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Summary
Consumption of functional foods enriched with plant sterols may provide a risk
reduction for coronary heart disease. Sterols are structurally related to cholesterol and
are found in oil seeds, vegetables, coniferous trees, and other plants. They represent one
of the most thoroughly researched phytochemicals that provide both complementary and
alternative treatment to reliably lower total- and LDL-cholesterols, thus providing value
for safeguarding cardiovascular heart health. Based on findings derived from numerous
clinical studies, the US National Cholesterol Education Program has advocated plant
sterol's consumption in the range of 2g/day as part of the recommended life style
changes considered important to reduce the risk of heart disease. Clinical studies
conducted using plant sterols, have reported a reduction in LDL-cholesterol in the range
of 10-15% when daily doses of 1-3 g of stanols or sterols are used. Other studies have
characterized the stability of plant sterols and confirmed the safety of consuming
established dosages of sterols that are required for efficacy.
Moreover, there is current research to also show that plant sterols are effective
regardless of whether they are consumed as free or esterified formats. Plant sterolcontaining foods, such as vegetable fat spreads, juices, dairy and cereal products have
regulatory approval for use in the US, Europe, Australia, Japan and other Asian
countries as well as Canada. Most of the regulatory jurisdictions recommend a daily
consumption of 2g of sterols and allow for specific health claims on food product labels.
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1. Introduction
Coronary Heart Disease (CHD) is leading cause of death in the World today. It has been
estimated that about 20 million people worldwide will die from cardiovascular disease
by 2015. There are many known risk factors associated with CHD, including genetics,
obesity, diabetes, sedentary life style, high blood pressure and elevated blood
cholesterol. A diet rich in fat and/or cholesterol can initiate the onset of the disease; the
result being that high blood cholesterol is a recognized major risk factor for CHD for
more than 40 years. Serum cholesterol has a major detrimental role in the formation of
endothelial atherosclerotic plagues and numerous epidemiological studies have shown
that lowering both total-cholesterol and low-density lipoprotein (LDL) cholesterol will
reduce the risk of CHD. According to the West of Scotland Coronary Prevention Study,
lowering LDL cholesterol by approximately 10 to 19% resulted in a reduced risk of
CHD by about 41%. A 10% decrease of blood cholesterol in mildlyhypercholesterolemic subjects (e.g. ranging from 5.3 mmol/L to 6.0 mmol/L) may also
prevent an estimated 100,000 deaths annually.
Cholesterol-lowering drugs, such as statins, known to be effective inhibitors of HMGCoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase, a rate limiting enzyme for
cholesterol synthesis and thus synthesis of biliary cholesterol, will control for high
blood cholesterol in hypercholesterolemic patients. Some patients however, fail to
respond to the statin treatment and moreover, some indeed exhibit a variety of adverse
side effects. While statin drugs help to protect against high blood cholesterol levels,
there is a significant portion of the population that requires non-pharmaceutical
intervention to assist them with the prevention of elevated blood cholesterol levels.
One of the most effective means in controlling for high circulating cholesterol levels is
through the use of dietary components, such as plant sterols. This group of
nutraceuticals has been studied for the last 60 years and during the last decade in
particular, recognized as an effective adjunctive lipid-lowering agent. With nearly 100
million Americans and another 100 million Europeans experiencing elevated blood
cholesterol concentrations, plant sterol containing functional foods offer feasible,
alternative, preventive solutions to effectively manage hypercholesterolemia, without
posing significant adverse side effects.
Plant sterols are complex lipid-like compounds that are related both structurally and
biosynthetically to animal cholesterol, but found in vegetable oil, seeds, nuts and
coniferous trees where they have essential roles in stabilizing cell membranes and other
diverse cellular functions. An important feature of plant sterols as they relate to human
health is the affinity to actively reduce cholesterol absorption in the intestine, which in
