002; Zbakh & El
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Abbassi, 2012). Of the phenolic compounds in olives and olive
oil, oleuropein generally is the most abundant (Amiot, Fleuriet,
& Macheix, 1986).

Oleuropein is mainly present in young fruits of the olive tree
Olea europaea, in which its concentration can reach up to 110–
120 mg per olive (up to 120 mg/g dry weight), while during the
ripening of olives the oleuropein concentration decreases (Amiot
et al., 1986; Bonoli, Bendini, Cerretani, Lercker, & Toschi, 2004).
The bitter and pungent taste of olives and extra-virgin olive oil
is derived from oleuropein, present mainly as aglycone in the
olive oil (Visioli & Galli, 2002), which implies it can be absorbed
directly from the intestines. In fact, the absorption of oleuropein
from olive oil was estimated to be 55–73% in humans (Vissers,
Zock, Roodenburg, Leenen, & Katan, 2002). After absorption,
oleuropein can be metabolized in enterocytes into different me-
tabolites which appear in circulation, such as hydroxytyrosol and
homovannilic acid (de Bock et al., 2013b; Lin et al., 2013).

Oleuropein can be considered a functional food ingredi-
ent (Hassen, Casabianca, & Hosni, 2014). Several health
promoting effects of oleuropein were recently identified. In vitro
studies demonstrated antioxidant (Le Tutour & Guedon, 1992;
Visioli, Bellomo, & Galli, 1998), anti-inflammatory (Visioli,
Bellosta, & Galli, 1998), and anticancer effects (Han, Talorete,
Yamada, & Isoda, 2009). Correspondingly, in vivo animal studies
supported these effects: decreased oxidative damage and total
cholesterol and triacylglycerol (TAG) levels in rabbits (Andreadou
et al., 2006), declined inflammation in a mouse model for rheu-
matoid arthritis (Impellizzeri et al., 2011), and prevention or
regression of tumour tissue in mice (Hamdi & Castellon, 2005;
Sepporta et al., 2014), among others, due to dietary oleuropein
supplementation.

Oleuropein decreased body weight gain in some in vivo
studies (Oi-Kano et al., 2008; Park, Choi, Um, Yoon, & Park, 2011),
but not all (Ebaid et al., 2010). Moreover, the amount of weight
difference between oleuropein supplemented animals and
control animals was strikingly different between these studies.
Next to body weight, plasma free fatty acid (FFA) levels
(Andreadou et al., 2006; Kim, Choi, & Park, 2010; Oi-Kano et al.,
2008; Park et al., 2011) and hepatic lipid storage and plasma
lipid levels (Kim et al., 2010) were lower in mice fed an
oleuropein supplemented diet, which indicates that oleuropein
can improve health status. Because of these indications, and
the contrast between the studies performed, we aimed to in-
crease knowledge of the effect of oleuropein on health factors
related to adiposity, focussing mainly on energy balance.

In this study, we investigated metabolic parameters in wild-
type male C57BL/6JOlaHsd mice which were fed either a semi-
purified control high-fat diet (HFD) (Hoevenaars et al., 2012) or
exactly the same diet supplemented with 0.59% (w/w)
oleuropein.These groups were compared to mice fed a normal-
fat diet (NFD). Our results show health beneficial effects of
oleuropein, strongly affecting adiposity.

2. Materials and methods

2.1. Animals and intervention study

The animal experiment was performed according to the Dutch
Animal Experimentation Act (1996) and the experimental

protocol was approved by the Animal Welfare Committee of
Wageningen University, the Netherlands (DEC 2011079).

Male wild-type C57BL/6JOlaHsd mice (Harlan Laborato-
ries, Horst, the Netherlands) of 9 weeks of age were individually
housed under environmentally controlled conditions; 21°C with
55 ± 15% humidity and 12:12 h dark–light cycle. The mice had
ad libitum access to food and water which was weekly renewed.
The first 3 weeks were used as an acclimatization period, in
which the mice were fed a standard chow diet (Harlan Labo-
ratories) for the first 5 days, followed by a standardized normal
fat diet (NFD; 3865 kcal, 10% energy (en%) fat, 23.1 en% protein,
66.9 en% carbohydrates) (Hoevenaars et al., 2012) for the re-
mainder of the acclimatization period.

The mice were stratified on body weight and divided into
3 groups of 12 mice at the start of the 12-weeks intervention
(at 12 weeks of age). One group remained on the NFD, another
group received a standardized high fat diet (HFD; 4700 kcal, 40
en% fat, 23 en% protein, 36.8 en% carbohydrates) with the same
ingredients as the NFD but exchange of carbohydrates with fats
(Hoevenaars et al., 2012), and a third group received a HFD
supplemented with 0.59% (w/w) (or 758 mg/kg body weight at
the start of the study) of oleuropein (HFD + O; cellulose was
exchanged with oleuropein). Because the effects of oleuropein
on adiposity are not consistent in literature, we used a rela-
tively high dose, with a human equivalent dose of 61.5 mg/kg
or 3.1 g oleuropein consumption daily (Reagan-Shaw, Nihal, &
Ahmad, 2008) to obtain clear effects. Furthermore, the
oleuropein dose used was comparable to that of other poly-
phenols in previous studies of our group and other groups (de
Boer et al., 2005; Hoek-van den Hil et al., 2014; Kim, Jin, Choi,
& Park, 2011; Van Schothorst et al., 2014). The mice receiving
the control NFD and HFD were the same mice as used for
another study (Hoek-van den Hil et al., 2014), in order to reduce
the use of laboratory animals. The diets were produced by Re-
search Diet Services (Wijk bij Duurstede, the Netherlands). Food
intake and body weight were measured weekly. Faeces were
collected quantitatively in the last two experimental weeks and
stored at −20 °C. All determinations are n = 12, except when in-
dicated otherwise.

