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Abstract 

Effects of plant sterols and olive oil phenols on serum lipoproteins in humans 

PhD thesis by Maud N. Vissers, Division of Human Nutrition and Epidemiology, 

Wageningen University, The Netherlands. October 23,2001. 

The studies described in this thesis investigated whether minor components from vegetable oils 

can improve health by decreasing cholesterol concentrations or oxidative modification of low-

density-lipoprotein (LDL) particles. 

The plant sterols (3-sitosterol and sitostanol are known to decrease cholesterol 

concentrations, but it is not clear whether other chemically related structures have similar 

effects. We examined the cholesterol-lowering effects of concentrates of p-sitosterol and 4,4'-

dimethylsterols from rice bran oil and triterpene alcohols from sheanut oil. Plant sterols from rice 

bran oil lowered serum LDL cholesterol by 9%. This was probably due to f5-sitosterol rather than 

the 4,4'-dimethylsterols. Triterpene alcohols did not affect serum cholesterol concentration. 

Oxidative modification of LDL is hypothesised to play a role in the development of 

atherosclerosis. Extra virgin olive oil contains phenols with antioxidant activity that could prevent 

oxidative modification of LDL. Three weeks of consumption of phenol-rich olive oil or a single 

dose of olive oil phenols did not decrease LDL oxidisability, neither in fasting plasma nor 

postprandial plasma samples. We showed that olive oil phenols reduce LDL oxidisability in 

vitro, but only in amounts that are much higher than can be reached by olive oil consumption in 

vivo. 

The first requirement for an in vivo action of a dietary antioxidant in humans is that it enters 

the blood circulation. We therefore studied the absorption and urinary excretion of olive oil 

phenols in humans. We found that apparent absorption of the ingested olive oil phenols was 

more than 55-66 mol%. Absorption was confirmed by the urinary excretion of at least 5 mol% 

tyrosol and hydroxytyrosol. A further requirement for a dietary antioxidant to prevent oxidative 

modification of LDL is that it becomes present in the circulation or in LDL in a form with 

antioxidant activity. In the body olive oil phenols are extensively metabolised. The antioxidant 

activity of these phenol metabolites is unknown. To determine the antioxidant activity of olive oil 

phenols in vivo future studies should focus on the antioxidant activity of the metabolites actually 

present in plasma rather than on the in vitro antioxidant activity of the phenols as present in the 

olive oil. 

In conclusion, although the olive oil phenols are well absorbed, the amount of phenols in 

olive oil and their consequent attainable plasma concentration in humans is probably too low to 

reduce LDL oxidisability. Furthermore, our studies provide no evidence that 4,4'-dimethylsterols 

from rice bran oil or triterpene alcohols from sheanut oil are able to decrease cholesterol 

concentrations. Thus, there are no indications that the minor components from vegetable oils 

described in this thesis have important effects on serum lipoproteins. 
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Introduction 



BACKGROUND 

Worldwide, cardiovascular diseases are the most common cause of death and a substantial 
source of chronic disability and health costs (Assmann etal, 1999). In the Netherlands coronary 
heart disease accounted for 38% of all cardiovascular diseases in 1997 (Konings-Dalstra & 
Reitsma, 1999). Coronary heart disease is characterised by insufficient blood supply to the 
heart muscle as a result of narrowed coronary arteries. The underlying cause is 
atherosclerosis; lipids accumulate in the artery and the artery vessel wall becomes enlarged 
and inflexible (atherogenic plaque). Risk factors for coronary heart disease include elevated 
LDL cholesterol concentrations, high blood pressure, obesity, diabetes, and lifestyle factors 
such as smoking and physical inactivity (Assmann ef al, 1999). The oxidisability of LDL may 
also play a role in the development of atherosclerosis (Diaz ef al, 1997; Steinberg et al, 1989). 
The studies described in this thesis focus on the cholesterol lowering effect of plant sterols and 
on the protective effects of olive oil phenols against LDL oxidation. 

This introduction provides background information on the chemistry of plant sterols and 
olive oil phenols and the current knowledge of their health effects. Finally, this introduction will 
describe the rationale and outline of this thesis. 

HEALTH EFFECTS AND CHEMISTRY OF PLANT STEROLS 

High LDL or total cholesterol concentrations are established risk factors for coronary heart 
disease. In the Netherlands 20-35% of adult population has a plasma total cholesterol 
concentration above 6.5 mmol/L (de Graaf & Stalenhoef, 2000). In people with a total 
cholesterol concentration above 6 mmol/L a decrease of 10% in total cholesterol has been 
predicted to reduce the risk of coronary heart disease by 10-50% (Kannel et al, 1986). 

Plant sterols or phytosterols are used as cholesterol-lowering agents in foods (Jones & 
Raeini-Sarjaz, 2001). The interest for plant sterols as cholesterol lowering agents already exists 
since the early 1950's. For a short period they were used in capsules to treat high blood 
cholesterol concentrations before the introduction of pharmacological agents with higher 
efficacy and patients acceptance. There has been renewed interest in plant sterols since the 
late 1980's with the development of food processing technologies whereby they can be 
incorporated into margarine and other food products (Lichtenstein & Deckelbaum, 2001). These 
products rich in plant sterols can be consumed as part of a cholesterol lowering diet. 

Sterols are essential constituents of cell membranes in animals and plants. Plant sterols 
are synthesised from squalene in plants and are structurally similar to cholesterol. Two types of 
plant sterols are the 4,4'-dimethylsterols like cycloartenol, intermediate products of plant sterol 
synthesis (Goodwin 1980), and the 4-desmethylsterols like p-sitosterol which are end products 
of plant sterol synthesis. Plant sterols can be converted into stands, such as sitostanol, by 
hydrogenation, but they hardly occur in nature (Figure 1.1). 
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Figure 1.1 Structures of various types of sterols. Cholesterol (1) is the sterol of mammalian cells. Plant 

sterols are synthesised in plants. The intermediate products are the 4,4'-dimethy1sterols like cycloartenol (2), 

while 4-desmethylsterols, such as p-sitosterol (3), are the end products of plant sterol synthesis. Plant sterols 

can be converted into stanols, such as sitostanol (4). 

