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General view of the Scientific Committee on Food on 
the long-term effects of the intake of elevated levels of phytosterols from multiple

dietary sources, with particular attention to the effects on β-carotene

(expressed on 26 September 2002)

1. TERMS OF REFERENCE

The Scientific Committee on Food was required, on the basis of the information submitted to
the Commission, to comment on the possible effects on plasma β-carotene levels of the
intake, also on the long term, of the elevated levels of phytosterols from multiple dietary
sources.

2. INTRODUCTION

Phytosterols or plant sterols are lypophilic naturally occurring compounds that are structurally
related to cholesterol, but they differ in their side chain substitutions at the C24 position. Over
40 plant sterols have been identified so far in nature. The major phytosterols are β-sitosterol,
campesterol, stigmasterol and avenasterol. Rapeseed oil contains a small amount of
brassicasterol. Other phytosterols are the so called stanols (plant stanols or phytostanols),
which are saturated phytosterols that are less abundant in nature but they can be produced by
5-alpha hydrogenation of the corresponding phytosterols (e.g. sitostanol and campestanol)
(Gurr, 1996).

Sterols in plants are found in the free form or esterified to fatty acids or as steryl glycosides.
Plant sterols are present in Western diets in amounts similar to those of dietary cholesterol
(150 to 400 mg/day), with vegetarian diets containing about 50% higher amounts. The main
dietary source of plant sterols is vegetable oils such as corn, sunflower, soybean and rapeseed
oils (Ling and Jones, 1995). Phytosterols are not endogenously synthesized in humans and are
derived solely from diet. There is no known role for phytosterols in human nutrition. 

Increased blood cholesterol concentration is a well-known risk factor for development of
coronary heart disease (CHD) and other diseases related to atherosclerosis. The degree of
lowering blood cholesterol levels is directly related to the reduction of risk (Law et al., 1994).
It has been recently reported that phytosterols that are naturally present in commercial corn oil
significantly reduce cholesterol absorption in humans (Ostlund et al., 2002a) and there is
some evidence that naturally-occurring plant sterols might reduce blood cholesterol to a small
degree (Gurr, 1996). However, for an effective reduction higher doses are required.

In the 1980s, the cholesterol lowering effects of the use of plant sterols to fortify foods were
well recognised. Margarines and butter appear as ideal vehicles for plant sterols because of
their strong lypophilic nature (Mattson et al., 1982). In Europe, the average consumption of
butter or margarine is about 25 g per person per day and, according to the previous opinion of
the Committee on the safety for the use of phytosterol esters in yellow fat spreads (SCF,
2000a), the sterol-enriched margarines may contain up to 2 g of plant sterols or stanols per
daily portion. Actually, the first food fortified with phytosterols was a margarine, Benecol,
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already in 1995; stanols were added because the evidence available suggested that they had a
greater blood cholesterol-lowering potential than sterols, and because the amount of stanols
absorbed from the gut was very low (Law, 2000). However, cream cheese, mayonnaises,
salad dressings, yoghurts and other foods are also intended as phytosterol-enriched foods.
Esterification of phytosterols with long chain fatty acids increases their lipid solubility and
facilitates their incorporation into these foods. 

However, the consumption of high doses of plant sterols significantly reduces the blood levels
of carotenoids and, to a lesser extent, of other essential fat-soluble nutrients. This problem has
to be considered in the context of the current tendency of the food industry to extend the
enrichment with plant sterols to a number of different foods. Thus, in addition to paying
attention to every individual application (a process that is under development), the overall
consequences should be considered by the Committee, bearing the consequences of all
possible applications combined in a common perspective, with a view on the long-term
effects of the intake of elevated levels of phytosterols from multiple dietary sources.
Particular attention has to be paid to the effects on the blood levels of β-carotene and related
fat-soluble nutrients.

3. BENEFITS OF PHYTOSTEROLS BY LOWERING BLOOD LDL-
CHOLESTEROL

The cholesterol-lowering effect of plant sterol and stanol esters has been widely documented
and reviewed (Law, 2000; Plat et al., 2000; Tammi et al., 2000). It was recognised in the
1950s (Pollak, 1953) that plant sterols lower blood concentrations of cholesterol, by inhibiting
intestinal absorption of cholesterol, probably (see below) by competing for the cholesterol
space in mixed micelles, which are the form of lipid delivery for absorption into the mucosal
cells (Law, 2000; Jones et al., 1997).

A daily dose of 1-3 g plant sterols lowers LDL-cholesterol (LDLc) levels by about 5-15%
(Hendriks et al., 1999; Maki et al., 2001; Stalenhoef et al., 2001) in different populations,
ages and conditions (hyper- and non-hypercholesterolaemic), including children (Becker et
al., 1993; Tammi et al., 2000; Amundsen et al., 2002) and people under
hypocholesterolaemic drug treatment (Blair et al., 2000; Neil et al., 2001; Nigon et al., 2001).
However, the precise dose-response relationship for various phytosterol-enriched products has
not been established. No additional benefit is derived from an intake of phytosterols above the
range of 1-3 g per day. 

Very recently, it was shown that a daily intake of 1.5 g of plant sterols (as plant sterol-
enriched spread) in children with familial hypercholesterolaemia leads to a reduction in LDLc
of about 10%, without reported adverse effects (Amundsen et al., 2002), although decreases
in alpha- and β-carotene (not significant) and lycopene (statistically significant) were
observed (Amundsen et al., 2001).

Based on a number of studies, 2-3 g/day plant stanols from margarines or mayonnaises, as
part of a moderately rich- or high-fat diet, significantly reduces total cholesterol (Tc) and
LDLc blood concentrations, without affecting HDL-cholesterol (HDLc) or triglyceride blood
concentrations (Gylling and Miettinen, 1994; Gylling et al., 1995; Hallikainen and Uusitupa,
1999; Hallikainen et al., 2000a, 2000b).
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Lees et al. (1977) evaluated the efficacy of plant sterol preparations from two different
sources and in two different physical forms in lowering the blood cholesterol of a total of 46
patients with type II hyperlipoproteinaemia when given in addition to appropriate diet
therapy. As reported by Raulio et al. (2001) the study included different groups and doses,
including subjects receiving up to 18 g of sterols per day and the average duration of the test
diet was 10 months. There were no outward signs of any side effects. The maximal mean
cholesterol-lowering effect in response to any preparation was 12%, although it was much
greater in some individual patients. Sterol balance data showed that plant sterols inhibit
cholesterol absorption with maximal negative cholesterol balance in adults at a dose of 3
g/day of a tall oil sterol suspension. In this study nutrition markers were not measured (Raulio
et al., 2001).

A recent report has shown that the improvements of LDLc, HDLc, Tc, apolipoprotein B
concentrations, and LDL/HDL cholesterol ratio during the daily consumption of a phytosterol
ester-enriched margarine were most marked in those subjects with a high dietary intake of
cholesterol, energy, total fat, and saturated fatty acids and with high baseline absorption
(Mussner et al., 2002).

The results of several randomised, double-blind trials in human adults that compared the
ability of foods (thirteen polyunsaturated margarines, five mayonnaises, one olive oil, and one
butter) with and without added plant sterols to lower cholesterol have been recently reviewed
and summarised (Law, 2000). Fourteen trials, with average daily doses between 0.8 and 4.0
g/day, showed significant reductions in Tc and LDLc levels, with little change in blood
concentrations of HDLc or triglyceride. There appeared to be a greater response with intakes
of about 2 g/day as compared to 1 g/day, while no further increase was noted at intakes above
2 g. Based on the benefits of the observed decreases in blood cholesterol, it was claimed that
consumption of margarines enriched with plant sterols or stanols is expected to reduce the risk
of heart disease by 25% (Law, 2000). However, there are no studies to show effects of
phytosterol intake on rates of cardiovascular disease.

3.1 Efficacy of plant stanol esters versus plant sterol esters

First studies indicated that sitostanol was more effective than sitosterol in displacing
cholesterol from micelles in vivo (Ikeda and Sugano, 1983; Ikeda et al., 1989) and in reducing
blood Tc and LDLc levels (Heinemann et al., 1986). This has also been observed more
recently (Jones et al., 2000) but not in other recent studies in humans (Weststrate and Meijer,
1998; Hallikainen et al., 2000a; Normen et al., 2000).