2.2. Isolation and characterization of oleuropein

The oleuropein used in this study was isolated from Olea
europaea leaves based on a previously described procedure
(Andreadou et al., 2014). Air-dried and pulverized leaves were
extracted with acetone using mechanical stirring for 12 h, evapo-
rated to dryness and finally washed with a mixture of
dichloromethane/methanol (98:2, v/v). Next, the insoluble ma-
terial was separated and dried. The final dry extract was
subjected to normal phase medium-performance liquid chro-
matography (MPLC) with silica gel (15–40 mm geduran® Si 60,
Merck, Darmstadt, Germany), using dichloromethane-methanol
gradient as the eluent to render pure oleuropein.

For structure elucidation of the isolated oleuropein, spec-
troscopic and spectrometric methods as well as comparison
with literature data were carried out (Zoidou et al., 2010). Spe-
cifically, a Buker Avance III spectrometer (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 was
used in order to obtain 1&2D NMR spectra of the isolated
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oleuropein. The 1&2D NMR experiments were performed with
standard pulse programs, at room temperature.Thus, 1&2D NMR
spectra (COSY, COSYLR, HSQC-DEPT, HMBC) of the isolated
oleuropein were recorded in deuterated methanol (CD3OD,
Merck) wherein the residual 1H (3.33 ppm) and 13C (49.50 ppm)
signals of CD3OD were used as internal standard. HRMS&HRMS/
MS data were obtained in a hybrid LTQ-Orbitrap Discovery Mass
Spectrometer (Thermo Scientific, Bremen, Germany). Thus,
oleuropein was infused via the instrument syringe pump and
it was analysed employing electrospray ionization (ESI) in the
negative full scan ion mode. The purity of oleuropein (95%) is
the maximum that can be obtained when isolated from natural
sources.

2.3. Indirect calorimetry

Indirect calorimetry was performed in weeks 1, 5, and 11, using
an open circuit LabMaster Metabolism Research Platform (TSE
systems GmbH, Bad Homburg, Germany), as described
(Duivenvoorde, van Schothorst, Swarts, & Keijer, 2015), with
some minor adaptations. Briefly, mice (n = 9) were placed in
their home-cage in the system. Rates of oxygen consump-
tion (VO2) and carbon dioxide production (VCO2) were monitored
for 1 min every 12 min for each animal; the reference cage was
measured once before the start of the measurements.The data
of the last 24 h of a 48 h measurement were used. TSE Soft-
ware 4.2.3 was used to calculate respiratory exchange ratio (RER)
and energy expenditure (EE); RER is defined as VCO2 divided
by VO2, and EE was calculated using the equation EE
(kJ/h) = [3.941 × VO2 + 1.106 × VCO2]/1000.

2.4. Physical activity

During indirect calorimetry in weeks 1, 5, and 11, locomotor
activity of mice (n = 4–6) was continuously measured with in-
frared beams in horizontal x- and y-direction (ActiMot, TSE
systems). Activity is expressed as total (ambulatory plus fine
movements) light beam breaks. Only data of the last 24 h (out
of 48h) were used.

2.5. Motoric and gait measurements

Gait analysis was assessed using CatWalk equipment (Noldus
Information Technology, Wageningen, the Netherlands), which
uses the reflection of light projected on a glass walking surface.
At points where the mouse touches the glass, the reflection
in the glass is decreased and the light will illuminate the contact
area at an intensity related to the pressure of the mouse on
the glass (Hamers, Lankhorst, van Laar, Veldhuis, & Gispen,
2001). In week 10, each mouse walked over the CatWalk surface
until six compliant runs were obtained. The criteria for a com-
pliant run were defined as a maximum speed variation of 40%,
a minimum run duration of 0.5 seconds and a maximum run
duration of 10 seconds. The runs were analysed using the
CatWalk XT 10.0 software (Noldus Information Technology) and
the assignment of the right/left and fore/hind paws was manu-
ally checked. Quantitative gait parameters were analysed.

Balance and motor coordination were assessed in week 9
using a rotarod (IITC life science, Woodland Hills, CA, USA). Mice
were placed in the centre of the accelerating rod (linearly

increased speed from 3 to 38 rpm in 300 sec). Latency to fall
was recorded by placing each mouse on the rotarod four times,
with a 30 min inter-trial rest period. An average of the two
highest values was used.