Plant sterols are naturally present in the diet, and (3-sitosteroi, campesterol, and stigmasterol 
are the most common ones. The main dietary sources are vegetable oils and margarine. Intake 
level of plant sterols is with 200-300 mg/day comparable to the usual intake of about 300 
mg/day of cholesterol. Intake of the stanols is much lower, about 30 mg/day (De Vries et al, 
1997; Normen etal, 2001). 

Plant sterols themselves are like cholesterol potentially atherogenic, but they are poorly 
absorbed which reduces their atherogenic potential. Cholesterol is absorbed in the body for 
40-50%, whereas p-sitosterol is absorbed for about 5%, campesterol for 15%, and sitostanol for 
less than 1% (Heinemann etal, 1993; Jones etal, 1997). 

A daily intake of 2 g of plant sterols has been shown to decrease total cholesterol 
concentrations by 9-14% (Law 2000). Plant sterols may decrease blood cholesterol 
concentrations by inhibiting cholesterol absorption via micelles in the intestine. Plant sterols 
competitively replace dietary and biliary cholesterol from the micelles. Instead of being 
absorbed, cholesterol is precipitated and excreted via the faeces. When cholesterol absorption 
is decreased, the hepatic cholesterol pool reduces, resulting in enhanced cholesterol synthesis 
by the liver. At the same time LDL receptors are up-regulated, which leads to lower LDL 
cholesterol concentrations in blood (Miettinen & Gylling, 1997). 

The cholesterol lowering effect of p-sitosterol and sitostanol has been well established 
(Miettinen etal, 1995; Weststrate & Meijer, 1998; Law 2000). However, it is not known if and to 
what extent other types of plants sterols reduce plasma cholesterol concentrations. 



HEALTH EFFECTS AND CHEMISTRY OF OLIVE OIL PHENOLS 

The Mediterranean diet, which is high in olive oil, fruits, vegetables, grains, and legumes and 
relatively low in meat, has been associated with a reduced incidence of coronary heart disease 
in epidemiological studies (Keys et al, 1986). Olive oil is the main source of fat in the 
Mediterranean area where it is consumed in relatively high amounts; the average daily intake is 
about 50 g/day in Italy, Greece, and Spain (Boskou 2000; Helsing 1995). Replacing dietary 
saturated fatty acids with monounsaturated oleic acid from olive oil decreases plasma LDL 
concentrations, which presumably contributes to the low incidence of coronary heart diseases 
(Katanefa/, 1995). 

However, not only a high concentration of LDL cholesterol, but also the oxidisability of LDL 
might increase the risk of coronary heart disease. The LDL-oxidation-hypothesis states that 
when LDL particles accumulate in the artery wall, they can undergo progressive oxidation. 
Oxidised LDL may recruit circulating monocytes which undergo modification into macrophages 
once in the intima of the arterial wall. Oxidised LDL can be internalised by macrophages by 
means of the scavenger receptors on the surfaces of these cells. The intemalisation of oxidised 
LDL leads to the accumulation of cholesterol esters in macrophages and these become so-
called foam cells. These foam cells are the start of atherogenic plaques (Figure 1.2) (Diaz et al, 
1997; Steinberg etal, 1989). Dietary antioxidants, such as vitamin E, may inhibit atherogenesis 
by reducing the oxidation of LDL and subsequently the accumulation of LDL in macrophages. 
(Steinberg 1991; Esterbauer etal, 1991; Princen etal, 1995). Phenols that are present in extra 
virgin olive oil are such antioxidants in vitro (Visioli & Galli, 1994; Visioli et al, 1995). As a 
consequence, olive oil may reduce the risk of atherosclerosis through the antioxidant activities 
of its phenols, besides the cholesterol lowering effect of monounsaturated oleic acids. However, 
the ability of olive oil phenols to decrease LDL oxidation in vivo still requires confirmation. 

Extra virgin olive oil has a high concentration of phenols due to the way olive oil is 
extracted: Olives are crushed to burst the fruit cells and to crush the kernel, resulting in an olive 
paste. The paste is then mixed with water, a process which is called malaxation, to promote the 
coalescing of small oil droplets into larger ones. This facilitates the separation of the oil and 
water phases. The final stage in the process, centrifugation of the oil, separates the water and 
the olive residue (Kiritsakis & Markakis, 1987). Because olive oil is obtained without using 
heating or solvents, the process is referred as 'cold pressing'. This cold press method enables 
extra virgin olive oil to retain the phenols. These phenols are responsible for the specific taste of 
olive oil (Visioli & Galli, 1998). On the other hand, refined olive oil does not contain phenols. 
During refining the oil is extracted by alkaline agents to reduce the excessive acidity of the oil 
and to get rid of the free fatty acids and metals. At the same time many phenols are lost. The 
following deodorisation step, when the oil is heated at 190-210°C for 1-3 hours, results in 
additional losses (Belitz & Grosch, 1987). 
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Figure 1.2 LDL particles become trapped in an artery, where they can be oxidised. Oxidised LDL recruits 

circulating monocytes which become macrophages. Oxidised LDL is internalised by these macrophages. This 

leads to the accumulation of cholesterol esters in macrophages, which become so-called foam cells. These 

foam cells are the start of atherogenic plaques (Steinberg etal, 1989; Diaz etal, 1997). 

The most abundant phenols in extra virgin olive oil are the largely non-polar oleuropein- and 
ligstroside-aglycones and their derivatives. The aglycones are formed in olives by the 
enzymatic removal of glucose from the polar parent compound oleuropein-glycoside. The 
various derivatives of those aglycones differ mainly in their ring structure, which can either be 
open or closed in two different forms (Personal communication from Dr. S. van Boom). The end 
products of the hydrolysis of oleuropein- and ligstroside-aglycones are the polar compounds 
hydroxytyrosol and tyrosol, respectively (Figure 1.3). 