turn will result in lowering total serum cholesterol and LDL-cholesterol levels. The
affinity of plant sterols to this end is governed by a competition between plant sterols
and cholesterol for the inclusion into a mixed micelle; the affinity to compete with
dietary cholesterol is based on the similarities in chemical structure that exists between
both sterol compounds. The hypocholesterolemic character of plant sterols is a key
element of numerous functional foods and nutraceuticals that are available today on the
global market.
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2. Chemistry, Properties and Source of Sterols
Whereas cholesterol intake is derived mainly from animal food products, such as dairy,
eggs and red meat sources, including seafood, plant sterols are derived from plants and
consumed from a variety of primary sources, such as oils, seeds, as well as products that
are fortified with plant sterols mixtures, namely spreads and milk. They are a major
constituent of the nonsaponifiable matter of oils with principle plant sterols being both
28- and 29- carbon steroid alcohols; campesterol (C28H46O; m.p. 158oC), β-sitosterol
(C29H50O; m.p. 140oC) and stigmasterol (C29H48O; m.p. 170oC). Brassicasterol, the Δ5
and Δ7 – avenasterols and Δ7 – stigmasterol are also present in lesser quantities
depending on the plant source. Plant stanols are also less abundant type of sterols that
are present in oil seeds and coniferous trees. Therefore commercial plant stanols used
for enrichment of foods are prepared by hydrogenation of plant sterols. Cholesterol and
plant sterols have similar chemical structures, both chemically characterized as being
steroids with 4 ring structures and which contain a hydroxyl group on carbon 3 of the Aring (Figure 1). Plant sterol structure, specifically, is based on a tetracyclic
cyclopenta[a]phenanthrene structure that contains a side chain on carbon 17, and two
methyl groups on carbons C-10 and C-13, respectively, and along with the hydroxyl
group located on C-3 (thus defined is 5α-cholestan-3β-ol). Plant stanols on the other
hand are saturated counterparts of sterols, without double bonds at the C-5 position.
Plant sterols, like cholesterol, are vulnerable to oxidation reactions, largely due to the
presence of unsaturated bonds located at C-5 and C-6 within the steroid nucleus.
However, relatively greater resistance to oxidation potential exists for plant sterols as
compared to cholesterol due to subtle differences associated with the C-24 side chain.
Whereas oxidation of cholesterol occurs both with endogenous enzymatic reactions as
well as from external oxidation, the latter attributed to heat and light, plant sterols
principally undergo oxidation catalyzed by heat. The unique differences in sterol
structure explains the distinct patterns of a number of oxidation products that arise
between animal and plant sterol sources exposed to oxidative and thermolytic reactions
(Table 1).
The most important major plant sterols consumed in the diet are β-sitosterol,
campesterol, and stigmasterol. These plant sterols are often present in an esterified form
that is derivatized to C12 - C18 fatty acids. Unrefined vegetable oils, such as rice bran,
corn, sesame, soybean and olive contain 100 - 500 mg of plant sterols per 100 g of
vegetable oil (Moreau et al., 2002). Certain vegetable oils that are rich sources of
sterols, like rice bran, wheat germ, and oats may contain up to 4% sterols. Other foods
such as nuts, cereals, beans, fruits and vegetable contain a significantly lesser amount of
plant sterols, but they also represent a significant dietary source of sterols because of the
higher consumption by consumers.
Recent estimates of dietary intakes of plant sterols range from 150-463 mg/day from
UK and Germany and 320 mg/day from Spain. The average daily consumption of plant
sterols in the Western diet approaches 250 mg, almost equivalent to that of cholesterol,
which is 300 mg/day. In contrast, vegetarian and Japanese diets produce a daily
consumption of sterols that reach as high as 450 mg/day. Some reduced fat and low fat
spreads currently available in the market place may also contain natural plant sterol
levels at trace amounts of 0.3% to 0.4%. Collectively these levels of dietary intake from
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natural sources represent insufficient amounts to establish meaningful reductions in
serum cholesterol. An excellent review of the plant sterol occurrence, nomenclature,
chemical structure and detection methods was published by Moreau et al. (2002).