2.6. Sample collection

After 12 weeks of intervention, the mice were fasted in the
morning light phase for 2-4 h and were subsequently anaes-
thetized with 5% isoflurane (IsoFlo, Abbott B.V., Zwolle, the
Netherlands) using oxygen as carrier. Blood was collected via
orbital extraction and serum tubes (Greiner Bio-one, Longwood,
FL, USA) were used to collect serum, which was aliquoted and
stored at minus 80 °C. Mice were then sacrificed by cervical dis-
location. Epididymal white adipose tissue (epiWAT) and liver
tissue (4 different lobes) were collected, weighted and either
snap frozen into liquid nitrogen and stored at −80 °C, or incu-
bated in 10% buffered formalin, processed in an automatic
tissue processor and embedded in paraffin.

The small intestines (n = 8) were excised and scored manu-
ally (blinded) on a scale of 1–5 to examine its appearance.
Absence of visible blood vessels was scored as 1, with increas-
ing grading indicating increased visibility and appearance of
blood vessels (up to 5).

2.7. Blood and serum parameters

Blood glucose levels were measured using the ADC Freestyle
Lite test strips (Abbott) combined with the FreeStyle Lite ap-
paratus (Abbott).

Serum leptin levels where determined using a leptin ELISA
kit (Crystal Chem Inc., Chicago, IL, USA), according to the manu-
facturer’s instructions. Serum samples were diluted 4.5 times
in sample diluent (kit) for optimal fit within the calibration curve
and were measured in duplicate.

Hepatotoxicity levels were analysed by measuring alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels using enzymatic assay kits (Bioo Scientific Corpora-
tion, Austin,TX, USA; MaxDiscoveryTM ALT and AST Enzymatic
Assay, resp.), according to the manufacturer’s instructions. Five
µl of serum was used per well and samples were measured in
duplicate.

Serum lipid analysis using 1H-NMR was performed as pre-
viously described (Hoek-van den Hil et al., 2013). In short, lipids
were extracted in sodium phosphate buffer with chloroform/
methanol (2:1, v/v) and NaCl, and were dissolved in chloroform
containing 0.03% TriMethylSilane (TMS). An AVANCE III 600 spec-
trometer (Bruker BioSpin) was used to measure the 1H-NMR
spectra.

2.8. Bomb calorimetry of faeces and food

Collected faeces (n = 4) were oven-dried at 45°C for 16h and
energy content was analysed by bomb calorimetry (IKA C7000,
IKA Works, Staufen, Germany). All samples were measured in
duplicate. In the same manner, energy content of food was de-
termined. Total energy intake (kJ) was calculated as total food
intake (g) × energy content of food (kJ/g), food conversion rate
(g/kJ) as body weight gain (g)/energy intake (kJ). Faecal energy
output of week 12 (kJ) was defined as energy content of the
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faeces (kJ/g) × amount of faeces (g) and digestible energy intake
of week 12 (kJ) as energy intake (kJ) – faecal energy output (kJ)
(Tschop et al., 2012).

2.9. Epididymal white adipose tissue stainings

Paraffin embedded epididymal white adipose tissue (epiWAT)
was stained with Periodic Acid Schiff reagent (n = 6) as pub-
lished (Hoevenaars et al., 2014a), using AxioVision software v4.8
(Carl Zeiss Microscopy GmbH, Jena, Germany). The number of
adipocytes was estimated by dividing the total mass of the fat
pad by the mean adipocyte volume times the lipid density
(0.915 g/ml), as published (Sackmann-Sala, Berryman, Munn,
Lubbers, & Kopchick, 2012).

To estimate macrophage infiltration, a macrophage-specific
MAC-2 staining was performed (n = 6) as published (Hoevenaars
et al., 2014b). Crown-like structures (CLS) were expressed per
100 adipocytes.

2.10. Gene expression levels in epididymal white adipose
tissue

Total RNA from epiWAT was extracted as published (Van
Schothorst et al., 2005). RNA yield and purity were checked using
a Nanodrop spectrophotometer (IsoGen Life Science, Maarsen,
the Netherlands) and RNA quality was verified with the
Experion automated electrophoresis system (Bio-Rad,
Veenendaal, the Netherlands), using Experion StdSens chips
(Bio-Rad).

Reverse-transcription quantitative real-time polymerase
chain reaction (RT-qPCR) was performed as previously de-
scribed (Hoek-van den Hil et al., 2013). Individual samples were
measured in duplicate. Standard curves of pooled samples,
negative controls, melting profiles, r2 and PCR efficiency were
used for validation of each run according to the MIQE guide-
lines (Bustin et al., 2009). Gene expression of the following genes
was analysed: lipase, hormone sensitive (Lipe), fatty acid syn-
thase (Fasn), patatin-like phospholipase domain containing 2
(Pnpla2), peroxisome proliferator activated receptor gamma
(Pparg), carnitine palmitoyltransferase 1a (Cpt1a), peroxisome
proliferator activated receptor gamma, coactivator 1 alpha
(Ppargc1a), CXADR-like membrane protein (Clmp), superoxide
dismutase 2 (Sod2), and leptin (Lep); primer sequences can be
found in Table S1.

Data were normalized against the reference gene for ribo-
somal protein S15 (Rps15), which was chosen based on stable
gene expression levels between groups. Fold change data are
expressed as the normalized expression values compared to
the mean of the control HFD group set at 1.