The antioxidant effect of the olive oil phenols has been observed in a number of in vitro and 
animal studies. However, it is not clear whether these phenols can also protect LDL from 
oxidation in humans. To date, studies in humans have been inconclusive (Nicolaiew etal, 1998; 
Ramirez-Tortosa etal, 1999; Bonanome etal, 2000; Visioli etal, 2000). 

To act as potential antioxidants in humans, the olive oil phenols have to be absorbed from 
the intestines, to pass the intestinal wall, and to enter the blood circulation. In other words, the 
phenols have to be bioavailable. Bioavailability can be defined as 'the fraction of the ingested 
nutrient that is utilised for normal physiological functions or storage' (Jackson 1997). Once 
entered to the blood circulation phenols are metabolised or transformed into other compounds 
(Williamson etal, 2000; Hollman & Katan, 1998; Manna etal, 2000). For antioxidant activity in 
the body and the potential to prevent oxidative modification of LDL, it is essential that these 
metabolites of ingested phenols retain their antioxidant activity in plasma. Thus, insight into the 
kinetics of phenol metabolism in humans is required to understand the potential health effects 
that olive oil phenols may have in humans. 
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Figure 1.3 Structures of oleuropein-glycoside and -aglycones, and their degradation into hydroxytyrosol 

(Personal communication from Dr. S. van Boom). Hydrolysis of ligstroside-glycoside into tyrosol is similar; only 

the hydroxyl group at carbon 3 of the benzene ring is absent. Oleuropein- and ligstroside-glycosides are 

mainly present in unripe olives, while their aglycones and tyrosol and hyxroxytyrosol are present in olive oil. 



RATIONALE AND OUTLINE OF THIS THESIS 

The studies described in this thesis were designed to investigate whether minor components 

from vegetable oils can improve health by decreasing cholesterol concentrations or by 

preventing oxidative modification of low-density-lipoprotein (LDL) particles. This objective was 

subdivided into three main questions: 

1. What is the effect of various plant sterols from rice bran oil and triterpene alcohols from 

sheanut oil on serum cholesterol concentrations in humans? 

Plant sterols are minor constituents in vegetable oils and are present in the unsaponifiable 

fraction. The most common plant sterols in the human diet are 4-desmethylsterols 

p-sitosterol, campesterol, and stigmasterol, and these are found in edible vegetable oils, 

such as corn, soybean and rapeseed oil. Beta-sitosterol can be converted by 

hydrogenation into a saturated counterpart sitostanol, which rarely occurs in nature. The 

cholesterol lowering effect of p-sitosterol and sitostanol has been well established 

(Miettinen era/, 1995; Weststrate & Meijer, 1998). Sterols with other structures, such as the 

4,4'-dimethylsterols, may vary in their potential to reduce plasma cholesterol 

concentrations. Chapter 2 describes a study on the effect of plant sterols from rice bran oil 

and triterpene alcohols from sheanut oil on serum cholesterol concentrations in humans. 

2. Do phenols from extra virgin olive oil decrease LDL oxidisability in humans? 

A high intake of olive oil has been proposed as an explanation for the low incidence of 

coronary heart disease in Mediterranean countries, but it is unclear whether olive oil offers 

specific benefits beyond a low saturated fat content. Olive oil phenols may dissolve into 

plasma LDL particles and protect them from becoming atherogenic by oxidative 

modification. In chapter 3 we investigated the effect on the susceptibility of LDL to oxidation 

and other markers of oxidation when healthy humans consumed phenol-rich extra virgin 

olive oil for three weeks. In chapter 4 we studied whether a single dose of olive phenols 

could decrease the postprandial susceptibility of LDL to oxidation. Chapter 5 describes an 

in vitro study designed to mimic the exposure of olive oil phenols in plasma to LDL in order 

to estimate the minimum plasma concentration of olive oil phenols needed to reduce 

oxidative modification of LDL. 

3. To what extent are olive oil phenols absorbed and how are they metabolised? 

The first requirement for a potential antioxidant in vivo is that it enters the blood circulation 

and that it retains its antioxidant capacity. Phenols are extensively metabolised in the 

human body (Williamson et al, 2000; Hollman & Katan, 1998; Manna et al, 2000). 

Therefore, the kinetics and metabolism of olive oil phenols is critical for our understanding 

of their potential as antioxidants in the human body. In chapter 6 we estimate the apparent 

absorption of the various phenols from extra virgin olive oil in healthy ileostomy subjects 

with a complete small intestine. We also determined urinary excretion of the phenols. As 



the ileostomy model does not take into account the influence of colonic bacteria in the 

metabolism of those phenols, we also determined the urinary excretion of tyrosol and 

hydroxytyrosol in subjects with a colon. 

Chapter 7 reviews the potential health effects of phenols from extra virgin olive oil, based on 

human and animal intervention trials. Chapter 8 presents the concluding remarks. 
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ABSTRACT 

Background: Intake of unsaponifiable compounds from edible oils, such as plant sterols, can 

lower serum cholesterol concentrations in humans. However, little is known about effects of 

other chemically related unsaponifiables in edible oils, such as triterpene alcohols. 

Objective: We studied the effects of plant sterols from rice bran oil and triterpene alcohols from 

sheanut oil on cholesterol concentrations in healthy, normolipemic volunteers. 

Design: Twenty-eight men and 32 women consumed 29 g/d of 3 margarines for 3 wk each on 

a crossover double-blind basis. A margarine based on sunflower oil was used as the control. 

Concentrates of plant sterols from rice bran oil or triterpene alcohols from sheanut oil were 

added to make 2 experimental margarines with the same fatty acid composition as the control 

margarine. 

Results: Intake of 2.1 g plant sterols/d from rice bran oil decreased total cholesterol by 

0.19 mmol/L (95% CI, -0.31, -0.07 mmol/L) and LDL cholesterol by 0.20 mmol/L (95% CI, -0.30, 

-0.10 mmol/L). HDL cholesterol and triacylglycerol concentrations did not change significantly. 

Intake of 2.6 g triterpene alcohols/d from sheanut oil did not significantly affect lipoprotein 

concentrations in all subjects combined. 

