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Abstract: Diabetes, obesity, and the metabolic syndrome all increase the risk for cardiovascular disease. Epidemiologic 

studies have demonstrated that a Mediterranean diet rich in olive oil is associated with decrease in risk for cardiovascular 

disease, obesity, and diabetes. Although some of the protection may be from the unsaturated fatty acid components of 

such a diet, additional small molecules found in olive oil and olive plants may confer protection, including the polyphenol 

oleuropein and hydroxytyrosol. We report here studies in mice that document the bioavailability of these molecules when 

administered orally. Using the apoE knockout mouse model fed a high fat diet, we assessed the effects of orally 

administered oleuropein on diet-induced atherosclerosis. Oleuropein significantly reduced the extent of atherosclerosis 

found in the aorta of apoE knockout mice. Molecular modeling studies indicate that oleuropein binds to the peroxisome 

proliferator activating receptors (PPAR) , , and , but it does so with distinct conformations that differ from the way 

that PPAR -, -, and -specific agonists bind to their active sites. The manner with which oleuropein binds uniquely to 

the various PPARs offers a possible explanation for its effects on metabolism and cardiovascular disease.  
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INTRODUCTION  

Obesity, Diabetes, and Metabolic Syndrome 

 Obesity increases the risk for cardiovascular disease, 
including hypertension, coronary artery disease, and stroke. 
The risk of fatal and nonfatal myocardial infarction increases 
with obesity. Using the body mass index (BMI) as a measure 
of obesity, the relative risk for coronary artery disease 
doubles for BMI between 25 and 29, and triples for BMI 
over 29, as compared with BMI less than 21 [1]. In a 
separate study, coronary events increase by 10% for each 
increase in BMI over 22 [2]. Thus, obesity by itself increases 
risk for cardiovascular disease. 

 Obesity is often linked to diabetes, and both are 
characterized by insulin resistance. In addition, hypertension 
and atherogenic dyslipidemia are often associated with 
obesity, leading to the concept of the metabolic syndrome. 
There are several definitions of the metabolic syndrome but 
most include the features of abdominal obesity, hyperten-
sion, dyslipidemia (including both hypertriglyceridemia and 
low HDL cholesterol), and hyperglycemia [3]. In addition, 
inflammation and hypercoagulability are thought to be 
involved in the pathophysiology. The underlying root causes 
of metabolic syndrome are thought to be primary 
abnormalities in adipocyte metabolism and dyslipidemia, 
that then lead to defective insulin sensitivity, vascular 
dysfunction, and inflammatory and thrombotic tendencies 
[4]. 
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Signaling in Fat Cells 

 In addition to serving as a reservoir for the storage and 
release of energy, adipose tissue also responds to circulating 
signaling molecules, including insulin, glucagon, catechol-
amines, and cytokines such as the interleukins and TNF-  . 
Adipose tissue also releases signaling molecules, including 
proteins involved in lipid metabolism, cytokines, adipokines 
(leptin, adiponectin, resistin), and the peroxisome-
proliferator activated receptors PPAR , PPAR , and PPAR . 
These adipocyte-derived molecules are key signals that are 
involved in mediating the vascular abnormalities seen in 
obesity, metabolic syndrome, and diabetes. 

 The PPARs are members of a nuclear receptor 
superfamily that includes the steroid, thyroid, and vitamin D 
receptors. PPARs regulate gene expression in response to 
small lipid molecules that can be present in the diet, or from 
metabolic derivatives in the body. Thus, they serve as fat 
sensors, which when activated, can markedly redirect 
metabolism. The three PPAR family members have distinct 
functions and tissue distributions [5]. 

• PPAR  is expressed predominantly in the liver and, 
to a lesser extent, in cardiac and skeletal muscle. 
PPAR  plays a crucial role in fatty acid oxidation in 
response to fasting, providing ketone bodies that 
serve as an energy source for peripheral tissues. 
PPAR  agonists include the fibrates, which are used 
clinically to treat hypertriglyceridemia.  

• PPAR  is essential for fat cell differentiation. It acts 
as a fatty acid sensor that regulates whole-body 
glucose homeostasis, and activates genes involved in 
lipogenesis and lipid storage. It also modulates 
adipokine expression, increasing production of 
adiponectin, while it blocks expression of TNF-  and 
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resistin. The net result of these changes increases 
insulin sensitivity. PPAR  is the molecular target for 
the thiazolidinedione class of drugs clinically used to 
treat patients with diabetes.  