2.11. Hepatic lipid droplets staining using oil red O

Frozen liver tissue (7 µm sections) were stained with oil red
O (Sigma-Aldrich, Zwijndrecht, the Netherlands) and quanti-
fied as described (Hoek-van den Hil et al., 2013). Sixteen pictures
were quantified per animal (n = 6 for HFD and NFD; n = 5 for
HFD + O).

2.12. Statistical analysis

Graphpad Prism version 5.04 (Graphpad Software, San Diego,
CA, USA) was used for statistical analysis. One-way ANOVA

followed by Dunnett’s post-hoc tests was used to compare
HFD + O and NFD to the HFD group for normally distributed
data and normally distributed data after log transformation,
while for non-normally distributed data Kruskall–Wallis with
Dunn’s post-hoc tests were used. For the comparison in time
for body weight, energy intake, physical activity, and the analy-
sis of the lipid profiles in serum, a two-way ANOVA with
Bonferroni post-hoc tests were used to compare the NFD and
HFD + O mice to the HFD mice. ANCOVA of energy expendi-
ture (EE) with body weight as covariate was performed to
analyse differences between groups in EE. Differences were con-
sidered significant when the p value was < 0.05.

3. Results

3.1. Body weight and energy balance

After 12 weeks feeding, mice fed the high-fat diet supple-
mented with oleuropein (HFD + O) showed a significant lower
body weight compared to mice fed the control high fat diet
(HFD) without oleuropein; a decrease of 31.8% was observed.
Interestingly, mice fed the HFD + O had similar body weights
as the normal fat diet (NFD) mice from week 1 onwards (Fig. 1a).

Energy intake of the HFD + O mice was in the initial phase
of the study similar to the energy intake of the HFD mice, which
was expected, as they both consumed the HFD. However, from
week 5 onwards, food (and energy) intake of the HFD + O mice
dropped gradually until their energy intake reached similar
levels as the NFD mice at the final phase of the study, in week
12 (Fig. 1b). Total body weight gain over total energy intake is
expressing the average food conversion ratio. HFD + O and NFD
mice showed a decreased average food conversion ratio com-
pared to the HFD mice (Fig. 1c). Oleuropein supplementation
to the diet therefore decreases weight gain per kJ intake (fat
storage) compared to HFD mice, which was reduced to a similar
level as the NFD.

Energy content of the faeces of the HFD + O mice was sig-
nificantly increased in weeks 3 and 12 of the study (Fig. S1).
In week 12, but not in week 3, the total faecal output was col-
lected and was found to be lower. Due to this lower total amount
of faeces, faecal energy output was not significantly different
when measured in week 12 for the HFD + O mice compared
to the HFD mice, neither for the NFD mice (Fig. 1d). Correct-
ing energy intake for faecal losses (digestible energy intake)
showed that HFD + O mice absorb less energy from their food
than HFD mice.The digestible energy intake of the HFD + O mice
was similar to that of the NFD mice (Fig. 1e).

To exclude that the lower body weight of the HFD + O mice
could be explained by a higher physical activity, we mea-
sured activity in weeks 1, 5, and 11. No difference was seen
between the diets in weeks 1 and 5, while night time activity
was lower for the HFD mice compared to the NFD mice in week
11. The physical activity of the HFD mice was not statistically
different from the HFD + O mice and therefore this cannot
explain the body weight difference (Fig. 1f).

3.2. Indirect calorimetry

The Respiratory Exchange Ratio (RER) as whole body indica-
tor for substrate oxidation showed a similar pattern for both
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Fig. 1 – HFD + O mice have a lower body weight, show a gradual decrease in energy intake, a similar faecal energy output,
and a similar physical activity compared to HFD mice. (a) Body weight of the mice during the intervention study, (b) Energy
intake, (c) Average weekly food conversion ratio defined as average weekly body weight gain/energy intake, (d) Faecal
energy output, calculated as energy content faeces × amount of faeces (n = 4), (e) Digestible energy intake, calculated as
energy intake – faecal energy output, and (f) Physical activity during week 1, week 5 and week 11 of the intervention study
(n = 4–6). HFD = high fat diet; HFD + O = high fat diet supplemented with oleuropein; NFD = normal fat diet. Significant
different values of the NFD mice compared to the HFD mice are indicated with * (p < 0.05) and *** (p < 0.001), and HFD + O
mice compared to the HFD mice with ■ (p < 0.05) and ■■■ (p < 0.001). Values are means ± SEM (n = 12, unless stated
otherwise).
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the HFD + O mice and the HFD mice, indicating that oleuropein
did not alter substrate (fat versus glucose) use. The NFD mice,
as expected, showed an increased RER, especially during the
night (Fig. 2a).

Total energy expenditure (EE) was lower in the HFD + O group
compared to the HFD group, but similar to the NFD group
(Fig. 2b). However, ANCOVA with body weight as covariate
showed no significant differences in EE among all groups. EE
in weeks 1 and 5 of the study were also not significantly dif-
ferent between groups (Fig. S2).