Conclusion: We found that 2.1 g of plant sterols/d from rice bran oil lower serum total 

cholesterol by 5% and LDL cholesterol by 9% in normolipemic humans, whereas triterpene 

alcohols from sheanut oil did not significantly affect lipoprotein concentrations in all subjects 

combined. The effect of rice bran oil sterols is probably due to (3-sitosterol and other 

4-desmethylsterols and not to 4,4'-dimethylsterols. 



INTRODUCTION 

Plant sterols or phytosterols are minor constituents of vegetable oils present in the 
unsaponifiable fraction. Large doses of plant sterols inhibit cholesterol absorption in humans 
and cause a modest decrease in serum cholesterol concentration (Lees ef al, 1977; Pollak 
1985; Jones et al, 1997). The most common plant sterols in the human diet are the 
4-desmethylsterols p-sitosterol, campesterol, and stigmasterol, which are found in edible 
vegetable oils, such as corn, soybean and rapeseed (canola) oil. Like cholesterol, these plant 
sterols are unsaturated with a double bond at carbon 5 (Figure 2.1). Plant sterols can be 
converted into stands by hydrogenation: p-sitosterol is transformed into its saturated 
counterpart sitostanol. Stands rarely occur in nature. The cholesterol lowering effect of 
p-sitosterol and sitostanol has been well established (Miettinen ef al, 1995; Weststrate & Meijer, 
1998). Sterols with other structures may vary in their potential to reduce plasma cholesterol 
concentrations. 

Plant sterols are synthesised from squalene; one of the first intermediate products is 
cycloartenol, a 4,4'-dimethylsterol (Figure 2.1; Goodwin 1980). Rice bran oil contains these 
4,4'-dimethylsterols such as cycloartenol and 24-methylene cycloartanol as ferulic acid esters 
(oryzanol) (Rukmini & Raghuram, 1991). In addition rice bran oil contains a mixture of ferulic 
acid esters of 4-desmethylsterols, such as p-sitosterol and campesterol, which are the end 
products of plant sterol synthesis from squalene. The results of animal and some human 
studies suggest that rice bran oil may reduce plasma cholesterol concentrations (Raghuram & 
Rukmini, 1995; Sugano & Tsuji, 1997; de Deckere & Korver, 1996). 

Another class of unsaponifiables is the triterpene alcohols. Strictly speaking, triterpene 
alcohols are not plant sterols, but there are similarities in their structures (Figure 2.1). Sheanut 
oil contains approximately 8% unsaponifiable material, which is a mixture of fatty acid and 
cinnamic acid esters of such triterpene alcohols as oc-amyrine, butyrospermol, lupeol, and 
p-amyrine (Peers 1977). Little is known about the effect of sheanut oil on cholesterol 
concentrations (Weststrate & Meijer, 1998). 

We examined the effects of plant sterols from rice bran oil and triterpene alcohols from 
sheanut oil on serum lipoprotein concentrations in healthy humans in order to define the 
structural elements responsible for such effects. 

SUBJECTS AND METHODS 

Subjects 

Subjects were recruited via publicity in local newspapers and posters in university buildings and 
dormitories. We carefully explained the study protocol to the subjects before they gave their 
written informed consent. The study protocol was approved by the Medical Ethical Committee 
of Wageningen University. 



1. cholesterol 

25.CH3 

2. cycloartenol, 

a typical 4,4'-dimethylsterol 

3. p-sitosterol, 

a typical 4-desmethylsterol 

4. a-amyrin, 

a typical triterpene alcohol 

Figure 2.1 Structures of plant sterols and triterpene alcohols in rice bran oil and sheanut oil compared to the 

structure of cholesterol (1). Rice bran oil contains the 4,4'-dimethylsterols cycloartenol (2) and 24-methylene 

cycloartanol, and the 4-desmethylsterols p-sitosterol (3) and campesterol. Sheanut oil contains the triterpene 

alcohols a-amyrine (4), butyrospermol, lupeol and p-amyrine. In triterpene alcohols the cyclopentane ring 

specific for sterols is replaced by 2 cyclohexane rings. 

Subjects were eligible if they were >18 y of age, did not use drugs known to affect 

concentrations of serum lipoproteins, and were not pregnant, lactating, or following a prescribed 

diet. Volunteers filled out a medical questionnaire that was reviewed by an independent 

physician. Persons with a history of gastrointestinal, liver or kidney disease were excluded, as 

were those with glucosuria, proteinuria, anemia, or a serum concentration of total cholesterol 

>7.5 mmol/L or of fasting triacylglycerol >2.3 mmol/L. Thirty-two women and 28 men aged 

18-59 y were enrolled in the study. 

Design and treatment 

The 9-wk study was conducted on a multiple cross-over double-blind basis. Subjects consumed 

29 g/d of 3 margarines for 3 wk each. The subjects were stratified according to age and sex 

and then randomly allotted to 1 of the 6 possible treatment sequences. A commercially 

available diet margarine (Flora; Van den Bergh Foods, Purfleet, United Kingdom) was used as 

the control margarine and served as the base for preparing the 2 experimental margarines 

(Unilever Research Vlaardingen, the Netherlands). Concentrates of plant sterols from rice bran 

oil or triterpene alcohols from sheanut oil were added so that each margarine had the same 

fatty acid composition (Table 2.1). The margarines were provided in tubs that contained on 

average 28.9 g. The subjects consumed the contents of 1 tub over 1 d. They were not allowed 



to use the margarine for baking or frying; they usually consumed it as a spread on bread for 

breakfast, lunch and in-between meals or added it to prepared hot meals. The mean intake of 

total plant sterols (in free sterol equivalents) was 0.06 g/d from the control margarine, 2.1 g/d 

from the rice bran oil margarine, and 2.6 g/d from the sheanut oil margarine (as triterpene 

alcohols). 

Table 2.1 Compositions of the experimental margarines. 