One study (Weststrate and Meijer, 1998) included normolipidaemic subjects following their
habitual diet except that their habitual spreads were replaced by test margarines-containing
plant stanols (Benecol), soybean oil distillates sterols (Henkel Corporation, LaGrange, USA),
rice bran sterols (Tsuno, Wakayama, Japan) or sheanut sterols (Loders Croklaan,
Wormerveer, The Netherlands). It was shown that unhydrogenated soy sterols were as
effective as a stanol ester margarine in lowering blood cholesterol concentrations. Rice bran
and sheanut sterols (mainly 4,4-dimethyl sterols) did not lower blood cholesterol levels, but
they lowered blood carotenoid levels, even more pronouncedly than the other sterols tested
(Weststrate and Meijer, 1998). In this study, the measured daily intake was somewhat higher
for sterols (3.2 g) than for stanols (2.7 g), and there were some differences in the fatty acid
composition of the various margarines tested. Also, very recently, it has been reported that
4,4’-dimethylsterol esters (of both sterols and stanols) caused a weaker cholesterol-lowering
effect compared with the 4-desmehtylsterols (Trautwein et al., 2002).
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A recent study in patients after ileostomy showed that addition of 1.5 g of sterol or stanol
esters to a high cholesterol diet similarly reduced by about one third the intestinal uptake of
cholesterol (Normen et al., 2000).

Stanol ester- and sterol ester- (daily amounts of about 2 g) enriched margarines significantly
and similarly reduced blood Tc (by 9.2% and 7.3%, respectively) and LDLc concentrations
(by 12.7% and 10.4%, respectively) in hypercholesterolaemic subjects on a low-fat diet, in a
12-week study distributed in three consecutive periods of 4 weeks (Hallikainen et al., 2000a).
The sterol and stanol ester spreads used were prepared in the same laboratory, following the
same procedure and esterification process. In this study, both types of margarines
significantly lowered blood β-carotene concentration. Blood γ-tocopherol was not changed
but α-tocopherol levels were significantly lowered. There were no significant changes in the
blood concentration of 25-hydroxy-vitamin-D3 and retinal, or in the blood concentrations of
lycopene, α-carotene, β-carotene and tocopherol related to the blood Tc concentration. 

Different studies in animals showed enhanced cholesterol-reducing efficacy with plant sterol
blends-containing increasing levels of plant stanols (Ntanios and Jones, 1998; Plat, 2001). 

From the published results, it can be concluded that the blood Tc- and LDLc-lowering effect
of sterols and stanols is quite similar, although the hydrogenated sterol esters may be
somehow more efficient in reducing the intestinal absorption of cholesterol (Relas et al.,
2001), depending on specific factors which still have not been elucidated.

3.2 Phytosterol esters when used in conjunction with cholesterol-lowering drugs

In principle, plant sterols may be a useful additive therapy in the treatment of
hypercholesterolaemic patients (Blair et al., 2000; Neil et al., 2001; Nigon et al., 2001). Two
recent studies have been done on the effect of spreads containing phytosterol esters when used
in conjunction with cholesterol-lowering drugs i.e. statins and fibrates (Neil et al., 2001;
Nigon et al., 2001). 

A randomised, double-blind, placebo-controlled crossover trial with two consecutive periods
of 8 weeks was conducted (Neil et al., 2001). Thirty patients with heterozygous familial
hypercholesterolaemia treated concurrently with an HMG-CoA reductase inhibitor (statin)
and 32 patients with type IIa primary hypercholesterolaemia with a Tc concentration >6.5
mmol/L not taking lipid-lowering drug therapy were recruited from a hospital lipid clinic. The
active treatment was a fortified fat spread (25 g/day) providing 2.5 g of plant sterols. After 4
weeks, LDLc had decreased 15.0%, there was a small but statistically significant increase in
apolipoprotein AI and a decrease in apolipoprotein B in the active treatment group. HDLc and
triglyceride concentrations were unchanged. There was no difference in response between
patients with statin-treated familial hypercholesterolaemia and patients with type IIa
hyperlipoproteinaemia. The conclusion was that a fortified fat spread enriched with vegetable
oil sterols reduces LDLc by 10-15% with no difference in response between
hypercholesterolaemic patients prescribed statins and those not taking lipid-lowering drug
therapy. The purpose of this study was to determine the effect of a fat spread enriched with
vegetable oil sterols on blood lipid, lipoprotein and apolipoprotein concentrations. 

It has been studied whether patients receiving a lipid-lowering drug (fibrate) might differ in
their response to plant sterols (Nigon et al., 2001). The study was a randomized, double-blind,
placebo-controlled two-period crossover trial with two treatments and three periods. Fifty
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three hypercholesterolaemic patients (31 females and 22 males) completed the study. Both
treatment periods lasted 2 months, with a washout period (2 months) between them. Fortified
fat spread provided 1.6 g/day of plant sterols derived from edible vegetable oils and fatty
acids from sunflower seed oil. The plant sterol content consisted of sitosterol esters (50%),
campesterol esters (25%), stigmasterol esters (20%) and 10% of other esters. No adverse side
effects of the diet were reported. Blood Tc and LDLc concentrations were significantly
reduced by 6.4% and 8.8%, respectively. No effect on HDLc and lipoprotein(a)
concentrations was detected. Spread enriched with plant sterol esters significantly lowered
blood total and LDLc levels without affecting HDLc concentration, in a
hypercholesterolaemic population following a strict low-cholesterol diet. In addition, a
combination of fibrate treatment and plant sterol ester-supplemented spread offered a safe and
effective measure to significantly decrease abnormally high cholesterol levels. The conclusion
was that phytosterol-enriched spread is a useful adjunctive therapy for hypercholesterolaemic
patients.

Results suggest that phytosterol esters can be used safely to provide “additional” cholesterol-
lowering effect. 

4. RISKS OF PHYTOSTEROLS

4.1 Previous evaluation by the Committee

On 6 April 2000, the Committee expressed its opinion on the safety of use of phytosterol
esters in yellow fat spreads as a novel food (SCF, 2000a) and concluded that its use at levels
up to 8% free phytosterols per 100 g spread is safe for human use. The toxicological
information available comprised data from studies on absorption, distribution, metabolism
and excretion and on subchronic toxicity, genotoxicity, reproductive toxicity, potential
estrogenic activity and from human studies. The Committee concluded that no safety
concerns from these specific phytosterols were apparent. The safety in use of phytosterols has
been demonstrated for mixtures of predominantly β-sitosterol, campesterol and stigmasterol
and/or their esters with fatty acids, to which the specification of the new product should be
restricted. For these mixtures, a profile of 30-65% β-sitosterol, 10-40% campesterol, 6-30%
stigmasterol and a total of 5% other phytosterols, based on total sterol content (w/w), was
considered acceptable by the Committee (SCF, 2000a).

4.2 Intestinal absorption of plant sterols versus stanols

Like cholesterol, plant sterols are potentially atherogenic, but only small amounts of plant
sterols are absorbed (ranging from less than 1% of dietary stanols to about 5% of β-sitosterol
and 15% of campesterol) (Heinemann et al., 1993; Lutjohann et al., 1995; Jones et al., 1997),
except in the genetic disorder of sitosterolaemia (see section 2.4). Actually, the particular
interest posed on stanols is because they have been considered practically unabsorbable
(Lutjohann et al., 1995), or very poorly absorbed (Heinemann et al., 1993; Gylling and
Miettinen, 1999; Gylling et al., 1999a). In a clinical study, where plant sterol esters (1.1 and
2.2 g/day) were shown to reduce cholesterol absorption and lower circulating blood
cholesterol concentrations when incorporated into the habitual diet, serum plant sterol
concentrations increased from baseline (0.48% of total sterols by weight to 0.64 and 0.71% by
weight for the low- and high-sterol groups, respectively) (Maki et al., 2001).
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In general, it is assumed that increasing the length of the side-chain of cholesterol decreases
the absorbability of the resulting sterol, and that hydrogenation of the nucleus double-bond of
a sterol causes a decrease of absorbability, as demonstrated for cholesterol/cholestanol and
sitosterol/sitostanol pairs. This latter assumption was not shown in one study, also in humans,
where campestanol was more absorbed (12%) than campesterol (9.5%) (Heinemann et al.,
1993). However, a very recent study in humans showed that absorption from 600 mg of soy
sterols given with a standard test breakfast was 0.5% for sitosterol and 1.9% for campesterol,
and 0.04% for sitostanol and 0.12% for campestanol (Ostlund et al., 2002b). Thus, reduction
of the double-bond at position 5 decreased absorption by around 90%, and the authors’
conclusion was that the efficiency of phytosterol absorption was lower than that previously
reported.

Recently, the relative extent of intestinal absorption and subsequent tissue distribution of
β-sitosterol, β-sitostanol, campesterol, campestanol and stigmasterol has been studied in the
rat (Sanders et al., 2000). Campesterol (13%) was more absorbed than β-sitosterol and
stigmasterol (both 4%) and than sitostanol and campestanol (1-2%).