Figure 1. Structures of cholesterol (A) and plant sterols: sitosterol (B), campesterol (C)
and stigmasterol (D).
Cholesterol derived: (COPs)

Plant sterol derived (POPs)

7α-hydroxyl cholesterol

7β-hydroxysitosterol

7β-hydroxyl cholesterol

7α-hydroxysitosterol

7-keto cholesterol

7-ketositosterol

5α, 6α-epoxycholesterol

5.6α,β-epoxysitosterol

5β, 6β-epoxycholesterol

25-hydroxysitostanol

3β, 5α, 6β-cholestanetriol

25-hydroxycampesterol

3β, 5α, 6β-cholestanetriol

6-β hydroxycampesterol

24-hydroxy cholesterol

6-β hydroxysitosterol

1

Yuan et al., 1998: Dzeletovic et al., 1995; Grandigirard et al, 2004; Soupas et al. 2005;
Menendez-Carreno et al., 2008.
Table 1. Known oxidation products derived from animal and plant sterols.1
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2.1. Solubility
The lipophilic nature of plant sterols implies that they are insoluble in aqueous
solutions; however, solubility characteristics of sterols in fat vary depending on many
factors, such as the source of the sterol mixture, the type of fat or oil used for its
dispersion, and furthermore, the temperature that is used to solubilize the sterol mixture.
In general, sterols and mixtures of sterols with stanols have higher solubility in oil
compared to stanols alone. This was shown with wood sterol/stanols mixtures, which in
one study had relatively greater solubility than sterol mixtures derived from soya. Plant
sterol solubility is also decreased two-fold in formulations where water is the
continuous phase. Low solubility of sterols in oil/water emulsions has been attributed to
the formation of monohydrate molecules. Limited solubility (e.g. 2-6%) of sterols in
vegetable oil will also occur at low temperatures below 30oC. However, raising
temperatures to a 50-80oC range will improve the solubility by 4 to 5 fold; albeit,
recrystallization of the sterol mixture usually occurs when the heated mixture is cooled.
The melting point of sterols, which ranges between 138–145◦C, will also affect
solubility character. Esterifying sterol/stanol mixtures with mid-chain C8-C12 carbon
fatty acids lowers the melting point by nearly 40oC. Similar results have been reported
with esterifying β-sitosterol, using C6-C14 fatty acids that lowered melting points
within a range of 74-87oC. This characteristic follows the inverse relationship known to
hold true between log solubility of many aromatic compounds and the melting point.
Thus esterification of plant sterols with long-chain polyunsaturated fatty acids will
increase solubility by tenfold in fats, thus enabling better use of plant sterols in
vegetable fat spreads. Both the hydrocarbon chain length and the degree of unsaturation
of the fatty acid used to esterify sterols will influence the relative improvement of sterol
solubility within the lipid phase.
2.2. Oxidation Reactions
Cholesterol can be oxidized to a number of products (COPs), both by endogenous P450
enzymes as well as by non-enzymatic, external reactions that involve exposure to heat,
air or ultra-violet light that will induce photoxidation. In the case of plant sterols, nonenzymatic, thermolytic reactions result in a large number of potential oxidation products
(Figure 2a, b). One interesting exception is the finding that POPs are derived from some
cosmetic products applied to the skin and reacted by UV radiation. Plant sterols are
however, relatively resistant to thermal processing, compared to cholesterol; albeit,
there are some factors that predispose them to specific rates of oxidation and subsequent
degradation. These factors include the specific sources of plant sterols, conditions of
heat treatment, such as temperature and time interactions, and also specific difference in
chemical make up of the oil matrices to which they are heated in. For example, 47, 41
and 40 ppm of POPs were detected in heat processed refined oils such as high-oleic
sunflower, palm-rapeseed oil blend and sunflower oil, respectively; and in part reflected
the fatty acid composition of the different oils, notwithstanding also the presence of
natural antioxidants. As is the case with the oxidation of cholesterol, plant sterol
oxidation results in a similar pattern of ketones, alcohols, epoxides, dienes and trienes
composed products that characterize both the initiation and propagation phase of the