Component 

Fat phase (fat + sterols + other esters) 

Total fatty acids 

Saturated 

Monounsaturated 

Polyunsaturated 

Total known plant sterols6 

4,4'-dimethylsterols 

Monomethylsterols 

4-desmethylsterols 

Triterpene alcohols6 

Other unknown sterol-related compounds 

Phenolic acids 

Ferulic acid 

Cinnamic acid 

Water phase 

Lithium chloridec 

Control 

70 

70 

16 

15 

40 

0.2 

<0.1 

<0.1 

0.2 

-
-

-
-

30 

997 

Rice brana 

%by wt 
82 

71 

14 

19 

38 

7.3 

3.4 

0.4 

3.5 

-
1.2 

2.9 

-
18 

859 

Sheanut3 

86 

75 

19 

20 

35 

0.4 

<0.1 

<0.1 

0.4 

8.9 

-

-
2.1 

14 

999 

3 Mean of 3 batches. 
6 Amounts as free sterol or triterpene alcohol equivalents. 
cumol/100g. 

The subjects were asked to maintain their usual diet and lifestyle. All subjects kept daily records 

of illness and deviations from the protocol and they returned empty margarine tubs. Ninety-six 

percent of the tubs were returned empty; diaries kept by the subjects and anonymous 

questionnaires administered after the trial showed that 99.5% of the scheduled amount of the 

control margarine, 97.3% of the rice bran oil margarine, and 99.1% of the sheanut oil margarine 

was consumed. To check adherence independently we added 285 umol lithium chloride to 

each 30 g margarine and determined plasma lithium concentrations (by inductively coupled 

plasma mass spectrometry, model Elan 6000 spectrometer; Perkin-Elmer Corp, Norwalk, CT). 

Mean plasma lithium concentration increased to 4.6 ± 1.3 umol/L which was about 5 times the 

baseline concentration of 0.9 ± 0.3 umol/L in similar subjects who did not consume added 

lithium chloride (de Roos etal, 2001). This confirmed adherence to the protocol. 



In each 3-wk period, intakes of energy, fatty acids and cholesterol were estimated by a 24-h 
recall. Intake was similar for each treatment, although cholesterol intake was slightly higher in 
the period in which the control margarine was consumed (Table 2.2). Body weights were 
measured on day 18 of each 3-wk period. Mean body weight did not differ significantly between 
treatments: 70.4 ± 9.4 kg with the control margarine, 70.2 ± 9.2 kg with the rice bran oil 
margarine, and 70.1 ±9.1 kg with the sheanut oil margarine. 

Table 2.2 Dietary intake of energy, fatty acids, and cholesterol of the subjects while on the 3 study 

margarines.3 

Energy 

MJ/d 

kcal/d 

Fat (% of energy) 

Saturated fatty acids 

Monounsaturated fatty acids 

Polyunsaturated fatty acids 

Cholesterol (mg/d) 

Control 

11.8 ±3.9" 

2820 ±941.6 

34.9 

12.1 

11.2 

9.2 

225.9 ±190.2 

Margarine 

Rice bran oil 

11.8±3.6 

2819 ±854.4 

35.2 

12.2 

11.4 

9.4 

188.6 ±125.5 

Sheanut oil 

11.4±3.7 

2719.8 ±870.5 

34.4 

12.1 

10.6 

9.5 

175.0 ±109.1 

3 Each subject consumed each margarine for 3 wk in random order. Values are based on one 24-h recall per person in 

each 3-wk period, n = 60. 

"Mean±SD. 

Blood sampling 

Two venous blood samples were taken from subjects after an overnight fast at the end of each 
3-wk period, one on day 18 and another on day 21. Serum was obtained by centrifugation at 
1187 x g for 10 min at 4°C and stored at -80°C. Samples were analysed enzymatically for total 
and HDL cholesterol and triacylglycerol concentrations (Siedel et al, 1983; Wamick et al, 1982; 
Fossati & Prencipe, 1982). The mean bias for control samples provided by the Centers for 
Disease Control and Prevention in Atlanta was -1 % for total and HDL cholesterol and 10% for 
triacylglycerol. The within-run CV ranged from 0.5% to 1.1%. LDL cholesterol concentrations 
were calculated (Friedewald et al, 1972). For each subject the serum lipoprotein values of day 
18 and 21 of each period were averaged before statistical analysis. 

Margarine analyses 

The fatty acid compositions of the 3 margarines were analysed by methanolysis of the fatty 
acids in a sample of margarine extracted with a methanolic NaOH solution using boron 



trifluoride as catalyst. The methyl esters were extracted with hexane and analysed on a gas 

chromatograph (Hewlett Packard, Wilmington, DE) with a CP Wax 58 column (Chrompack, 

Middelburg, The Netherlands). Analysis of plant sterols and triterpene alcohols was done by 

saponifying the margarine with KOH and extracting the unsaponifiable part into 

diisopropylether. After extraction and derivation with 1% TMCS (trimethylsilyl chloride) in 

BSTFA [A/,0-£>/s(trimethylsilyl)trifluoroacetamide] and A/,A/-dimethylformamide, the fractions 

were analysed on a gas chromatograph (Hewlett Packard) by means of splitless injection with 

hydrogen as carrier gas. In the case of the 4,4'-dimethylsterols, the response factor compared 

with cholesterol was 0.87 on the basis of 5 concentrations of cycloartenol. For this reason, we 

also analysed the plant sterols by using on-column injection with hydrogen as carrier gas and 

with helium as carrier gas. The response factors were 0.91 for hydrogen and 0.98 for helium as 

carrier gas. We therefore used the data from the on-column injection with helium as carrier gas. 

Statistical analyses 

The data were analysed by two-factor, repeated-measures analysis of variance with interaction 

by using the general linear models (GLM) subprogram of SAS (SAS Institute Inc. 1989). 

Because the interaction between sex and margarine was significant for total and LDL 

cholesterol the analysis was also performed for men and women separately. Tukey's procedure 

was used for pair-wise comparisons of the margarines and for calculation of 95% CI's of the 

differences in plasma lipoprotein concentrations between 2 margarines. 