4.3 Safety studies

Specifications and safety studies on phytosterol esters as ingredients for a particular novel
food have already been considered by the Committee (SCF, 2000a).

A phytosterol profile of 30-65% β-sitosterol, 10-40% campesterol, 6-30% stigmasterol and a
total of 5% other phytosterols, based on total sterols content (w/w), was considered acceptable
by the Committee. However, the potential sources of phytosterols are much more diverse. For
example, based on variability in sourcing/seasonal variation of the plant sterols, a more
expanded sterol profile has already been proposed by the industry for its use in yellow fat
spreads (SCF, 2000a). 

Very recently a petitioner reported (Unilever, 2002a) its intention to change specifications, as
during the last five years their analytical techniques have become more precise, identification
of sterol profiles improved and they now have much greater knowledge of batch to batch and
supplier to supplier variability. These data are under current evaluation by the Committee.

The safety and tolerability of esterified phytosterols administered in reduced-fat spreads
and/or in salad dressings to healthy adult men and women during 8 weeks have been studied
(Davidson et al., 2001). Eighty-four subjects consumed reduced-fat spread and salad dressing
providing 0, 3, 6 or 9 g/day of phytosterols. The only laboratory abnormalities detected were
elevations in CK, the levels of which generally experience important fluctuations in response
to external factors. Significant reductions were observed in alpha- and β-carotene in the group
receiving 9 g phytosterols/day.

A one-year follow-up study on the use of low fat spread enriched with plant sterol esters
(Hendriks et al., 2001) showed no adverse effects after daily consumption of 1.6 g
phytosterols, but a significant reduction of blood alpha- and β-carotene concentrations, while
levels of the fat-soluble vitamins A, K1, D and E did not change.

It can be added that a recently developed Post Launch Monitoring (PLM) of “yellow fat
spreads with added phytosterol esters” did not showed occurrence of adverse health effects
from the current intake of marketed spreads containing phytosterol esters (Unilever, 2002b;
SCF, 2002). 
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As previously revised by the Committee (SCF, 2000a), several animal studies indicated that,
when used at high levels or when administered subcutaneously, plant sterols, especially
sitosterol, might have estrogenic activity. Clear estrogenic effects were found in fish
(MacLatchy and van der Kraak, 1995; Mellanen et al., 1996). There were also some
controversial data in the rat on orally administered β-sitosterol which were not confirmed by
other studies in the same species. The Committee stated that the revised studies, including a
two-generation reproductive study in rats, provided sufficient reassurance of the absence of
endocrine effects via the oral route.

More recently, an increase in plasma estradiol and thyroid hormones as well as some
alterations in intermediary metabolism at doses of about 5 mg/kg body weight/day suggest
that phytosterols act as endocrine disruptors in the mustelid European polecat (Nieminen et
al., 2002). The endocrine effects were however different from those previously described in
fish. Interestingly, in the polecat sterols did not trigger a decrease of blood cholesterol, rather
it increased significantly, which suggests important differences with respect to the situation in
humans. In any case, none of the observed effects of phytosterols in the polecat seemed
harmful or useful in risk assessment by itself.

4.3.1 Safety studies on stanols

The former evaluation of the Committee of yellow fat spreads with added phytosterols (SCF,
2000a) did not assess phytostanols in deep. There are however a number of available studies
on safety of stanols. In a 13-week oral toxicity study with stanol esters in rats (Turnbull et al.,
1999a) no toxicity was observed after ingestion of wood- or vegetable oil-derived stanol
esters at dietary concentrations from 0.2% up to 1% (expressed as free stanols; equivalent to
about 0.5 g stanols/kg body weight/day). At dietary levels of 5%, subchronic ingestion of
these substances resulted in decreased plasma levels of the fat-soluble vitamins E and K and,
to a lesser extent, vitamin D. The same can be said for hepatic vitamin levels, except that
vitamin K was not measured.

Plant stanol esters from wood and vegetable oil sources were not genotoxic at doses up to the
limit of solubility, with or without the addition of an Aroclor-induced rat liver microsome
metabolic activation system. The plant stanol esters were negative in bacterial (Salmonella
typhimurium strains TA98, TA100, TA1535 and TA1537) and mammalian cell (L5178Y)
gene mutation assays and in a mammalian cell (CHO cells) chromosome aberration assay
Turnbull et al., 1999b).

In a developmental toxicity study in rats, no adverse treatment-related maternal or foetal
developmental effects were produced following ingestion of a diet containing up to 8.76%
plant stanol fatty acid esters. This diet provided up to 5% plant stanols equivalent to 2.4-3.5
g/stanols/kg body weight/day (Slesinski et al., 1999). The sample was reported to contain
57.1% total stanols/100 g fat (68% sitostanol, 30% campestanol and 2% unsaturated sterols),
42% fatty acids and 2% unsaturated sterols and unknowns.

A two-generation reproductive toxicity study of plant stanol esters in rats, that used a
commercially manufactured vegetable oil-derived stanol ester mixture containing mainly
sitostanol and campestanol, showed no adverse effects on reproduction, pup mortality or pup
body weight, at dietary concentrations up to 4.38% plant stanol esters (equivalent to 2.5%
total stanols in the diet) (Whittaker et al., 1999).
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In an in vitro study on potential estrogenic activity, four samples of vegetable oil-derived
stanol mixtures (58.3-67.1% sitostanol, 29.3-31.6% campestanol, 0.7-2.6% sitosterol, 0.2-
1.1% campesterol, 0.4-8.7% other sterol compounds) did not induce proliferation of estrogen-
responsive human breast adenocarcinoma cells (MCF-7) (Turnbull et al., 1999c). In an
uterotrophic assay with immature female rats vegetable- and wood-derived stanol esters did
not induce significant changes of uterus weights when fed at concentrations of 8.3% in the
diet for 4 days.

4.4 Phytosterolaemia

Although in mixed diets plant sterols may contribute nearly as much as cholesterol to total
sterols intake, there is a subtle mechanism by which our body distinguishes between
cholesterol and non-cholesterol sterols, so that we absorb and retain about 50% of dietary
cholesterol but less than 5% of dietary non-cholesterol sterols. However, in sitosterolaemia
(also known as phytosterolaemia), an infrequent autosomal recessive disorder of which the
precise prevalence rate is not known, affected individuals hyper-absorb and retain not only
cholesterol but also all other (plant, sea fish, etc.) sterols. Consequently, patients with this
disease have higher blood levels of plant sterols and develop tendon and tuberous xanthomas,
arthralgias and arthritis, accelerated atherosclerosis and premature coronary artery disease
(Lee et al., 2001a, 2001b). The hallmark of sitosterolaemia is elevated blood levels of plant
sterols that are not well catabolised in human metabolism and thus are deposited in tissues,
including the vascular intima. 

The identification of the defective genes in sitosterolaemia support the hypothesis that a
specific molecular mechanism regulates cholesterol entry into and out of the body, and that
this mechanism allows for exquisite differentiation between sterol species that are very
similar in their chemical structure and in many physicochemical properties. Mutations in two
“half” adenosine triphosphate binding cassette (ABC) transporter genes cause this disease
(Lee et al., 2001b). Less than 200 bases separate these two genes, that encode sterolins 1 and
2, respectively, two proteins that are critical in the regulation of dietary-sterol absorption and
excretion. Interestingly, to cause sitosterolaemia both copies of only one gene have to be
defective. It has been hypothesized that sterolins 1 and 2 function as heterodimers, regulating
the excretion of non-cholesterol sterols out of the mucosal cell (Lee et al., 2001b; Lu et al.,
2002; Plat and Mensink, 2002).

4.5 Effect of phytosterols in lowering blood levels of carotenoids and other nutrients

Reduced absorption of some fat-soluble vitamins, which accompanies the consumption of
foods enriched in sterol esters, appears to be the main concern. The Committee considered
that ingestion of 20 g per day for one year of products containing 8% free phytosterols
reduced blood β-carotene concentration by 20% (SCF, 2000a). Although the β-carotene
concentration was still within the normal range and within normal seasonal variation, such a
reduction in blood β-carotene levels might become relevant in subjects with a non-optimal
vitamin A status. In addition, some other potential benefits of carotenoids not directly related
to vitamin A formation can also become compromised.

Since these vitamins or pro-vitamins have some role in protecting LDL from oxidation, it has
become a common practice in the literature to evaluate the degree of reduction in their
circulating levels relative to the degree of reduction of LDLc levels. In that case, a significant
phytosterol-elicited reduction can be observed only for β-carotene, and not for other
carotenoids. This standardization makes it difficult to know the absolute figures of carotenoid



10

and fat-soluble vitamin levels, and their changes. Therefore, such standardization can be
useful to assess those aspects derived from or directly related to LDL particles but not in a
wider perspective. There are also recent studies showing no effect (after adjusting for total
cholesterol reduction) of consumption of esterified plant sterols or stanols on serum fat-
soluble vitamins or carotenoid concentration compared with a control diet (Raeini-Sarjaz et
al., 2002).