• PPAR , also known as PPAR , is expressed 
ubiquitously, and regulates expression of genes 
involved in fatty acid catabolism and adaptive 
thermogenesis.  

 PPARs modulate vascular effects by affecting insulin 
resistance, and by expression of adipokines. In addition, 
PPARs may have direct effects on gene transcription in 
vascular tissues and endothelial cells.  

BIOLOGICAL ACTIVITIES OF PHYTOCHEMICALS 
FOUND IN OLIVE PLANTS 

Effects of the Mediterranean Diet 

 Population-based studies demonstrate that a 
Mediterranean diet, which is enriched in olive oil, is 
associated with protection against atherosclerosis and cancer 
[6]. The Mediterranean diet is based on the traditional 
dietary patterns of southern Italy, Crete, and coastal Greece. 
It consists of abundant plant foods, whole grains, and fresh 
fruit. Olive oil is the principal source of fat. The diet 
includes moderate consumption of fish and poultry, and 
limited red meat and eggs. However, the precise components 
of such a diet responsible for protection are not known, nor 
their molecular mechanisms of action.  

Lipid Components 

 Olive oil contains monounsaturated fats, notably oleic 
acid [6]. Monounsaturated fats are associated with decreased 
LDL cholesterol, increased HDL cholesterol, and decreased 
incidence of cardiovascular disease. Fig. (1) shows the 
chemical structure of oleic acid. 

 

 

 

 
 
Fig. (1). Chemical structure of oleic acid. 

 

Polyphenols 

 In addition to the lipid components of olive oil, 
phytochemicals found in olives have biological activities that 
may contribute to protection against atherosclerosis mediated 
by non-lipid components of olive oil [7-9]. One such 
phytochemical is the polyphenol oleuropein. The 
pharmacologic properties of oleuropein have been reviewed 
recently [10]. Oleuropein is a polar glycoside that includes a 
glucose molecule. Its structure is shown in Fig. (2). The 
glucose moiety is circled in red, and the aglycone is circled 
in blue. 

 Fig. (3) shows the metabolism of oleuropein. Enyzmatic 
digestion by -glucosidase results in cleavage of the glucose 
moiety (circled in red) from the non-polar oleuropein 
aglycone. Hydrolysis of oleuropein along the blue dotted 
lines yields hydroxytyrosol and elenolic acid.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Chemical structure of oleuropein, showing glucose (red) 

and oleuropein aglycone (blue). 

 
 In cell culture, these compounds have been shown to 
possess antioxidant activity [11]. They also increase the 
amount of bioavailable NO generated by endothelial cells 
[12]. However, the direct significance of these effects to 
atherosclerosis has not been shown in vivo. These 
compounds also have immunomodulatory activities [13, 14].  

IN VIVO STUDIES OF OLEUROPEIN  

Bioavailability Studies of Oleuropein In vivo 

 We used liquid chromatography (LC) coupled with mass 
spectrometry (MS) for sensitive and specific identification 
and quantitation of oleuropein. Fig. (4A) shows the LC 
profile of oleuropein standard. The three profiles are 
absorption at 230 nm (top), 280 nm (middle), and total ionic 
current (bottom). Fig. (4B) shows the MS of the oleuropein 
standard, with the major peak at molecular mass 539 
corresponding to intact oleuropein. 

 Using LC-MS, we determined that chronic administration 
of olive leaf extract to rats and mice results in absorption of 
biologically active compounds in vivo.  

Effects of Oleuropein on Diet-Induced Atherosclerosis in 
apoE Knockout Mice 

 The apoE knockout mouse is the most frequently used 
rodent model of hypercholesterolemia. ApoE knockout mice 
develop atherosclerosis with vascular distribution and 
histopathologic features similar to those seen in human 
cardiovascular disease [15, 16]. When fed a Western diet 
containing 42% of calories from fat, apoE knockout mice 
show accelerated and reproducible formation of 
atherosclerotic lesions. Histologically, these lesions show 
fatty streaks, monocyte adherence, and foam cells similar to 
those seen in man. The degree of atherosclerosis can be 
quantitated by en face staining with Oil Red O or by sections 
through the aortic root cusps. 