oxidation reaction (Figure 2a, b). In general, sterol oxides generated from plant sterols
resemble those of cholesterol oxides; this being largely attributed to the commonality in
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various reaction products that occur between the two sterol sources once exposed to
oxygen or thermal oxidation conditions (Figure 2a). Subsequent autoxidation reactions
occur with primary oxidation products, or hydroperoxides (Figure 2b). Reactions
between sterols and oxygen to produce peroxyl radicals lead to a large number of
oxidation products, most notably hydroperoxide derivatives, which are typical of the
initiation of plant sterol oxidation. The generation of these products contributes to
further autoxi autoxidation of sterols at rates that are relatively less, compared to fatty
acid oxidation. Notwithstanding this, however, is the accumulation of greater quantities
of primary oxidation products that eventually lead to the generation of secondary
oxidation products. The rate of sterol peroxide formation and subsequent accumulation
are factors that influence the overall rate of sterol autoxi autoxidation during the initial
stages of the oxidation reaction. These reactions also collectively explain the contrasting
rates of sterol oxidation when in the presence of fatty acids that vary in unsaturation
index.
Oxidation of sterols is initiated by oxygen species attacking the plant sterol, resulting in
numerous primary and secondary oxidation products that are similar to cholesterol.
Plant sterol oxidation produces a number of reaction products identified in Table 1 and
possible schemes presented in Figure 2a and 2b. POPs, namely 7β-hydroxy, 7α-hydroxy
and 7-keto, epoxy, and triol derivatives are generated from β-sitosterol and campesterol,
in variable quantities in different oil blends heated at very high temperatures of 250oC.
Generation of 7-keto-β-sitosterol, a non-toxic sterol derived from β-sitosterol oxidation
and first reported is regarded as a chemical marker for early phytosterol oxidation.
Subsequently, 7-keto derivatives, typically generated from β-sitosterol and campesterol
and stigmasterol are commonly recovered and identified from individual elution
patterns of reference standards and mass spectrometric information for characterizing
sterol oxidation in different foods. Six major oxidation products including, 7α-hydroxy,
7β-hydroxy, 5α,6α-epoxy, 5β,6β-epoxy, 7-keto and 25-hydroxy were detected for βsitosterol, stigmasterol and campesterol at varying concentrations in rapeseed oil within
the first hour of high temperature (e.g. 180oC) processing. Subtle differences in
chemical structure of plant sterols can also influence thermal stability characteristics.
For example, β-sitostanol is more resistant to high temperature processing (e.g. 180oC)
than ergosterol, when heated in rapeseed oil for 24 hr. Similarly, lower losses of βsitostanol, compared to campesterol, stigmasterol, and sitosterol, respectively, have
been reported with deep-fat frying using corn oil. Esterification of sterols with specific
fatty acids for the purpose of enhancing solubility can also influence phytosterol
oxidation rates. Sterols naturally present and not esterified, had actually lower oxidation
rates at 100oC compared to those that were esterified and used for food fortification
purposes. There is no appreciable difference in the susceptibility to thermal oxidation
between esterified or natural sterols/stanols at higher temperatures (e.g. 180oC),
however.
There are numerous studies that have shown that storage duration of foods, rich in
animal sterols will influence the generation of COPs; however, storage conditions do
not have the same impact to generate POP formation. Heat treatment of animal sterols
under similar conditions also produces relatively higher concentrations of COPs
compared to POPs. For example, POPs identified from heating β-sitosterol for 1 hour at
150oC could not be detected when the same mixture was heated at lower temperatures
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of 120oC and 100oC, respectively. Heating plant sterol mixtures at much higher
temperatures of 180oC in the presence of oxygen also resulted in loss of detectable
POPs; a finding which was related to the degradation of oxidized products.