Several randomised trials have shown a lowering effect of phytosterols on blood levels of
β-carotene of about 25%, and a smaller, 5-15%, lowering effect on α-carotene, lycopene,
vitamin E, and α-tocopherol blood levels, although the magnitude of the effects may vary
depending on several factors.

By standardising data available in the literature, it has been calculated that decreases in blood
carotenoids plateaued when doses of sterols or stanols reached 2.2 g/day (Plat et al., 2000).

In a very recent study (Mensink et al., 2002) consumption of plant stanol esters (3 g/day)
lowered the blood concentrations of several carotenes (α-carotene, β-carotene, lycopene) and
xantophyles (lutein/zeaxanthin and β-cryptoxanthin). In this study, the expected reduction in
absolute blood tocopherol concentrations, reported in various other studies, was not observed.
Actually, the LDL particles were enriched in tocopherols. After standardization for LDLc,
levels of the various tocopherols were significantly increased, those of various carotenoids
were unchanged and those of β-carotene were decreased. This may suggest that changes in
antioxidant concentrations cannot be simply explained by a decrease in the number of
circulating LDL particles (Mensink et al., 2002). 

4.5.1 Bioavailability of fat-soluble vitamins and carotenoids

The common feature of fat-soluble vitamins is that they are all non-polar lipids with
extremely low solubilities in aqueous media. Thus, it is generally accepted that absorption of
dietary fat-soluble vitamins is, despite individual peculiarities, very much dependent on their
incorporation into lipid-mixed micelles formed in the small intestine during food digestion.
Bile salts are of major importance in this process by enabling these hydrophobic vitamins,
together with cholesterol, carotenoids and other lipids, to become solubilised as micelles
within the aqueous content of the intestine, thus allowing their absorption by the enterocytes.
Hydrolysis of cholesterol and fat-soluble vitamin esters must occur before absorption can take
place. 

The efficiency of absorption of these compounds varies. It can be about 40% for cholesterol
and vitamins D, E and K, and higher than 50%-75% for retinol (Olson, 1987b; Blomhoff et
al., 1991). β-carotene absorption is particularly variable, from 10% to 90% depending on
several specific conditions (reviewed by Woutersen et al., 1999; SCF, 2000b, 2000c); it has
been described that it can even be as low as 2.5% (O’Neill and Thurnham, 1998). In general,
absorption of β-carotene in humans tends to be more or less linear up to intakes of 20-30 mg,
and it becomes saturated at higher intakes (SCF, 2000b).

Following their intestinal uptake, vitamins D, E and K remain largely unchanged, cholesterol
and retinol are mainly esterified with fatty acids, and β-carotene can partly remain intact and
partly cleaved to two molecules of retinal that are then reduced to vitamin A (retinol) in the
intestine of humans. Both free and esterified forms of fat-soluble vitamins are incorporated
into chylomicrons and reach the bloodstream via the lymphatic pathway. They are taken up
by the liver, where they can be stored or released back to the blood. Liver and adipose tissue
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are the main site of carotenoid deposition. In the fasted state, about 75% of the β-carotene is
bound to LDL and about 25% to HDL and VLDL (SCF, 2000b), a distribution that highly
correlates to that of cholesterol. Vitamin E is also transported by blood lipoproteins, whereas
retinol and vitamin D have their own specific binding proteins.

Blood levels of β-carotene reflect roughly intake and absorption of this compound, rising
dramatically in response to dietary supplementation. In contrast, blood levels of vitamin A
seem to be much more stable. The blood depletion half-life of vitamin A is ten times longer
than β-carotene’s, presumably reflecting the much larger body store of vitamin A (Olson,
1987a).

Other main factors affecting the bioavailability of carotenoids are: the meal contents of
dietary fibre and fat, the food matrix, the cooking procedure and cholesterol-lowering
medication. It has been reported that, following the intake of a meal containing them, the
increase of blood levels of β-carotene, lycopene and lutein, but not those of canthaxantin or
α-tocopherol, were significantly reduced (by 30 to 70%) when the meal was enriched with
pectin, guar, alginate, cellulose or wheat bran (0.15 g/kg body weight) (WHO, 1998). Also,
high doses of pectin (12 g in a single meal with 25 mg β-carotene) reduced by 50% the peak
at 30 hours in blood β-carotene (Rock and Swendseid, 1992). In addition, various animal
studies have confirmed that pectins can reduce β-carotene bioavailability.

Cholesterol-lowering medication has also been reported to reduce (30-40%) the levels of
circulating β-carotene (Probstfield et al., 1985; Yoshida et al., 1995).

4.5.2 Cholesterol-lowering mechanisms

The exact mechanism by which phytosterols elicit a decrease of Tc and particularly of LDLc
is not known. It has been observed that the concentration of micelles containing phytosterols
in the jejunum is key in reducing the uptake of cholesterol by the intestinal cells (Ikeda et al.,
1989). It was also shown that both sitosterol and sitostanol competitively decrease the
incorporation of cholesterol into mixed micelles, both in vitro and in vivo (Ikeda and Sugano,
1983).

However, only recent research has directly addressed the effect of phytosterols on the
absorption of fat-soluble vitamins in humans (Relas et al., 2001). This study was performed in
ten healthy adult men who acutely received a fat load test of margarine (8 g) with or without 1
g stanyl esters. The stanyl ester mixture consisted mainly of sitostanyl ester (92%) and two to
three different dosages of vitamin A, E and β-carotene, all given in the 8 g margarine load,
were tested. The results showed that 1 g dietary stanyl esters in margarine did not detectably
interfere with the absorption (measured levels in serum and lipoproteins) of simultaneously-
ingested cholesterol, triacylglycerol, α-tocopherol, β-carotene, retinol and retinyl palmitate
during a 24 h follow-up, whereas it lowered the campesterol/cholesterol blood concentration
ratio, reflecting reduced sterol absorption efficiency. As postprandial cholesterol was not
altered apparently in this study, the authors suggested that reduction of blood cholesterol and
β-carotene levels by dietary stanyl esters was probably not an acute effect, but a result of
chronic stanyl ester consumption. For cholesterol, the mechanism could be related to a
diminished intestinal pool of cholesterol and a compensatory alteration in whole-body
cholesterol metabolism (Relas et al., 2001). 
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The recent discovery of the involvement of ATP binding cassette (ABC) transporters in
cholesterol absorption was a lead to further explore the hypocholesterolaemic mechanism of
plant stanols. Plat and Mensink (2002) found that mixed micelles enriched with sitostanol or
with cholesterol plus sitostanol were potent inducers of ABCA1 expression in caco-2 cells, an
accepted model to study human intestinal lipoprotein metabolism. Based on these findings,
authors hypothesize that plant stanols -and possibly plant sterols- increase ABCA1-mediated
cholesterol efflux back into the intestinal lumen.

Interestingly, recent studies suggest that phytosterols are equally effective when incorporated
into low-fat or high-fat novel foods. Thus, low-fat (0.7%) yoghurt enriched with plant stanol
esters (3 g) lowered LDLc by 14%, the same extent as oil-based-enriched products, with
effects already maximal after one week (Mensink et al., 2002). In agreement with many other
studies, in this study reduction of β-carotene levels was also apparent and not limited to the
LDL fraction. Blood HDLc levels were not affected. This study suggests that the ability of
plant stanol esters to block intestinal cholesterol absorption is not substantially impaired by a
low-fat matrix and, together with previous reports, it suggests that, to trigger the cholesterol-
lowering effect, the food matrix or the background diet is of more importance for free plant
stanols than for esterified plant stanols.

In conclusion, the mechanism of action of phytosterols appears to be related mainly to their
physicochemical properties, which enable them to compete with cholesterol for a common
space in mixed micelles, interfering with the passive absorption of lipids and with the specific
mechanisms controlling the uptake of cholesterol versus other sterols. It is becoming clear
that a very refined mechanism has evolved (see section 2.5) that allows cells to exquisitely
differentiate between sterol species that are very similar in their chemical structure, thus
avoiding non-cholesterol sterol absorption. Further understanding of the specific molecular
mechanism regulating cholesterol entry into and out of the cells will also help an
understanding of the effects of phytosterols on the bioavailability and blood levels of
cholesterol, carotenoids and other related compounds.