RESULTS 

All 60 subjects completed the study. None of the subjects used medications that could have 

affected the results. Three subjects became ill during the period in which they consumed the 

rice bran oil margarine. Excluding the data of these subjects from the analyses did not alter the 

results. We therefore present results of analyses that included all subjects. Because there was 

a significant interaction between sex and margarine for total cholesterol and LDL cholesterol, 

we also present the results of men and women separately. 

Serum lipids and lipoproteins 

In all subjects combined rice bran oil margarine decreased total cholesterol by 0.19 mmol/L 

(95% CI: -0.31, -0.07 mmol/L) and LDL cholesterol by 0.20 mmol/L (95% CI: -0.30, 

-0.10 mmol/L) compared with the control margarine (Table 2.3). Of the 60 subjects, 44 showed 

lower concentrations and 15 showed higher concentrations of LDL cholesterol with rice bran oil 

margarine than with control margarine (Figure 2.2) Rice bran oil margarine did not affect HDL 

cholesterol or triacylglycerol concentrations (Table 2.3). 
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Sheanut oil margarine did not affect total, LDL, or HDL cholesterol or triacylglycerol 

concentrations compared with the control margarine in all subjects combined (Table 2.3). 

Thirty-three subjects showed lower concentrations and 25 showed higher concentrations of 

LDL cholesterol with sheanut oil margarine than with the control margarine (Figure 2.2). In 

men, sheanut oil margarine decreased LDL cholesterol by 0.13 mmol/L (95% CI: -0.26, 

-0.01 mmol/L) and non-significantly decreased total cholesterol by 0.14 mmol/L (95% CI: -0.31, 

0.03 mmol/L) (Table 2.3). 
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Figure 2.2 Individual differences in serum LDL cholesterol concentration between the end of 3 wk 

consumption of experimental margarine (rice bran oil margarine or sheanut oil margarine) and the end of 3 wk 

consumption of control margarine. 

DISCUSSION 

The results of this study show that 2.1 g of plant sterols/d from rice bran oil lowers serum total 

cholesterol by 5% and LDL cholesterol by 9% in normolipemic subjects whereas triterpene 

alcohols from sheanut oil have no or much smaller effects. 

Earlier studies on rice bran oil could not disentangle the effects of the fatty acids from those 

of plant sterols (Suzuki & Oshima, 1970a; Suzuki & Oshima, 1970b; Raghuram et al, 1989; 

Lichtenstein et al, 1994). In these studies intake of rice bran oil sterols was 4-9 times lower than 

in our study, and these studies addressed the consumption of complete oils, not their plant 

sterols per se. One other study investigated the effects of concentrated rice bran oil sterols in 

humans and found - in contrast with our study - no significant effect on cholesterol 

concentrations in normo- and mildly hypercholesterolemic subjects (Weststrate & Meijer, 1998). 

Our study cannot directly answer the question whether 4,4'-dimethylsterols alone affect 

cholesterol concentrations; half of the plant sterols supplied by the rice bran oil margarine were 

4,4'-dimethylsterols (1.0 g/d) and half were 4-desmethylsterols (1.0 g/d, mainly (3-sitosterol and 

campesterol). The rice bran oil margarine in the study of Weststrate and Meijer, who found no 

effect on cholesterol concentrations, supplied mainly 4,4'-dimethylsterols such as cycloartenol 

and 24-methylene cycloartanol (1.1 g/d) and much less 4-desmethylsterols including 



p-sitosterol (0.5 g/d) (Weststrate & Meijer, 1998). This suggests that 4,4'-dimethylsterols may 

have no effect on cholesterol concentrations. Any effect of rice bran oil sterols is therefore 

probably due to 4-desmethylsterols. This notion is also supported by the studies of Hendriks ef 

al (1998) and Sierksma ef al (1999) in which 0.8 g of 4-desmethylsterols/d from soybean oil 

lowered cholesterol concentrations by 4.9% and 3.8% respectively. In our study 1.0 g of 4-

desmethylsterols/d decreased cholesterol concentrations by 5%, the same extent as observed 

in these 2 studies. Also in rats a combination of the 4,4'-dimethylsterol cycloartenol and the 4-

desmethylsterol p-sitosterol did not lower cholesterol concentrations more than did p-sitosterol 

alone (Ikeda ef al, 1985). Thus, any effect of rice bran oil sterols on cholesterol is probably due 

to the 4-desmethylsterols, with 4,4'-dimethylsterols having no or a much smaller effect. 

However, this issue can be settled only in a study that directly tests the effects of 4,4'-

dimethylsterols. 

Plant sterols probably decrease plasma cholesterol concentrations by inhibiting cholesterol 

absorption in the small intestine (Lees etal, 1977; Mattson et al, 1982; Miettinen & Vanhanen, 

1994; Gylling & Miettinen, 1994). The 4-desmethylsterol p-sitosterol and cholesterol are more 

similar in structure than are the 4,4'-dimethylsterols and cholesterol. The 4,4'-dimethylsterols 

have 2 extra methyl groups at carbon 4, a methyl group at carbon 14, and an extra cyclopropyl 

ring at carbons 9 and 10 compared with 4-desmethylsterols (Figure 2.1). Therefore, p-sitosterol 

may be more effective than are 4,4'-dimethylsterols in competing with cholesterol for 

incorporation in mixed micelles, which is the supposed mechanism for the cholesterol 

absorption-inhibiting action of plant sterols (Jones ef al, 1997). In addition, Heinemann ef al 

(1993) suggested that increasing the side chain substitution of cholesterol decreases its 

absorbability in humans. For example, p-sitosterol has a side chain substitution of an ethyl 

group compared to cholesterol (Figure 2.1) and is absorbed less than is cholesterol. 

Heinemann ef al (1993) also indicated an inverse relation between the absorbability of plant 

sterols and their efficiency in inhibiting cholesterol absorption. Compared with cholesterol the 

4,4'-dimethylsterol cycloartenol does not have a side chain substitution but has an additional 

double bond at carbon 24, and 24-methylene cycloartanol has a methylene group at carbon 24. 