Figure 2. a) Summary of oxidation reactions characterizing the products of β-sitosterol
specific to A and B rings. (1)- β-sitosterol, (2,9)-7 peroxyl; 3 peroxyl radicals, (3)sitosterol hydroperoxide, (4)-sitosterol 7β hydroxide,(5)- 7-keto-3β-sitosterol, (6)-7keto-sitosta 3,5,diene, (7)-3,5-sitostadiene, (8)-di-β-sitosteryl ether, (10,11)-3-ketositosta 3,5, diene isomers, (12)-3-keto-hydroperoxide derivative, (13)-3 keto, hydroxyl
derivative, (14)-3,6, keto derivative. b) Autooxidation scheme for β-sitosterol oxidation.
(1)- β-sitosterol, (3)-sitosterol hydroperoxide, (4)- 7α hydroxyl sitosterol, (15)- 5α,6α
epoxide,(16)- sitostan-3β,5α,6β triol (17) peroxyl radical (18)- 6 keto, 3β ,5α, sitosterol
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A similar finding has been reported for POPs degradation in sterol enriched milk, where
main factors such as level of heat treatment and time were shown to be relevant in
reducing POPs that were microwaved for two minutes, compared to 1.5 minutes.
Finally, higher concentrations of POPs in crude compared to heat processed, refined oils
have been reported, thus supporting the theory that oxidation products derived from
plant sterols are heat liable and will degrade at high temperatures.
The chemical composition of the food matrix which contains plant sterols is another
important factor in the generation of POPs. It has been observed that a mixture of βsitosterol, stigmasterol and campesterol was effective at inhibiting methyl linoleate
oxidation during a heating process. Wood sterols in free form were more effective at
protecting against thermal oxidation of canola oil when compared to sterol esters. For
example, heat processing a mixture of 5% wood sterols in different oils at 180oC for 6
hours produced losses in sterol concentrations that ranged between 5 to 20%; a finding
that was also dependent on the source of the vegetable oil used in the thermal process
and the susceptibility to degradation. Moreover, reduced polymerization of oxidized
oils, attributed mostly to thermal degradation of oils, arising from heat induced
oxidation during frying, has also been reported for non-esterified phytosterol mixtures.
Many workers have postulated that the relative thermal instability observed for plant
sterols is dependent on the interaction between temperature of thermal processing and
the degree of unsaturation of the cooking oil. For example, losses of sterols in sterol
enriched rapeseed oil have been reported to be relatively higher in hydrogenated oil
compared to regular deodorized oil. POPs generated in palm-rapeseed oil blends far
exceeded those generated using high-oleic acid sunflower oil when heated at 250oC for
15 min. Furthermore, the presence of sterols in olive oil inhibited thermal oxidation of
the oil when heated at 180oC. Thus, sterols are more susceptible to thermal oxidation
when the lipid matrix is predominately saturated (Lampi et al., 2002). The specific
temperature of heating however is important in recognizing the relative importance of
lipid matrix composition on sterol oxidation rates. Comparatively lower heating
temperatures below 120oC result in higher POPs when the food matrix is predominantly
unsaturated lipid. In contrast POPs are generated more so when the matrix is saturated
fat when exposed to higher temperatures (e.g. >150oC) (Soupas et al., 2004). This
observation suggests that sterol oxidation rates, arising from exposure to high
temperature processing are influenced by the presence of unsaturated fatty acids, which
are more prone to oxidation. As a result, fatty acid(s) present in the matrix are
preferentially oxidized when in combination and thereby provide some degree of
protection to the plant sterols (Soupas et al., 2005). The extent of sterol oxidation is also
greater when present in emulsions, compared to bulk oils, due to the surface activity of
the sterol/stanol, which in turn enhances the probability of chemical interactions
associated with prooxidant reactions. The localization of sterols into the lipid phase of
an oil-to-water emulsion increases the susceptibility to oxidize. Taken together, these
results indicate that the induction of free lipid radicals when accelerated by thermal
oxidation will indeed react preferentially with plant sterols at allylic carbon atom sites,
thus forming stable isomers that in turn retard further oxidation of fatty acids, by
interrupting the process of autoxidation. A scheme for this is shown in Figure 2a. This
mechanism is supported by data that showed avenasterol, but not β-sitosterol, was
affective at preventing deterioration of soybean oil at 180oC. β-sitosterol lacks a double
bond on its side chain, thus providing a lesser capacity to sequester lipid radicals. This