5. ANTICIPATED INTAKE/EXTENT IN THE EU AND CONSEQUENCES OF
USE

With normal consumption of the already authorised yellow fat spreads being 20-30 g/day, the
intake of phytosterols will increase to about 1.6-2.4 g/day, which represents a 8-12 fold
increase of the current daily intake from traditional products (SCF, 2000a). However, it
should be kept in mind that new available data suggest that the potential benefits of
phytosterols are not limited to their use in fat spreads or even in high-fat food.

Plant sterol-enriched food (Benecol margarine, containing stanols esterified with fatty acids of
rapeseed oil) was first retailed in 1995 in Finland. Later on, other Benecol products (fresh
cheese, snack bars, salad dressing and yoghurt) were launched on the market in Finland,
Benelux, UK, Ireland, Sweden, Denmark and the USA. The recommended intake is based on
2 g/day of plant stanols.

Nowadays, more than 125 million daily portions have been sold in Finland, and about
200,000 Finnish people eat Benecol products every day. 

Unilever launched its plant sterol-enriched margarine and salad dressing TakeControl in 1999,
in the USA. The same margarine (Flora/Becel pro.activ) was marketed in Australia, Brazil,
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New Zealand and Switzerland in 1999 and in the EU in 2000. The recommended daily intake
was 28 g, corresponding to 2.2 g of plant sterols.

Recently, studies on the prevailing food and nutrient intake in different EU countries such as
Germany (Hermann-Kunz and Thamm, 1999) and Spain (Serra-Majem et al., 1999) have
been published. The mean daily intake by the consumers in the highest quartiles of fat intake
of some foods susceptible to be enriched with phytosterols are as follows: 150 to 235 g of
total dairy foods (including 90 g of yoghurts and 40-45 g cheese), 145 g fruit juices, 120-300
g soft drinks, 5-75 g butter and margarines, 60 g biscuits plus cakes and pies, 30 g olive oils.
Probably, other foods are also suitable for enrichment with plant sterols. The point is that, if
each novel food is designed to deliver the effective cholesterol-lowering daily dose of
phytosterols, additional measures are needed to avoid an excessive daily intake of these
compounds.

A petitioner (Diminicol) suggested the possibility to reach the effective daily dose of
phytosterols either through the consumption of a single Diminicol novel food or through the
consumption of two or three portions of different Diminicol foods. Both these alternatives
lead to the 1.5 g/day intake of sterols that is considered to be effective. According to this
petitioner, the anticipated daily intakes of the different novel foods they included in their
application are: yoghurt 240 g, fresh cheese 30 g, margarine 20 g, and fruit-milk drink 450 g. 

The sterol-enriched foods are expected to replace the ordinary foods in the diet of cholesterol
conscious consumers. If the novel foods are equivalent in composition (other than in plant
sterols) to their traditional counterparts, no further nutritional imbalances should in principle
be expected from their consumption.

5.1 Results of post launch monitoring 

As part of the Commission Decision 2000/500/EC on authorising the placing on the market of
“yellow fat spreads with added phytosterols” as a novel food or novel food ingredient under
Regulation (EC) No 258/97, the applicant was obliged to collect data in order to estimate the
extent to which the product is reaching its target group, i.e., people who try to control their
elevated blood cholesterol, and to estimate exposures to phytosterols from this source in other
population groups.

The petitioner has developed a sort of post marketing surveillance study (Unilever, 2002b), a
so called Post Launch Monitoring (PLM) to obtain data on consumption of phytosterol esters
in yellow fat spreads (pro.activ). The study was aimed mainly to investigate whether or not
the use of the novel food (pro.activ) was as predicted/recommended, and if the effects and
side effects were as predicted. Also studies aimed to detect if the product induced unknown
side effects have been done.

From this study it can be first outlined that the use of the product was lower than it was
anticipated as the regular consumers were buying the product with median intakes of 15-18 g
for regular consumers, which was less than the 20-30 g/day anticipated when the original
submission was made (SCF, 2002). Also the 95th upper intakes were 50% or less than those
previously anticipated. The use of the product was predominantly by one person per
household. Although cholesterolaemia was not directly measured in a sample of the target
group of consumers results obtained are compatible with the product being bought by the
target population and much less, if any, by other population groups.
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This study also showed that some pro.activ consumers were also using products containing
phytostanol esters, where these were available. It highlights the need to introduce some sort of
management control to prevent over-consumption of phytosterols in a free market where
many different products enriched with plant sterols are available.

6. CONSIDERATIONS ON THE EFFECTS OF LONG-TERM INTAKES

In general, a tendency is apparent from the literature that the longer the duration of
phytosterol consumption the larger the decrease in blood carotenoid concentration. However,
definite conclusions at this respect cannot be drawn from the available data.

In a study of 1 year’s consumption of sitostanol ester margarine (Gylling et al., 1999b), the
decrease versus controls of β-carotene was 33.3% and that of α-carotene 19.5%; the decreases
versus the baseline home diet were 25% and 10%, respectively. A significant decrease was
still observed when β-carotene concentration was expressed in relation to cholesterol
concentration. In this study, no significant changes were found for vitamin D and retinol
concentrations, or for the ratios of α-tocopherol to cholesterol and of α-carotene to
cholesterol. This study also shows that the blood levels of α-tocopherol and carotenes (but not
those of retinol and vitamin D) were tightly associated with indicators of cholesterol
absorption.

A long-term (52 weeks) follow-up study on the use of a spread enriched with plant sterols
(Ntanios, 2001) gave similar results for carotenoids but a LDLc-lowering effect (6%
reduction) about half of that obtained in the stanol ester study described above (Gylling et al.,
1999b).

Apart from the carotenoid-lowering effect, no other nutritionally-relevant changes nor other
abnormalities were evident in several randomised trials of plant sterol or stanol margarines in
humans (Ntanios, 2001), some of which lasted for one year (Miettinen et al., 1995). 

A long-term study on safety and efficacy of phytosterol esters in 185 volunteers following
controlled intake of 20 g/day of a spread-containing phytosterol esters (equivalent to 1.6 g
sterols/day) over a one-year period was described (Hendriks et al., 2001). Results are in
agreement with a number of other clinical studies and consistently demonstrated a beneficial
reduction in the blood Tc and LDLc levels. The only side effect observed has been a
reduction in the absorption of the most lypophilic carotenoids (e.g. beta-carotene) (Hendriks
et al., 2001).

Apart from the carotenoid-lowering effect, no other adverse effects were observed in humans
with doses as high as 3 g/day for three years (Law, 2000). Also, it is of note that stanol
margarines have been sold for five years in Finland without overt evidence of hazards. 

It is repeatedly argued in reports that the phytosterol-induced decrease of blood β-carotene
concentration is of no substantial concern because the levels of β-carotene have always been
found to remain within the “normal” range. Indeed, there is a wide range of baseline or
control values for blood β-carotene, from 0.2 to 1.7 µmol/L, among the different intervention
studies revised here. However, it is probably unacceptable to take such a wide variation as a
reference when considering the changes of β-carotene concentration experienced by a given
individual. In fact, the general assumption that individuals who have higher levels of blood
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β-carotene have a lower risk for cancer and cardiovascular diseases (SCF, 2000b) is
established by analysing a smaller range of variation, irrespective that β-carotene levels may
be only a marker of the intake of other beneficial substances in fruits and vegetables, or
perhaps a marker of other life-style habits. 

The value of using blood analytes as nutritional biomarkers depends on an appropriate
understanding of the physiological and life-style factors that influence their circulating
concentrations and their relationship with health. The latter is not the case for β-carotene. A
recent study addressing the factors that influence the absorption and distribution of
carotenoids and other nutrients in an adolescent population in the USA showed an important
variability in blood levels of β-carotene (10th percentile, 0.11 µmol/L; 90th percentile, 0.41
µmol/L) and lycopene (10th percentile, 0.25 µmol/L; 90th percentile, 0.78 µmol/L) (Neuhouser
et al., 2001). Although the relationship with food habits was clear, no direct relationship could
be drawn between the levels of carotenoids and any physiological function or health marker.

Some dietary carotenoids, particularly β-carotene, serve as an important source of vitamin A.
This is the major known function of carotenoids in humans. Because preformed vitamin A is
only present in animal products (e.g. liver, eggs, milk products), in countries where the intake
of animal products is low, carotenoids have to meet the vitamin A requirements (i.e. by 80%
or more in Asia and Africa). Even in developed countries, carotenoids may usually contribute
to vitamin A supply by more than 40%. It seems unlikely that the phytosterol-induced
changes in β-carotene (as a vitamin A precursor) pose any serious problem except in countries
where vitamin A deficiency is common, or perhaps in situations where vitamin A
requirements are greater than normal (i.e. pregnancy, lactation, infancy). This is further
supported by the fact that, in the phytosterol-enriched food trials, blood retinol levels
remained unchanged despite the consistently observed decreases in β-carotene.