3.3. Motoric and gait measurements

Gait parameters were quantitatively analysed and showed a
significant difference for HFD + O mice compared to HFD mice
for the following parameters (for one or multiple paws): Support,
Stand, Stand Index, Initial Dual Stance, Terminal Dual Stance,
Duty Cycle, Mean Intensity of The 15 Most Intensive pixels, Print
Area, Max Contact Area, Max Intensity, Max Contact Max In-
tensity, and BOS (base of support) Hind Paws. Two of those
parameters are illustrated in Fig. 2c, d: Mean Intensity of The
15 Most Intensive Pixels and BOS. Both parameters showed
similar values for the HFD + O and the NFD mice; both were
significantly lower compared to the HFD mice.

HFD + O mice had a longer latency to fall than the HFD
mice, comparable to the NFD mice (Fig. 2e), measured on a
rotarod.

3.4. Metabolic health parameters

To assess the metabolic health status of the HFD + O mice,
several biochemical and physical parameters were mea-
sured. Serum leptin protein levels and gene expression levels
in epididymal white adipose tissue (epiWAT) of the HFD + O
mice were lower compared to the HFD mice, and similar to the
leptin levels obtained for NFD mice (Fig. 3a, b).

Next, serum lipid levels were measured using 1H-NMR. For
most types of serum lipids, HFD + O mice and NFD mice showed
decreased levels compared to the HFD mice (Fig. 3c). TAG levels
were, however, decreased only in HFD + O mice. HFD + O mice
had lower blood glucose levels compared to the HFD mice
(Fig. 3d), similar to the levels observed in NFD mice.

3.5. Epididymal white adipose tissue (epiWAT)

HFD + O mice had a lower epiWAT weight than the HFD mice.
The epiWAT weight of the HFD + O mice was comparable to
the epiWAT weight of the NFD mice (Fig. 4a), matching their
respective body weights. The adipocyte size in the epiWAT
was decreased in the HFD + O mice compared to the HFD mice,
to a size comparable to that of the NFD mice (Fig. 4c, d). The
estimated number of adipocytes was not significantly differ-
ent between the three groups, although there was a non-
significant decrease for the NFD and especially the HFD + O
mice (Fig. 4e).

To assess whether the smaller adipocyte size was accom-
panied with lower levels of tissue inflammation, we measured
crown-like structures (CLS) in WAT. There was a decrease in
CLS for the HFD + O mice compared to the HFD mice, to the
level of that observed in NFD mice (Fig. 4b).

Gene expression levels in epiWAT of genes involved in energy
metabolism showed mostly similar results for the HFD + O and
the NFD mice compared to the HFD mice (Fig. 4f). Genes in-
volved in fatty acid metabolism and lipolysis, Pparg, Pnpla2 and
Lipe, showed only small differences in expression between the
groups. Fasn, encoding the major enzyme involved in fatty acids
synthesis, was strongly up-regulated only in the NFD mice, rep-
resenting an expected inverse relation between dietary fat
content and Fasn expression. Cpt1a expression indicated that
β-oxidation of fatty acids was down-regulated in the NFD and
HFD + O mice. Clmp, a possible cell adhesion molecule (Eguchi
et al., 2005), showed a decreased expression in epiWAT of the
HFD + O and NFD mice compared to the HFD mice. Ppargc1a,
the master regulator of mitochondrial biogenesis, was higher
expressed in the HFD + O and NFD mice, compared to the HFD
mice. Sod2, mitochondrial superoxide dismutase, was lower ex-
pressed in the HFD + O and NFD mice, compared to the HFD
mice.

3.6. Hepatic lipid accumulation

Liver weight was significantly lower in the HFD + O mice com-
pared to the HFD mice, while the NFD mice showed comparable
weights as the HFD + O mice (Fig. 5a).

Hepatic lipid accumulation analysis showed a massive de-
crease in the number and area of the lipid droplets in the
HFD + O mice compared to the HFD mice. The levels of the
HFD + O mice were almost as low as the levels of the NFD mice
(Fig. 5b–d).

No hepatotoxicity was observed in the HFD + O mice; ALT
levels were decreased compared to the HFD mice, AST levels
were not significantly different among the three dietary in-
terventions. The HFD + O mice showed comparable levels to
the NFD mice (Fig. 5e–f).

3.7. Vascularization of the small intestines

The small intestines of the HFD + O mice were much more vas-
cularized by appearance, compared to those of the HFD mice.
Moreover, the appearance of the intestines of the NFD mice
resembled those of the HFD mice, in contrast to the HFD + O
mice (Fig. 6a) and in contrast with most parameters where the
HFD + O mice resembled the NFD mice.The vascularization was
scored from 1 to 5, with five being the most vascularized. The
vascularization score was clearly increased for the HFD + O mice
(Fig. 6b). Histological inspection of the small intestines showed
no morphological changes in the HFD + O mice (Fig. S3), sug-
gesting at least an absence of damage in the intestines due
to oleuropein supplementation.