©Encyclopedia of Life Support Systems (EOLSS)

NUTRACEUTICALS AND FUNDAMENTAL FOODS - Heart Health Benefits And Regulatory Status of Plant Sterols - Jerzy
Zawistowski and David D. Kitts

L

-

TO ACCESS ALL THE 25 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sampleAllChapter.aspx

Bibliography
Baker W.L., Baker E.L., Coleman C. I. (2009). The effect of plant sterols and stanols on lipid parameters
in patients with type 2 diabetes: A meta-analysis. Diab. Clin. Pract. 84, e33-e37 [This meta-analysis
describes the effect of plant sterols/stanols on lowering total and LDL cholesterol in type 2 diabetic
subjects.]
Calpe-Berdiel L., Escola-Gil J.C., Blanco-Vaca F. (2006). Phytosterol-mediated inhibition of intestinal
cholesterol absorption is independent of ATP-binding cassette transporter A1, Brit. J. Nutr. 95, 618-622
[This paper discusses the present findings regarding the sterol mechanism of the reduction in cholesterol
absorption.]
de Jong N., Zuur A., Wolfs M.C.J., Wendel-Vos G.C.W., van Raaij J.M.A., Schuit A.J. (2007). Exposure
and effectiveness of phytosterol/-stanol- enriched margarines. Eur. J. Clin. Nutr. 61, 1407-1415 [This
paper describes the post-launch monitoring study conducted on a large population of subjects consuming
sterol/stanols containing margarine over the five-year period.]
de Jong A., Plat J., Lutjohann D., Mensink R.P. (2008). Effects of long-term plant sterol or stanol ester
consumption on lipid and lipoprotein metabolism in subjects on statin treatment. Brit. J. Nutr. 100, 937941 [This paper describes a long term effect (85 weeks) of consumption of sterol/stanols esters on the
serum lipoprotein profile among statin users.]
Demonty I., Ras R.T., van der Knaap H.C.M., Duchateau G.S.M.J.E., Meijer L., Zock P.L., Geleijnse
J.M., Trautwein E.A. (2009). Continuous dose-response relationship of the LDL-cholesterol–lowering
effect of phytosterol intake. J. Nutr. 139, 271–284 [This review provides a systematic meta-analysis of
184 randomized controlled clinical trials conducted on adult subjects who were consuming various doses
of plant sterols.]
Demonty I., Ras R.T., Trautwein E.A. (2011). Comment on: ‘‘A comparison of the LDL-cholesterol
lowering efficacy of plant stanols and plant sterols over a continuous dose range: Results of a metaanalysis of randomized, placebo controlled trials’’ by Musa-Veloso K et al., Prostagl. Leucot. Essential
Fatty Acids 2011, 85, 9–28. Prostaglandins, Leukotrienes and Essential Fatty Acids 85, 7–8 [Letter to
editors]
Demonty I., Ras R.T., van der Knaap H.C.M., Meijer L., Zock P.L., Geleijnse J.M., Trautwein E.A.
(2012). The effect of plant sterols on serum triglyceride concentrations is dependent on baseline
concentrations: a pooled analysis of 12 randomised controlled trials. Eur. J. Nutr. DOI 10.1007/s00394011-0297 [This papers describes a modest lowering effect of serum triglycerides upon consumption of
plant sterols]
©Encyclopedia of Life Support Systems (EOLSS)

NUTRACEUTICALS AND FUNDAMENTAL FOODS - Heart Health Benefits And Regulatory Status of Plant Sterols - Jerzy
Zawistowski and David D. Kitts