It has been suggested that, apart from their pro-vitamin A function, carotenoids can serve
several other functions, such as radical quenching, antioxidant and anti-carcinogenic activities
as well as regulators of other cellular functions (SCF, 2000b). All these functions are
considered very important on a long-term basis. However, there is no consistent evidence that
a decrease of up to one third of β-carotene levels, or of other nutrients which are lowered by
phytosterol over-consumption, affects these functions. More research is required before
definite conclusions can be drawn.

In view of the existence of two reports on harmful effects of β-carotene supplementation
(ATBC, 1994; Omenn et al., 1996) and the fact that blood retinol concentration was
unaffected, the β-carotene reduction was not felt an essential concern in a trial of a sitostanol
ester margarine (Gylling et al., 1999b). However, the harmful effects were observed in studies
using synthetic all-trans β-carotene, not natural sources of β-carotene, at doses of 20-30
mg/person/day, which largely exceeds the usual dietary daily dose. Natural dietary sources
may contribute in Europe about 3-7 mg/day (up to 10 mg/day, depending on seasonal and
regional variations) of β-carotene (SCF, 2000b), and it is quite well established that these
levels of β-carotene may confer health benefits when derived from fruit and vegetables (the
main natural dietary sources). There may be a very small difference between the levels of
β-carotene that may produce adverse effects in smokers (20 mg/day in the ATBC study) and
those that may confer health benefits to the general population (up to 10 mg/day) mainly from
natural sources, according to previous statements of the Committee (SCF, 2000b, 2000c).
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In this context, during long-term over-consumption of phytosterol-enriched foods, it seems
convenient to recommend the intake of natural sources of β-carotene, i.e. carotenoid-rich
vegetables and fruits, to counterbalance the expected reduction of the levels of β-carotene and
of other fat-soluble nutrients.

Interestingly, very recently it has been shown that, when consuming plant sterol esters (2.3
g/day) or stanol esters (2.5 g/day) in spreads, a moderate increase of dietary carotenoids (an
additional daily serving of high-carotenoid vegetables or fruits) may be effective in
maintaining blood carotenoid concentrations (Noakes et al., 2002). This was observed in a 3-
weeks study of forty-six hypercholesterolaemic subjects that completed 3-way, double-blind,
randomised crossover comparisons in a free living state. The dietary advice resulted in a 13%
increase of β-carotene in subjects who consumed the sterol-free control spread. LDLc
decreased by 7.7% and 9.5% after consumption of sterol ester- and stanol ester-enriched
spreads, respectively, and there were no significant differences in the blood β-carotene
concentrations (standardised by Tc plus triglycerides) of control, stanol ester and sterol ester
groups.

7. CONCLUDING REMARKS

The benefits of using phytosterol-enriched foods with the purpose of helping
hypercholesterolaemic individuals reduce their LDLc blood levels are well supported by the
available literature. A daily intake in the range of 1-3 g plant sterols lowers LDL-c levels by
about 5-15%, in different populations, ages and conditions, but the precise dose-response
relationships for various phytosterol-enriched products have not been established. No
additional effect on cholesterol levels is derived from an intake of phytosterols above the
range of 1-3 g per day. 

However, plant sterols and stanols interfere with the absorption of carotenoids as deduced
from the reduction of carotenoid blood levels. Other fat-soluble vitamins, such as vitamin E
and tocopherols, may also be affected, although to a lesser extent than β-carotene. This
problem, the observed effects and the likely mechanisms implicated, has to be considered for
an appropriate assessment of the risks associated with consumption of phytosterol-enriched
products, particularly in a long-term perspective. The decreases in blood carotenoids appear to
plateau when doses of sterols or stanols reached 2.2 g/day and amounted to a reduction of
33% after one-year consumption of an enriched margarine providing 3 g/day. The
consequences of such a persistent decrease of blood concentrations of β-carotene on human
health are largely unknown. The mechanisms regulating the bioavailability of β-carotene
admit a wide range of variation in the uptake and circulating levels of carotenoids. No serious
concern can be deduced regarding the role of β-carotene as a vitamin A precursor, except in
situations where vitamin A requirements are greater than normal as in pregnancy, lactation or
infancy. No definitive conclusions can be drawn regarding other specific physiological roles
and benefits of β-carotene, because they remain to be definitively established.

It is generally accepted that doses of up to 10 mg/day of β-carotene from carotenoid-rich
fruits and vegetables, which trigger a significant increase of blood concentration of
β-carotene, may confer health benefits. In this context, the Committee recommends the use of
natural sources of β-carotene, i.e. carotenoid-rich vegetables and fruits, to counterbalance the
expected reduction of blood β-carotene and other fat-soluble nutrients levels caused by long-
term consumption of phytosterols in enriched foods. First experimental results indicate that



17

dietary advice in this direction can prove successful in avoiding the decrease of β-carotene
and of other fat-soluble related nutrients. 

The absorption of plant sterols is much lower than that of cholesterol. However, consumption
of phytosterols leads to a small but dose-related increase of their plasma concentrations in
short-term studies. Very high plasma levels of phytosterols in individuals with an autosomal
recessive disease, sitosterolaemia, leads to severe and premature atherosclerosis. While the
studies available provide no evidence of adverse effects associated with a small increase of
plasma phytosterols, more information on possible effects of long-term exposure to higher
intakes of plant sterols is needed. 

The available data do not provide a basis for setting a numerical upper level of total daily
intake of phytosterols. In consideration of the dosages found to be effective for cholesterol-
lowering, without evidence of additional benefits at higher intakes and the possibility that
high intakes might induce undesirable effects, it is prudent to avoid plant sterol intakes
exceeding a range of 1-3 g/day. Since a number of foods appear as potential candidates to be
enriched with plant sterols, additional management measures may be needed to avoid
excessive intakes. 

8. REFERENCES

Amundsen AL, Ose L, Ntanios F (2001). Effect of plant sterol ester-enriched spread on
plasma lipids and safety parameters in children with familial hypercholesterolemia (FH) in
controlled and follow-up groups. Atherosclerosis 2 (Suppl): A111.

Amundsen AL, Ose L, Nenseter MS, Ntanios F (2002). Plant sterol ester-enriched spread
lowers plasma total- and LDL-cholesterol in children with familial hypercholesterolemia. Am
J Clin Nutr 76: 338-344.

ATBC (the Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group) (1994). The
effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in
male smokers. N Engl J Med 330: 1029-1035.

Becker M, Staab D, Von Bergmann K (1993). Treatment of severe familial
hypercholesterolemia in childhood with sitosterol and sitostanol. J Pediatr 122: 292-296.

Blair SN, Capuzzi DM, Gottlieb SO, Nguyen T, Morgan JM, Cater NB (2000). Incremental
reduction of serum total cholesterol and low-density lipoprotein cholesterol with the addition
of plant stanol ester-containing spread to statin therapy. Am J Cardiol 86: 46-52.

Blomhoff R, Green MH, Green JB, Berg T, Norum KR (1991). Vitamin A metabolism: new
perspectives on absorption, transport, and storage. Physiol Rev 71: 951-990.

Davidson MH, Maki KC, Umporowicz DM, Ingram KA, Dicklin MR, Schaefer E, Lane RW,
McNamara JR, Ribaya-Mercado JD, Perrone G, Robins SJ, Franke WC (2001). Safety and
tolerability of esterified phytosterols administered in reduced-fat spread and salad dressing to
healthy adult men and women. J Am Coll Nutr 20: 307-319.



18

European Commission (1997). Regulation (EC) No 258/97 of the European Parliament and of
the Council of the 27 January 1997 concerning novel foods and novel food ingredients.
Official Journal of the European Communities, 14.02.97, L 43/1.

European Commission (2000). Commission Decision 2000/500/EC of 24 July 2000 on
authorising the placing on the market of “yellow fat spreads with added phytosterol esters” as
a novel food or novel food ingredient under Regulation (EC) No 258/97 of the European
Parliament and of the Council. Official Journal of the European Communities, 08.08.2000, L
200/59.

Gurr M (1996). Plant sterols in the diet. Lipid Technology 8: 114-117.

Gylling H and Miettinen TA (1994). Serum cholesterol and cholesterol and lipoprotein
metabolism in hypercholesterolaemic NIDDM patients before and during sitostanol ester-
margarine treatment. Diabetologia 37: 773-780.

Gylling H and Miettinen TA (1999). Cholesterol reduction by different plant stanol mixtures
and with variable fat intake. Metabolism 48: 575-580.