4. Discussion

In this study we showed that neutraceutical oleuropein supple-
mentation to a HFD prevented HFD-induced body weight gain.
However, both HFD + O and HFD mice showed increased fat
uptake compared to NFD mice, as indicated by the RER levels
and Fasn expression levels which resembled the percentage of
fat in the diet of the mice. EE was not different between groups,
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Fig. 2 – Indirect calorimetry shows similar RER and EE for HFD + O mice compared to the HFD mice, while motoric and gait
measurements of HFD + O mice are improved compared to HFD mice. (a) Respiratory exchange ratio (RER) (n = 9), (b) Energy
expenditure (EE) (n = 9), measured in week 11 of the intervention study, (c) Quantified CatWalk gait parameter mean
intensity of the 15 most intensive pixels, given in arbitrary units (a.u.), ranging from 0 to 255 per pixel, (d) Quantified
CatWalk gait parameter base of support, (e) Rotarod performance examining the physical fitness of the mice. HFD = high fat
diet; HFD + O = high fat diet supplemented with oleuropein; NFD = normal fat diet. RF = right front paw; RH = right hind
paw; LF = left front paw; LH = left hind paw; F = right + left front paw; H = right + left hind paw. Significant different values of
the NFD mice compared to the HFD mice are indicated with * (p < 0.05) and ** (p < 0.01), and HFD + O mice compared to the
HFD mice with ■ (p < 0.05), ■■ (p < 0.01) and ■■■ (p < 0.001). Values are means ± SEM (n = 12, unless stated otherwise).
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and therefore energy use cannot explain the decreased weight
gain in the oleuropein supplemented mice. However, energy
intake of the HFD + O mice showed a gradual decline during
the study from levels of intake of HFD mice to those of NFD
mice, partly explaining the decreased body weight. Next to this,
increased vascularization of the small intestines in the HFD + O
mice might indicate a possible role for the intestines in the
weight reducing mechanism of oleuropein.

Other effects were in accordance with the body weights of
the mice, and might therefore be secondary effects of the

treatment. First, all parameters for motoric and gait measure-
ments were comparable between HFD + O and NFD mice. We
found a similar metabolic health status in these two groups
of mice as measured by leptin levels, serum lipid levels and
blood glucose levels. Furthermore, the size of the adipocytes
of the HFD + O mice was comparable to that of the NFD mice,
and smaller than the size of the adipocytes of the HFD mice.
Although the adipocyte number was estimated based on the
assumption that all adipocytes were spherical, we believe that
the lower WAT weight of the HFD + O mice compared to the

Fig. 3 – Leptin levels, serum fatty acid levels and glucose levels are decreased in HFD + O mice compared to HFD mice.
(a) Leptin levels measured in serum, (b) Leptin expression levels (mRNA) in white adipose tissue, expressed as fold changes
normalized to the HFD group, (c) 1H-NMR analysis of serum fatty acid levels, data are presented as the ratio of lipids present
in serum per mouse plotted for NFD and HFD + O mice over HFD mice. MUFA = monounsaturated fatty acids;
PUFA = polyunsaturated fatty acids; PGLY = phosphoglycerides; EC = esterified cholesterol; TAG = triacylglycerol;
PC = phosphatidylcholine; FA = fatty acids; TC = total cholesterol, (d) Glucose levels measured in blood. HFD = high fat diet;
HFD + O = high fat diet supplemented with oleuropein; NFD = normal fat diet. Significant different values of the NFD mice
compared to the HFD mice are indicated with * (p < 0.05), ** (p < 0.01) and *** (p < 0.001), and HFD + O mice compared to the
HFD mice with ■ (p < 0.05), ■■ (p < 0.01) and ■■■ (p < 0.001). Values are means ± SEM (n = 12, unless stated otherwise).
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HFD mice was caused by reduced fat storage per adipocyte,
rather than a lower number of adipocytes as there was no dif-
ference found in adipocyte number between groups.The smaller
adipocyte size of the HFD + O mice might be related to the lower
expression of Clmp in these mice, as Clmp expression was found
to be up-regulated in mature adipocytes and adipose tissue of
obese db/db mice (Eguchi et al., 2005).The amount of CLS struc-
tures measured in epiWAT of the HFD + O mice showed that
oleuropein supplementation did not induce inflammation in
WAT. Analogous to the whole body substrate use, Cpt1a was

down-regulated in HFD + O mice, suggesting a lower use of fatty
acids as energy source in these mice. HFD + O mice seem to
have healthy levels of mitochondrial biogenesis and oxidative
stress levels, as respectively Ppargc1a and Sod2 showed similar
levels as the NFD mice, but not the HFD mice. Lastly, HFD + O
mice had lower levels of liver weight, lipid droplets and ALT
and AST levels than HFD mice, thereby indicating that HFD + O
mice have healthy livers, similar to the NFD mice. Taken to-
gether, the serum levels of ALT and AST, the amount of CLS
structures in epiWAT and the morphology of the intestines were