Devaraj S., Autret B.C., Jialal I. (2006). Reduced-calorie orange juice beverage with plant sterols lowers
C-reactive protein concentrations and improves the lipid profile in human volunteers. Am. J. Clin. Nutr.
84, 756–761 [This paper reports, that plant sterols have anti-inflammatory properties.]
Dzeletovic, S., Babiker,A., Lund, E., Diczfalusy, U. (1995). Time course of oxysterol formation during
in vitro oxidation of low density lipoprotein. Chem. Phys. Lipids. 78–128 [This paper describes the
cholesterol oxidation products (oxysterols) are implicated in atherosclerosis and exhibit cytotoxic
properties]
Gylling H., Miettinen T.A. (2004). The effect of plant stanol- and sterol-enriched foods on lipid
metabolism, serum lipids and coronary heart disease. Ann. Clin. Biochem. 42, 254–263 [This paper
describes a long-term clinical study conducted on sterols and stanols. It also refers to safety aspects of
plant sterols.]
Gylling H., Puska P., Vartiainen E., Miettinen T.A. (1999). Retinol, vitamin D, carotenes and alphatocopherol in serum of a moderately hypercholesterolemic population consuming sitostanol ester
margarine. Atherosclerosis. 145, 279-285 [This paper discusses a mechanism of lowering blood
cholesterol via competition between sterols and cholesterol for intestinal absorption. It also addresses
effect of sterol consumption on lipid-soluble vitamins.]
Hendriks H.F.J., Weststrate J.A., van Vliet T., Meijer G.W. (1999). Spread 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, 319-327 [This paper reports data from a doseresponse clinical study conducted on free and sterol esters. The paper concludes that both forms are
equally efficacious.]
Hendriks H.F.J., Brink E.J., Meijer G.W., Princen H.M.G., Ntanios F.Y. (20030. Safety of long-term
consumption of plant sterol esters-enriched spread. Eur. J. Clin. Nutr. 57, 681-692 [This paper describes a
long-term clinical study conducted on 85 subjects consuming fat spread enriched with plant sterol esters.]
Hovenkamp E., Demonty I., Plat J., Lutjohann D., Mensink R.P., Trautwein E.A. (2007). Biological
effects of oxidized phytosterols: A review of the current knowledge. Prog. Lipid Res. 47, 37-49 [This
review summarizes current results of effects of oxidized sterols on human health.]
Jenkins D.J., Kendall C.W., Marchie A., Faulkner D.A., Josse A.R., Wong J.M.W., de Souza R., Emam
A., Parker T.L., Li T.J., Josse R.G., Leiter L.A, Singer W., Connelly P.W. (2005). Direct comparison of
dietary portfolio versus statin on C-reactive protein. Eur. J. Clin. Nutr. 59, 851–860 [This paper presents
data of multi-center clinical studies conducted on plant sterols combined with other bioactives such as
fiber and soya protein known as “portfolio diet”.]
Jenkins D.J., Kendall C.W., Nguyen T.H., Marchie A., Faulkner D.A., Ireland, C., Josee A.R., Vidgen E.,
Trautwein, E.A., Lapsley K.G., Holmes C.,, Josse R.G., Leiter L.A., Connelly P.W., Singer W. (2008).
Effect of plant sterols in combination with other cholesterol-lowering foods. Metabolism. 57, 130-139
[This paper describes a long-term (1 year) clinical study on the effect of plant sterols consumption with
other cholesterol-lowering bioactives, as well as alone.]
Jones P.J.H., Ntanios F.Y., Raeini-Sarjaz M., Vanstone C.A. (1999). Cholesterol-lowering efficacy of a
sitostanol-containing phytosterol mixture with a prudent diet in hyperlipidemic men, Am. J. Clin. Nutr.
69, 1140-1150 [This paper shows that consumption of free sterols in a moderate dose is very effective to
lower a plasma level of cholesterol.]
Katan M.B, Grundy S.M, Jones P, Law M, Miettinen T, Paoletti R. (2003). Efficacy and safety of plant
stanols and sterols in the management of blood cholesterol levels. Mayo Clin. Proc. 78, 965-978 [This
review covers the role of sterols in lowering blood cholesterol as discussed by leading scientists in Stresa
Workshop, Italy 2001.]
Lampi A-M., Juntune L., Tovo J., Piironen V. (2002). Determination of thermo-oxidation products of
plant sterols. J. Chrom. B. 777, 83-92 [This paper reports on the recovery of specific thermo oxidation
products of stigmasterol alone, and as a component of heated rapeseed oil. Bulk stigmaterol produced
greater concentrations of hyrdoxy-, epoxy- and keto-oxidation products than rapeseed oil.]
Lau V.W.Y., Journoud M., Jones P.J.H. (2005). Plant sterols are efficacious in lowering plasma LDL and
non-HDL cholesterol in hypercholesterolemic type 2 diabetic and nondiabetic persons. Am. J. Clin. Nutr.
81, 1351-1358 [This paper describes a clinical study conducted on type 2 diabetics and non-diabetics. The
results showed that plant sterols are efficacious in both type of subjects.]