Gylling H, Siimes MA, Miettinen TA (1995). Sitostanol ester margarine in dietary treatment
of children with familial hypercholesterolemia. J Lipid Res 36: 1807-1812.

Gylling H, Puska P, Vartiainen E, Miettinen TA (1999a). Serum sterols during stanol ester
feeding in a mildly hypercholesterolemic population. J Lipid Res 40: 593-600.

Gylling H, Puska P, Vartiainen E, Miettinen TA (1999b). Retinol, vitamin D, carotenes and
alpha-tocopherol in serum of a moderately hypercholesterolemic population consuming
sitostanol ester margarine. Atherosclerosis 145: 279-285.

Hallikainen MA and Uusitupa MI (1999). Effects of 2 low-fat stanol ester-containing
margarines on serum cholesterol concentrations as part of a low-fat diet in
hypercholesterolemic subjects. Am J Clin Nutr 69: 403-410.

Hallikainen MA, Sarkkinen ES, Gylling H, Erkkila AT, Uusitupa MI (2000a). Comparison of
the effects of plant sterol ester and plant stanol ester-enriched margarines in lowering serum
cholesterol concentrations in hypercholesterolaemic subjects on a low-fat diet. Eur J Clin Nutr
54: 715-725.

Hallikainen MA, Sarkkinen ES, Uusitupa MI (2000b). Plant stanol esters affect serum
cholesterol concentrations of hypercholesterolemic men and women in a dose-dependent
manner. J Nutr 130: 767-776.

Heinemann T, Leiss O, von Bergmann K (1986). Effect of low-dose sitostanol on serum
cholesterol in patients with hypercholesterolemia. Atherosclerosis 61: 219-223.
Heinemann T, Axtmann G, von Bergmann K (1993). Comparison of intestinal absorption of
cholesterol with different plant sterols in man. Eur J Clin Invest 23: 827-831.

Hendriks HF, Weststrate JA, van Vliet T, Meijer GW (1999). Spreads enriched with three
different levels of vegetable oil sterols and the degree of cholesterol lowering in
normocholesterolaemic and mildly hypercholesterolaemic subjects. Eur J Clin Nutr 53: 319-
27.



19

Hendriks HF, Ntanios F, Brink EJ, Princen HM, Buytenket DR, Meijer GW (2001). One-year
follow-up study on the use of a low fat spread enriched with plant sterol-esters. Ann Nutr
Metab 45 (Suppl 1): A100.

Hermann-Kunz E and Thamm M (1999). Dietary recommendations and prevailing food and
nutrient intakes in Germany. Br J Nutr 81 (Suppl 2): S61-69.

Ikeda I and Sugano M (1983). Some aspects of mechanism of inhibition of cholesterol
absorption by beta-sitosterol. Biochim Biophys Acta 732: 651-658.

Ikeda I, Tanabe Y, Sugano M (1989). Effects of sitosterol and sitostanol on micellar solubility
of cholesterol. J Nutr Sci Vitaminol (Tokyo) 35: 361-369.

Jones PJ, MacDougall DE, Ntanios F, Vanstone CA (1997). Dietary phytosterols as
cholesterol-lowering agents in humans. Can J Physiol Pharmacol 75: 217-227.

Jones PJ, Raeini-Sarjaz M, Ntanios FY, Vanstone CA, Feng JY, Parsons WE (2000).
Modulation of plasma lipid levels and cholesterol kinetics by phytosterol versus phytostanol
esters. J Lipid Res 41: 697-705.

Law M (2000). Plant sterol and stanol margarines and health. BMJ 320: 861-864.

Law MR, Wald NJ, Thompson SG (1994). By how much and how quickly does reduction in
serum cholesterol concentration lower risk of ischaemic heart disease? BMJ 308: 367-372.

Lee MH, Lu K, Hazard S, Yu H, Shulenin S, Hidaka H, Kojima H, Allikmets R, Sakuma N,
Pegoraro R, Srivastava AK, Salen G, Dean M, Patel SB (2001a). Identification of a gene,
ABCG5, important in the regulation of dietary cholesterol absorption. Nat Genet 27: 79-83.

Lee MH, Lu K, Patel SB (2001b). Genetic basis of sitosterolemia. Curr Opin Lipidol 12: 141-
149.

Lees AM, Mok HY, Lees RS, McCluskey MA, Grundy SM (1977). Plant sterols as
cholesterol-lowering agents: clinical trials in patients with hypercholesterolemia and studies
of sterol balance. Atherosclerosis 28: 325-338.

Ling WH and Jones PJ (1995). Dietary phytosterols: a review of metabolism, benefits and
side effects. Life Sci 57: 195-206.

Lu K, Lee MH, Yu H, Zhou Y, Sandell SA, Salen G, Patel SB (2002). Molecular cloning,
genomic organization, genetic variations, and characterization of murine sterolin genes Abcg5
and Abcg8. J Lipid Res 43: 565-578.

Lutjohann D, Bjorkhem I, Beil UF, von Bergmann K (1995). Sterol absorption and sterol
balance in phytosterolemia evaluated by deuterium-labeled sterols: effect of sitostanol
treatment. J Lipid Res 36: 1763-1773.

MacLatchy DL and van der Kraak GJ (1995). The phytoestrogen beta-sitosterol alters the
reproductive endocrine status of goldfish. Toxicol Appl Pharmacol 134: 305-312.



20

Maki KC, Davidson MH, Umporowicz DM, Schaefer EJ, Dicklin MR, Ingram KA, Chen S,
McNamara JR, Gebhart BW, Ribaya-Mercado JD, Perrone G, Robins SJ, Franke WC (2001).
Lipid responses to plant-sterol-enriched reduced-fat spreads incorporated into a National
Cholesterol Education Program Step I diet. Am J Clin Nutr 74: 33-43.

Mattson FH, Grundy SM, Crouse JR (1982). Optimizing the effect of plant sterols on
cholesterol absorption in man. Am J Clin Nutr 35: 697-700.

Mellanen P, Petanen T, Lehtimaki J, Makela S, Bylund G, Holmbom B, Mannila E, Oikari A,
Santti R (1996). Wood-derived estrogens: studies in vitro with breast cancer cell lines and in
vivo in trout. Toxicol Appl Pharmacol 136: 381-388.

Mensink RP, Ebbing S, Lindhout M, Plat J, van Heugten M (2002). Effects of plant stanol
esters supplied in low-fat yoghurt on serum lipids and lipoproteins, non-cholesterol sterols
and fat-soluble antioxidant concentrations. Atherosclerosis 160: 205-213.

Miettinen TA, Puska P, Gylling H, Vanhanen H, Vartiainen E (1995). Reduction of serum
cholesterol with sitostanol-ester margarine in a mildly hypercholesterolemic population. N
Engl J Med 333: 1308-1312.

Mussner MJ, Parhofer KG, Von Bergmann K, Schwandt P, Broedl U, Otto C (2002). Effects
of phytosterol ester-enriched margarine on plasma lipoproteins in mild to moderate
hypercholesterolemia are related to basal cholesterol and fat intake. Metabolism 51: 189-194.

Neil HA, Meijer GW, Roe LS (2001). Randomised controlled trial of use by
hypercholesterolaemic patients of a vegetable oil sterol-enriched fat spread. Atherosclerosis
156: 329-337.

Neuhouser ML, Rock CL, Eldridge AL, Kristal AR, Patterson RE, Cooper DA, Neumark-
Sztainer D, Cheskin LJ, Thornquist MD (2001). Serum concentrations of retinol, alpha-
tocopherol and the carotenoids are influenced by diet, race and obesity in a sample of healthy
adolescents. J Nutr 131: 2184-2191.

Nieminen P, Mustonen AM, Lindstrom-Seppa P, Asikainen J, Mussalo-Rauhamaa H,
Kukkonen JV (2002). Phytosterols act as endocrine and metabolic disruptors in the European
polecat (Mustela putorius). Toxicol Appl Pharmacol 178: 22-28.

Nigon F, Serfaty-Lacrosniere C, Beucler I, Chauvois D, Neveu C, Giral P, Chapman MJ,
Bruckert E (2001). Plant sterol-enriched margarine lowers plasma LDL in hyperlipidemic
subjects with low cholesterol intake: effect of fibrate treatment. Clin Chem Lab Med 39: 634-
640. 

Noakes M, Clifton P, Ntanios F, Shrapnel W, Record I, McInerney J (2002). An increase in
dietary carotenoids when consuming plant sterols or stanols is effective in maintaining plasma
carotenoid concentrations. Am J Clin Nutr 75: 79-86.