 To determine the effects of oleuropein on atherosclerosis, 
we administered oleuropein to apoE knockout mice in their 
drinking water at concentrations of 0.25 mg/ml, 2.5 mg/ml, 
and 25 mg/ml for 4 weeks. Even at the lowest dose, there 
was a significant reduction in the development of 
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atherosclerosis by Oil Red O staining Fig. (5) shows 
representative vessels stained with Oil Red O. The areas of 
atherosclerotic plaques were quantitated and shown in Fig. 

(6). Oleuropein reduced the aortic lesions in both female and 
male apoE knockout mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Metabolism of oleuropein. 

 

 

 

 

 

 

 

 

 

 

Fig. (4). LC and MS profiles of oleuropein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Oil Red O staining of atherosclerotic plaques in apoE knockout mice. 
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Fig. (6). Quantitation of effect of oleuropein on atherosclerosis in 

apoE knockout mice. 

 

MOLECULAR MODELING OF OLEUROPEIN 

BINDING TO PPARS 

 We performed detailed theoretical and computational 
analysis for binding of oleuropein to PPAR , PPAR , and 
PPAR , using the known crystal structure of their ligand 

binding domains. The large ligand-binding site is formed by 
several -helices. We first used molecular docking to 
generate several distinct binding orientations, and performed 
molecular dynamics simulation to further relax the complex. 
Then, we estimated the affinity for each binding mode, 
selected the ones with the lowest free energy, and analyzed 
the detailed interactions. 

 The known ligand binding domains for PPAR , PPAR , 
and PPAR  are large and Y-shaped. Within these domains, 
there is variability in how various ligands bind. Long flexible 
ligands such as the naturally occurring fatty acid 
eicosapentanoic acid (EPA) can bind in various conforma-
tions that are all energetically favorable, suggesting that 
these alternative conformations are important means of 
regulation of activity. Our molecular modeling shows that 
oleuropein binds to the PPARs at least as favorably as 
known ligands, and its conformations provide insight into 
possible mechanisms of action. The binding configurations 
are shown in Figs. (7-9).  

 Fig. (7a) shows how oleuropein (red and blue) binds to 
PPAR  (yellow backbone). The conformation of oleuropein 
is compared with those of the fibrate GW2433 (green) and 
EPA (purple) in Fig. (7b).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). Binding to PPAR . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Binding to PPAR . 
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 Oleuropein mimics precisely the conformations of these 
known ligands. Fig. (8) shows that binding of oleuropein to 
PPAR  involves an extended “up-down” configuration, 
which differs from the U-shaped configuration adopted by 
the known PPAR  ligands rosiglitazone (yellow) and 
GI262570 (green). Fig. (9) shows that binding of oleuropein 
to PPAR  involves a Y-shaped configuration that differs 
from the U-shaped configuration of the fibrate GW409544 
(green). These results suggest that oleuropein binds to the 
PPARs with distinct conformations that do not necessarily 
match the conformations of known ligands. 

CONCLUSION 

 Epidemiologic studies demonstrate that a Mediterranean 
diet rich in olive oil is associated with decrease in risk for 
cardiovascular disease, obesity, and diabetes. Although some 
of the protection is due to unsaturated fatty acids, additional 
protection may be conferred by small molecules found in 
olive oil and olive plants, including oleuropein. We report 
here studies in mice that document the bioavailability of 
these molecules when administered orally. Using the apoE 
knockout mouse model fed a high fat diet, orally 
administered oleuropein significantly reduced the extent of 
diet-induced atherosclerosis found in the aorta of apoE 
knockout mice. Molecular modeling studies indicate that 
oleuropein binds to the PPARs, but with distinct 
conformations that differ from the way known ligands bind. 
These results offer a possible explanation for the effects of 
oleuropein on metabolism and cardiovascular disease.  

ABBREVIATIONS 

apoE = apolipoprotein E 

BMI = body mass index 

EPA = eicosapentanoic acid 

HDL = high density lipoprotein 

LDL = low density lipoprotein 

LC =  liquid chromatography 

MS = mass spectrometry 

PPAR = peroxisome proliferator activator receptor 

TNF = tumor necrosis factor 
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Fig. (9). Binding to PPAR . 
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