Hence, these 4,4'-dimethylsterols might be more absorbable and therefore less effective in 

inhibiting cholesterol absorption than the 4-desmethylsterol p-sitosterol. No data are available in 

the literature with respect to the absorption of the 4,4'-dimethylsterols in humans. However, in 

rats the absorption rate of cycloartenol was 4-fold higher than that of p-sitosterol (Ikeda ef al, 

1985). Thus, the differential effects of 4-desmethylsterols and 4,4'-dimethylsterols on serum 

cholesterol concentrations may be explained by several structural differences. 

In our study, intakes of 4-desmethysterols and 4,4'-dimethylsterols were 5-10-fold higher 

than in a normal diet, and potential adverse effects of such relatively high intakes need to be 

considered carefully. In patients with homozygous sitosterolemia a high percentage of the 

4-desmethylsterol p-sitosterol is absorbed from the intestine; this is believed to account for the 

plant sterol accumulation in plasma and early atherosclerosis in such patients (Salen ef al, 

1992). Homozygous sitosterolemia is an extremely rare condition, but heterozygotes occur 



more frequently and such heterozygotes might theoretically hyperabsorb plant sterols. One 

study found that plasma plant sterol concentrations in heterozygous subjects were 2-3 times 

higher than in control subjects and 10-20 times lower than in homozygous subjects (Hidaka et 

al, 1990). Two other studies (Beaty et al, 1986; Salen et al, 1992) found normal plasma 

concentrations in heterozygous subjects. These data suggest that there is no reason to expect 

important adverse effects of foods rich in plant sterols in heterozygous subjects. Weststrate and 

Meijer (1998) showed that an intake of 1.5 g (J-sitosterol/d and 0.8 g campesterol/d compared 

to a control (<0.1 g/d) increased plasma p-sitosterol concentration from 3.3 to 4.6 mg/L and 

plasma campesterol concentration from 7.0 to 12.1 mg/L. These concentrations are within the 

range of normal values (Ling & Jones, 1995). Thus, adverse effects of high intakes of 

4-desmethylsterols such as p-sitosterol and campesterol seem unlikely, but long-term 

observational data are still desirable to confirm the safety of high intakes, especially for subjects 

who carry the sitosterolemia gene or genes. 

We did not analyse plasma plant sterol concentrations in our study, and we are not aware 

of other data with respect to the absorption of the 4,4'-dimethylsterols such as cycloartenol in 

humans. If cycloartenol is as highly absorbed in humans as in rats (Ikeda etal, 1985) it could be 

a reason to avoid fortification of food with rice bran sterols because these are rich in 

4,4'-dimethylsterols. 

Sheanut oil margarine did not significantly affect lipoprotein and triacylglycerol 

concentrations in all subjects combined. This is in line with the results of Weststrate and Meijer 

(1998). The unsaponifiables of sheanut oil consist of triterpene alcohols and minor amounts of 

4-desmethylsterols and 4,4'-dimethylsterols (Peers 1977). Like 4,4'-dimethylsterols, triterpene 

alcohols have 2 extra methyl groups at carbon 4 compared to 4-desmethylsterols. Also, in 

triterpene alcohols the cyclopentane ring specific for sterols is absent; instead triterpene 

alcohols have 2 cyclohexane rings (ring D; Figure 2.1). A sterol structure with a cyclopentane 

ring might be a minimum requirement for inhibiting cholesterol absorption in the intestine. This 

may explain why triterpene alcohols do not lower serum cholesterol concentrations. 

In our study, there was a significant interaction between sex and margarine for total and 

LDL cholesterol. Sheanut oil margarine slightly lowered total and LDL cholesterol 

concentrations in men but not in women. However, the sex-specific analyses were not planned 

a priori and the difference between men and women was not very large. Therefore, this finding 

may have been due to chance. Only one postmenopausal woman, aged 59 y, participated in 

our study and omitting her data did not change the conclusions (data not shown). Therefore our 

data refer to pre-menopausal women. 

Only normocholesterolemic subjects participated in our study, and we cannot answer the 

question of what the effect would have been in hypercholesterolemic subjects. If we calculated 

treatment effect for tertiles on the basis of the study entry value for total cholesterol 

concentration, the response in the lowest tertile (range 3.15-4.16 mmol/L) was -0.16 ± 0.3 

mmol/L, in the mid tertile (range 4.17-4.71 mmol/L) -0.32 ± 0.3 mmol/L, and in the highest tertile 

(range 4.74-7.32 mmol/L) -0.10 ± 0.5 mmol/L. There were no significant differences between 



tertiles. We therefore estimate that the effect of plant sterols from rice bran oil is similar in 

normo- and hypercholesterolemic subjects. However, this issue can be settled only in a study 

that directly tests the effect of plant sterols from rice bran oil in hypercholesterolemic subjects. 

In summary, plant sterols from rice bran oil lowered serum total and LDL cholesterol 

concentrations in normolipemic humans, whereas triterpene alcohols from sheanut oil did not 

affect the average cholesterol concentration in all subjects combined. The effect of rice bran oil 

sterols on serum cholesterol concentrations is probably due to the 4-desmethylsterol 

p-sitosterol and not to 4,4'-dimethylsterols such as cycloartenol and 24-methylene cycloartanol. 

Because rice bran oil contains mainly 4,4'-dimethylsterols and less 4-desmethylsterols, it might 

not be an efficient dietary source of cholesterol lowering plant sterols. 
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ABSTRACT 

Objective: We studied whether consumption of phenol-rich extra virgin olive oil affects the 

susceptibility of low density lipoprotein (LDL) to oxidation and other markers of oxidation in 

humans. 

Design: Randomised cross-over intervention trial, stratified according to sex, age, and energy 

intake. 

Setting: Division of Human Nutrition and Epidemiology, Wageningen University, The 

Netherlands. 

Subjects: Forty-six healthy men and women completed the study. 