Normen L, Dutta P, Lia A, Andersson H (2000). Soy sterol esters and beta-sitostanol ester as
inhibitors of cholesterol absorption in human small bowel. Am J Clin Nutr 71: 908-913.

Ntanios FY (2001). Plant sterol-ester-enriched spreads as an example of a new functional
food. Eur J Lipid Science & Technology 103: 102-106.



21

Ntanios FY and Jones PJ (1998). Effects of variable dietary sitostanol concentrations on
plasma lipid profile and phytosterol metabolism in hamsters. Biochim Biophys Acta 1390:
237-244.

O’Neill ME and Thurnham DI (1998). Intestinal absorption of beta-carotene, lycopene and
lutein in men and women following a standard meal: response curves in the triacylglycerol-
rich lipoprotein fraction. Br J Nutr 79: 149-159.

Olson JA (1987a). Recommended dietary intakes (RDI) of vitamin A in humans. Am J Clin
Nutr 45: 704-716.

Olson JA (1987b). Recommended dietary intakes (RDI) of vitamin K in humans. Am J Clin
Nutr 45: 687-692.

Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, Glass A, Keogh JP,
Meyskens FL, Valanis B, Williams JH, Barnhart S, Hammar S (1996). Effects of a
combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. N
Engl J Med 334: 1150-1155.

Ostlund RE Jr., Racette SB, Okeke A, Stenson WF (2002a). Phytosterols that are naturally
present in commercial corn oil significantly reduce cholesterol absorption in humans. Am J
Clin Nutr 75: 1000-1004.

Ostlund RE Jr., McGill JB, Zeng CM, Covey DF, Stearns J, Stenson WF, Spilburg CA
(2002b). Gastrointestinal absorption and plasma kinetics of soy Delta(5)-phytosterols and
phytostanols in humans. Am J Physiol Endocrinol Metab 282: E911-916.

Plat J (2001). Plant stanol esters: Effects on cardiovascular risk markers and colesterol
metabolism. PhD thesis, Datawyse, Maastrich.

Plat J and Mensink RP (2002). Increased intestinal ABCA1 expression contributes to the
decrease in cholesterol absorption after plant stanol consumption. Faseb J 16: 1248-1253.

Plat J, Kerckhoffs DA, Mensink RP (2000). Therapeutic potential of plant sterols and stanols.
Curr Opin Lipidol 11: 571-576.

Pollak O (1953). Reduction of blood cholesterol in man. Circulation 7: 702-706.

Probstfield JL, Lin TL, Peters J, Hunninghake DB (1985). Carotenoids and vitamin A: the
effect of hypocholesterolemic agents on serum levels. Metabolism 34: 88-91.

Raeini-Sarjaz M, Ntanios FY, Vanstone CA, Jones PJ (2002). No changes in serum fat-
soluble vitamin and carotenoid concentrations with the intake of plant sterol/stanol esters in
the context of a controlled diet. Metabolism 51: 652-656.

Raulio S, Nurttila A, Mannonen L (2001). Adding phytosterols and stanols to food: modelling
the amount received by Finnish adults. National Food Agengy of Finland. Helsinki.



22

Relas H, Gylling H, Miettinen TA (2001). Acute effect of dietary stanyl ester dose on post-
absorptive alpha-tocopherol, beta-carotene, retinol and retinyl palmitate concentrations. Br J
Nutr 85: 141-147.

Rock CL and Swendseid ME (1992). Plasma beta-carotene response in humans after meals
supplemented with dietary pectin. Am J Clin Nutr 55: 96-99.

Sanders DJ, Minter HJ, Howes D, Hepburn PA (2000). The safety evaluation of phytosterol
esters. Part 6. The comparative absorption and tissue distribution of phytosterols in the rat.
Food Chem Toxicol 38: 485-491.

SCF (Scientific Committee on Food) (2000a). Opinion on a request for the safety assessment
of the use of phytosterol esters in yellow fat spreads. Opinion adopted by the Scientific
Committee on Food on 6 April 2000, available online at:
http://europa.eu.int/comm/food/fs/sc/scf/out56_en.pdf 

SCF (scientific Committee on Food) (2000b). Opinion on the safety of use of beta carotene
from all dietary sources. Opinion adopted by the Scientific Committee on Food on 7
September 2000, available online at: http://europa.eu.int/comm/food/fs/sc/scf/out71_en.pdf

SCF (Scientific Committee on Food) (2000c). Opinion on the tolerable upper intake level of
beta carotene. Opinion adopted by the Scientific Committee on Food on 19 October 2000,
available online at: http://europa.eu.int/comm/food/fs/sc/scf/out80b_en.pdf 
 
SCF (Scientific Committee on Food) (2002). Opinion on a report on Post Launch Monitoring
of “yellow fat spreads with added phytosterol esters”. Opinion adopted by the Scientific
Committee on Food on 26 September 2002. Available online at:
http://europa.eu.int/comm/food/fs/sc/scf/outcome_en.html 

Serra-Majem L, Ribas L, Ramon JM (1999). Compliance with dietary guidelines in the
Spanish population. Results from the Catalan Nutrition Survey. Br J Nutr 81 (Suppl 2): S105-
112.

Slesinski RS, Turnbull D, Frankos VH, Wolterbeek AP, Waalkens-Berendsen DH (1999).
Developmental toxicity study of vegetable oil-derived stanol fatty acid esters. Regul Toxicol
Pharmacol 29: 227-233.

Stalenhoef AF, Hectors M, Demacker PN (2001). Effect of plant sterol-enriched margarine on
plasma lipids and sterols in subjects heterozygous for phytosterolaemia. J Intern Med 249:
163-6.

Tammi A, Ronnemaa T, Gylling H, Rask-Nissila L, Viikari J, Tuominen J, Pulkki K, Simell
O (2000). Plant stanol ester margarine lowers serum total and low-density lipoprotein
cholesterol concentrations of healthy children: the STRIP project. Special Turku Coronary
Risk Factors Intervention Project. J Pediatr 136: 503-510.

Trautwein EA, Schulz C, Rieckhoff D, Kunath-Rau A, Erbersdobler HF, de Groot WA,
Meijer GW (2002). Effect of esterified 4-desmethylsterols and -stanols or 4,4'-dimethylsterols
on cholesterol and bile acid metabolism in hamsters. Br J Nutr 87: 227-237.

http://europa.eu.int/comm/food/fs/sc/scf/out56_en.pdf
http://europa.eu.int/comm/food/fs/sc/scf/out71_en.pdf
http://europa.eu.int/comm/food/fs/sc/scf/out80b_en.pdf
http://europa.eu.int/comm/food/fs/sc/scf/outcome_en.html


23

Turnbull D, Whittaker MH, Frankos VH, Jonker D (1999a). 13-week oral toxicity study with
stanol esters in rats. Regul Toxicol Pharmacol 29: 216-226.

Turnbull D, Frankos VH, van Delft JH, DeVogel N (1999b). Genotoxicity evaluation of
wood-derived and vegetable oil-derived stanol esters. Regul Toxicol Pharmacol 29: 205-210.

Turnbull D, Frankos VH, Leeman WR, Jonker D (1999c). Short-term tests of estrogenic
potential of plant stanols and plant stanol esters. Regul Toxicol Pharmacol 29: 211-215.

Unilever (2002a). Specification of phytosterol-esters. Unpublished report supplied by
Unilever.

Unilever (2002b). Post launch monitoring of “yellow fat spreads with added phytosterol
esters”. Document reference: D01-019 from Unilever, UK.

Weststrate JA and Meijer GW (1998). Plant sterol-enriched margarines and reduction of
plasma total- and LDL-cholesterol concentrations in normocholesterolaemic and mildly
hypercholesterolaemic subjects. Eur J Clin Nutr 52: 334-343.

Whittaker MH, Frankos VH, Wolterbeek AP, Waalkens-Berendsen DH (1999). Two-
generation reproductive toxicity study of plant stanol esters in rats. Regul Toxicol Pharmacol
29: 196-204.

WHO (World Health Organisation) (1998). Carotenoids. IARC Handbook of Cancer
Prevention.

Woutersen RA, Wolterbeek AP, Appel MJ, van den Berg H, Goldbohm RA, Feron VJ (1999).
Safety evaluation of synthetic beta-carotene. Crit Rev Toxicol 29: 515-542.

Yoshida H, Ishikawa T, Ayaori M, Shige H, Hosoai H, Nishio E, Tomiyasu K, Yamashita T,
Suzukawa M, Nishiwaki M, et al. (1995). Effect of low-dose simvastatin on cholesterol
levels, oxidative susceptibility, and antioxidant levels of low-density lipoproteins in patients
with hypercholesterolemia: a pilot study. Clin Ther 17: 379-389.