Fig. 4 – HFD + O mice have a decreased epiWAT weight, smaller adipocytes, less macrophages and a different gene
expression profile compared to HFD mice. (a) Weight of the right epididymal white adipose tissue (epiWAT) tissue after
dissection, relative to body weight, (b) Amount of crown-like structures (CLS) per 100 adipocytes in epiWAT (n = 6),
(c) Representative pictures taken from PASH stained adipocytes from embedded epiWAT tissue, (d) Measured adipocyte area
(n = 6), (e) Estimated adipocyte number by calculation (n = 6), (f) Gene expression expressed as the fold changes normalized
to the HFD group. Full gene names are listed in Table S1. HFD = high fat diet; HFD + O = high fat diet supplemented with
oleuropein; NFD = normal fat diet. Significant different values of the NFD mice compared to the HFD mice are indicated with
* (p < 0.05), ** (p < 0.01) and *** (p < 0.001), and HFD + O mice compared to the HFD mice with ■ (p < 0.05) and
■■■ (p < 0.001). Values are means ± SEM (n = 12, unless stated otherwise).
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all similar in the HFD + O mice and the NFD mice, strongly sug-
gesting that oleuropein did not have toxic effects. As most of
these parameters were measured at tissue level, thus at the
endpoint of the intervention, it would be interesting to measure
these parameters in the period of adaptation to the oleuropein
diet in a next study. Nonetheless, all these results show that
oleuropein supplementation seems to return health param-
eters changed by the HFD to the values of the NFD, thereby
seemingly increasing health status.

Prevention of HFD-induced body weight gain following
oleuropein ingestion in mice has been shown in one other study,
with a lower oleuropein concentration; 0.03% (w/w) (equals
30 mg/kg body weight) compared to 0.59% (w/w, 758 mg/kg body
weight) in our study (Park et al., 2011). In rats, one study with
0.1, 0.2 and 0.4% (w/w, equals 75, 151 and 310 mg/kg body weight

respectively at start of the study) oleuropein did show a small
gradual decline in body weight (Oi-Kano et al., 2008), while
another study in rats with 0.023 mg/kg body weight (via gavage)
did not prevent HFD-induced body weight gain (Ebaid et al.,
2010). In a recent human trial, middle-aged overweight men
received olive leaf extract daily, mainly composed of 51.1 mg
oleuropein and 9.7 mg hydroxytyrosol (equal to 0.60 mg/kg and
0.11 mg/kg respectively) for 12 weeks, which did not change
adiposity (de Bock et al., 2013a). Similarly, a 30 day supple-
mentation of 50 ml of extra-virgin olive oil per day (equals
~10.8 mg (deacetoxy)oleuropein aglycone and ~10.8 mg total
hydroxytyrosol) in a human trial did not decrease body weight
(Oliveras-Lopez, Berna, Jurado-Ruiz, de la Serrana, & Martin,
2014). Energy intake was decreased in neither of the above-
mentioned studies, in contrast to the energy intake in the last

Fig. 5 – HFD + O mice have lower levels of hepatic lipid droplets and toxicological parameters as HFD mice. (a) Liver weight
relative to body weight, (b) Representative images of liver tissue stained by oil red O to visualize the lipid droplets,
(c) Quantification of the total area of lipid droplets in the liver images (n = 6 for HFD and NFD, n = 5 for HFD + O),
(d) Quantification of the total number of lipid droplets in the liver (n = 6 for HFD and NFD, n = 5 for HFD + O), (e) Relative
activity of liver enzyme alanine aminotransferase (ALT) in serum, (f) Relative activity of liver enzyme aspartate
aminotransferase (AST) in serum. HFD = high fat diet; HFD + O = high fat diet supplemented with oleuropein; NFD = normal
fat diet. Significant different values of the NFD mice compared to the HFD mice are indicated with ** (p < 0.01) and ***
(p < 0.001), and HFD + O mice compared to the HFD mice with ■ (p < 0.05), ■■ (p < 0.01) and ■■■ (p < 0.001). Values are
means ± SEM (n = 12, unless stated otherwise).
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weeks of our intervention study. However, in the above studies
the dose of oleuropein was used at a nutritional level, whereas
in our study a higher dose of oleuropein was used. Because
the effect of oleuropein on body weight and adiposity seems
to differ in time in our study, we will discuss the initial phase
and the final phase of the study separately below.

4.1. Initial phase of the study

In the first 4 weeks the HFD + O mice had a similar energy
intake compared to the HFD mice, while their body weight was
already significantly decreased from week 1 onwards. Theo-
retically, this could be explained by either an increased physical
EE or an increased faecal energy output.

A higher EE could result in a decreased body weight gain.
However, EE was not increased in the HFD + O mice, neither
in week 1, nor in week 5, nor in week 11. Furthermore, physi-
cal activity in weeks 1 and 5 was not different between the
dietary groups. In a study in rats fed a hypercaloric chow diet
supplemented with 0.3% (w/w) oleuropein, a non-significant
increase in VO2 was shown and, although RER was decreased,
this would result in a small increase in the calculated EE (Ebaid
et al., 2010). Another study in rats showed increased thermo-
genesis via UCP1 up-regulation when given a high fat diet with
0.1 or 0.2% of oleuropein, while a concentration of 0.4%
oleuropein did not increase thermogenesis but did decrease
body weight gain significantly (Oi-Kano et al., 2008). This might
suggest that high doses of oleuropein induce a mechanism in-
dependent of energy expenditure to decrease or even prevent
HFD-induced body weight gain. This is in accordance with our
study using 0.59% (w/w) oleuropein.