Intervention: Subjects consumed two diets supplying 69 g/d of extra virgin olive oil either rich 

or poor in phenols for 3 wk each. The mean difference in phenol intake between the treatments 

was 18 mg/d. Vitamin E intake was low during the whole study. Fasting blood samples were 

taken twice at the end of each period. 

Results: Resistance of LDL and high density lipoprotein (HDL) to oxidation was not affected by 

treatment. The mean lag time of copper-induced formation of conjugated dienes was 1.6 min 

shorter in LDL and 0.4 min longer in HDL after the high phenol diet. Other markers of 

antioxidant capacity in plasma were also not affected: mean lipid hydroperoxides were 0.07 

umol/L higher, mean malondialdehydes were 0.001 umol/L higher, mean protein carbonyls 

were 0.001 nmol/mg protein lower, and the mean ferric reducing ability of plasma (FRAP) was 

0.006 mmol/L higher after the high phenol diet. All 95% confidence intervals enclosed zero. 

Serum cholesterol concentrations were not affected by the treatment. 

Conclusion: Consumption of 18 mg/d of phenols from extra virgin olive oil for 3 wk did not 

affect LDL or HDL oxidation or other markers of antioxidant capacity in fasting plasma samples. 



INTRODUCTION 

The Mediterranean diet, with olive oil as the major fat source, has been shown in 

epidemiological studies to be associated with a reduced incidence of coronary heart disease 

(Keys et al, 1986). The replacement of dietary saturated fatty acids with monounsaturated oleic 

acid from olive oil decreases plasma LDL concentrations, which presumably contributes to the 

low incidence of coronary heart diseases (Katan et al, 1995). It has also been suggested that a 

high-monounsaturated fat diet lowers the risk of coronary heart disease by producing oleic acid-

enriched LDL particles, which are more resistant to oxidative modification (Bonanome et al, 

1992; Reaven et al, 1991; Aviram & Eias, 1993). Oleic acid, however, may not be the only 

component of olive oil protecting LDL from oxidation; some types of extra virgin olive oil contain 

phenols with antioxidative properties. These phenols are formed during ripening of olives by 

hydrolysis of the parent compound oleuropein (Figure 3.1), and they are, in contrast to phenols 

from, for example, tea and wine, partly lipid-soluble. 
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Figure 3.1 Structures of various phenols and their degradation into tyrosol and hydroxytyrosol in olives and 

extra virgin olive oil. 

The oxidative modification hypothesis of atherosclerosis suggests that LDL particles are 

oxidatively modified and then taken up by macrophages inside the arterial wall. Such 

cholesterol-laden macrophages form the start of atherosclerotic plaques. Dietary antioxidants 

may therefore inhibit atherogenesis by inhibiting oxidation of LDL and accumulation of LDL in 

macrophages (Witztum & Steinberg, 1991). When olive oil is ingested, the lipid-soluble phenols 

are possibly taken up by LDL particles in plasma. Thus, these phenols may protect LDL 

particles from becoming atherogenic by oxidative modification. The aim of this study was to 

determine whether consumption of phenols from olive oil affects the susceptibility of LDL to 

oxidation and other markers of oxidation in normolipemic humans. 



SUBJECTS AND METHODS 

S u b j e c t s 

Subjects were recruited via publicity in local newspapers and posters in university buildings and 

student apartments. We carefully explained the study protocol before subjects gave their written 

informed consent. The study protocol was approved by the Medical Ethical Committee of the 

Division of Human Nutrition and Epidemiology of Wageningen University. 

Subjects were eligible if they were older than 17 years, did not use any drugs known to 

affect concentrations of serum lipids, were not pregnant, not lactating, and not on a prescribed 

diet. Volunteers filled out a medical questionnaire that was reviewed by an independent 

physician. Persons with a history of gastrointestinal, liver or kidney disease were excluded, as 

were those with glucosuria, proteinuria, anaemia, a serum concentration of total cholesterol 

>7.0 mmol/L, or fasting triglycerides >2.3 mmol/L, and serum values of liver enzymes >30 U/L 

for alanine aminotransferase (ALT), or >30 U/L for aspartate aminotransferase (AST). Thirty-

two women and 17 men, 18-58 y, were enrolled in the study. Three subjects withdrew during 

the study; one because of illness unrelated to the treatment, and two because of personal 

reasons. Forty-six subjects completed the study. None of the subjects used medications that 

could have affected the results. 

Design and treatment 

The study consisted of two 3-wk treatment periods, during which each subject consumed 2 

diets, one with phenol-rich extra virgin olive oil and one with phenol-poor extra virgin olive oil, in 

random order (cross-over). Before the study subjects were stratified according to sex, age, and 

energy intake and then randomly allocated to 1 of 2 sequence groups. During the 2 wk before 

the study (run-in) and 2 wk in-between the treatment periods (wash-out) subjects consumed 

diets without olives, olive oil and olive oil products. 

The high phenol olive oil was prepared from Tsunati olives with a high content of phenols. 

The low phenol olive oil was prepared from Koroneiki olives; most of the phenols were removed 

by washing with hot water. Vitamin E was added to the high phenol olive oil to obtain the same 

vitamin E content in both oils. The 2 olive oils had a similar fatty acid composition (data not 

shown). The phenol concentration in the experimental oils was determined as described by 

Montedoro era/(1993). The high phenol olive oil contained 308 mg/kg of phenols (mean intake 

21 mg/d), of which 2% was tyrosol, 1% was hydroxytyrosol, 72% were oleuropein-aglycones, 

and 25% were ligstroside-aglycones. The low phenol olive oil contained 43 mg/kg of phenols 

(mean intake 3 mg/d), of which 16% was tyrosol, 2% was hydroxytyrosol, 13% were 

oleuropein-aglycones, and 69% were ligstroside-aglycones. The mean difference in phenol 

intake between the high and low phenol diet was 18 mg/d. 

Before the trial, energy intake of individual subjects was estimated by a food frequency 

questionnaire (Feunekes et al, 1993). Each subject received the amount of olive oil that fulfilled 

energy needs. Energy intakes were subdivided into 4 levels, ranging from 7.5 to 17.5 MJ/d. The 