Another explanation for a decreased body weight gain could
be an increased faecal energy output. Energy content of the
faeces was increased in the HFD + O mice in both weeks 3 and
12. In week 12, the amount of faeces was decreased in the
HFD + O group, thus showing no significant differences in energy
loss via faeces. In week 3, however, the amount of faeces was

not measured, therefore it is possible that the higher energy
content of the faeces could give a higher faecal energy output
in the early weeks of the study. This clearly warrants further
investigations. In vitro, it has been suggested that oleuropein
inhibits liberation of fatty acids from TAG and enzymes in-
volved in glycerol transformation, thereby inhibiting TAG
absorption from the intestinal lumen into enterocytes and into
circulation (Polzonetti, Egidi, Vita, Vincenzetti, & Natalini, 2004).
This decreased TAG absorption would result in a decreased
energy uptake from the intestines, resulting in a decreased body
weight gain in the HFD + O mice. In vivo research showed that
epigallocatechin gallate (EGCG), which is a dietary phenolic com-
pound like oleuropein, can lower intestinal energy extraction
in mice fed a high fat diet, resulting in a reduced body weight
(Klaus, Pultz, Thone-Reineke, & Wolfram, 2005). The de-
creased serum lipid levels found in the HFD + O mice in our
study, and more specifically the decreased serum TAG levels
in the HFD + O mice compared to both the HFD and the NFD
group, might be an indication for a decreased lipid uptake in
the intestines. However, this is in contrast with RER data and
Fasn gene expression in epiWAT, which are similar between
HFD + O and HFD. Both parameters indicate maintenance of
the carbohydrate to fat content. Therefore, a more suitable ex-
planation for the decreased body weight gain in the HFD + O
mice might be a decreased total intestinal energy uptake, rather
than only a decreased fat uptake.

4.2. Final phase of the study

The gradual decline in energy intake in our study seems to
follow the lower body weight gain in the HFD + O mice, as sig-
nificant differences in body weight compared to the HFD mice
were seen already after week 1, while significant changes in
energy intake appeared from week 5 onwards. An increased
satiety signal, induced in the intestines, could be the reason
for the gradual decline in energy intake. The higher vascular-
ization of the small intestines in the HFD + O mice might

Fig. 6 – Intestines of HFD + O mice showed an increased amount of vascularization compared to both the NFD and HFD
mice. (a) Representative photograph of a section of the small intestine of an HFD + O mouse, (b) Quantitative scores rated
from 1 (no vascularization visible) to 5 (increased appearance of blood vessels). HFD = high fat diet; HFD + O = high fat diet
supplemented with oleuropein; NFD = normal fat diet. Significant different values of the HFD + O mice compared to the HFD
mice are indicated with ■■ (p < 0.01). Values are means ± SEM (n = 8).
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indicate a mechanism of action in the intestines. This might
be based on a homeostatic adaptation to the presumably altered
energy uptake of the HFD + O mice. The mechanism could
involve the gut incretin glucagon-like peptide-1 (GLP-1), which
induces insulin secretion upon glucose detection and pro-
duces a satiety signal via mechanisms involving the brain
(Cabou & Burcelin, 2011). Effects of GLP-1 include decreased
energy intake (Verdich et al., 2001), decreased lipid storage in
WAT (independent of food intake) (Nogueiras et al., 2009), and
decreased body weight (Meeran et al., 1999). Resveratrol – a
dietary phenolic compound like oleuropein – was shown pre-
viously to increase GLP-1 secretion from intestinal cells (Dao
et al., 2011). Decreased levels of blood glucose shown in our
study in the HFD + O mice might support this hypothesis, as
GLP-1 based insulin secretion would decrease serum glucose
levels.To measure if oleuropein is able to increase serum GLP-1
secretion or related hormone levels, necessary inhibitors should
be added immediately at the time of sacrifice due to the short
half-life times of the hormones, which we regretfully did not
do. On the other hand, it is thought that the main GLP-1 satiety
signal from the intestines is not via circulation but by direct
nervous signalling (Abbott et al., 2005; Cummings & Overduin,
2007).

At the endpoint of the study in week 12, energy expendi-
ture, physical activity, and faecal energy output were not
increased in the HFD + O mice in week 11 or 12 compared to
the NFD mice, similar to the initial phase of the study. At this
time, energy intake of the HFD + O mice was, however, de-
creased to similar levels as the NFD mice, which is consistent
with the comparable body weight gain of these two groups.
Therefore, at the end of the study, the oleuropein-induced lower
energy intake seems to be the main reason preventing the HFD-
induced body weight gain in the HFD + O mice.

In conclusion, neutraceutical oleuropein supplementation
reduces adiposity of mice fed a HFD, resulting in levels of body
weight, energy expenditure, serum lipids, hepatic lipid accu-
mulation, adipocyte size and related gene expression profiles
comparable to mice fed a NFD diet. RER and Fasn expression
were related to the fat to carbohydrate ratio of the consumed
diet. Presumably, as less total energy enters the body, the
HFD + O mice will be healthier than the HFD mice, despite their
HFD. We believe that the effect of oleuropein on adiposity might
involve a short-term mechanism, affecting the intestines and,
consequently, energy uptake, and a long-term homeostatic ad-
aptation to this, resulting in a higher satiety of the mice fed
the oleuropein diet. We showed that neutraceutical oleuropein
supplementation to a HFD induces a more healthy profile of
risk factors associated with adiposity, thereby indicating a pos-
sible role for use of oleuropein as a functional food ingredient
to prevent or treat obesity.
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