©Encyclopedia of Life Support Systems (EOLSS)

NUTRACEUTICALS AND FUNDAMENTAL FOODS - Heart Health Benefits And Regulatory Status of Plant Sterols - Jerzy
Zawistowski and David D. Kitts

Law M.R. (2000). Plant sterol and stanol margarines and health, Brit. Med. J. 320, 861-864 [This paper
presents meta-analysis of 14 randomized trials with sterol enriched-fat spreads.]
Mensink P.R., de Jong A., Lutjohann D., Haenen G.R.M.M., Plat J. (2010). Plant stanols dosedependently decrease LDL-cholesterol concentrations, but not cholesterol-standardized fat-soluble
antioxidant concentrations, at intakes up to 9 g/d. Am. J. Clin. Nutr. 92, 24–33 [This clinical study shows
that sterols are efficacious in a dose dependent manner up to 3 g per day.]
Menéndez-Carreño, M., Ansorena, D., Astiasarán, I. (2008). Stability of Sterols in Phytosterol-Enriched
Milk under Different Heating Conditions. J. Agric. Food Chem. 56: 9997-1002 [This paper typically
employed heat using microwave energy, these workers demonstrated phytosterol were relatively stable in
milk, with an oxidation percentage of 0.1-0.4% for oxidized phytosterols]
Moreau R.A., Whitaker B.D., Hicks K.B. (2002). Phytosterols, phytostanols, and their conjugates in
foods: structural diversity, quantitative analysis, and health-promoting uses. Prog. Lipid Res. 41, 457-500
[This review focuses on the occurrence, nomenclutare, analytical methods and health aspect of plant
sterols]
Musa-Veloso K., poon T.H.,Elliot J.A., Chung C. (2011). A comparison of the LDL-cholesterol lowering
efficacy of plant stanols and plant sterols over a continuous dose range: Results of a meta-analysis of
randomized, placebo-controlled trials. Prostaglandins, Leukotrienes and Essential Fatty Acids. 85, 9-28
[This review presents a meta-analysis of clinical studies on plant sterols and stanols in order to compare
their LDL-cholesterol lowering efficacy. The results showed that the maximal LDL-cholesterol reduction
was greater for plant stanols than for sterols]
Naumann E., Plat J., Kester A.D.M., Mensink R.P. (2008). The baseline serum lipoprotein profile is
related to plant stanol induced changes in serum lipoprotein cholesterol and triacylglycerol
concentrations. J. Am. Col. Nutr. 27, 117-126 [This paper describes a meta-analysis of the effect of plant
stanols on the serum triglycerides. It also shows the effect of subjects’ baseline concentration of serum
lipids and lipoproteins on the efficacy of plant stanols]
Ooi E.M.M.., Watta G.F., Barret P.H.R., Chan D.C., Clifton P.M., Ji J., Nestel P.J. (2007). Dietary plant
sterols supplementation does not alter lipoprotein kinetics in men with the metabolic syndrome. Asia Pac.
J. Clin. Nutr. 16, 624-631 [This paper describes a clinical study that shows no significant effect of plant
sterol supplementation on plasma lipoprotein concentration among subjects with the metabolic
syndrome.]
Plana N., Nicolle C., Ferre R., Camps J., Cos R., Villoria J., Masana L. (2008). Plant sterol-enriched
fermented milk enhances the attainment of LDL-cholesterol goal in hypercholesterolemic subjects. Eur. J.
Nutr. 47, 32-39 [results of this clinical study showed that plant sterols containing milk significantly
lowered LDL cholesterol among hypercholesterolemic subjects.]
Plat J., Brufau G., Dallinga-Thie G.M., Dasselaar M., Mensink R.P. (2009). A plant stanol yogurt drink
alone or combined with a low-dose statin lowers serum triacylglycerol and non-HDL cholesterol in
metabolic syndrome patients. J. Nutr. 139, 1143-1149 [This paper describes a clinical trial conducted on
subjects with the metabolic syndrome. The results shows that the consumption of plant stanol esters alone
or in combination with statin lowers blood non-HDL cholesterol and triglyceriades.]
Plat J, Mensink R.P. (2009). Plant stanol esters lower serum triacylglycerol concentrations via a reduced
hepatic VLDL-1 production. Lipids. 44, 1149–1153 [This meta-analysis shows that consumption of plant
sterols in addition to lowering blood cholesterol is also effective in reducing plasma lipids in patients with
dyslipidemic metabolic syndrome.]
Pollak O.J., Kritchevsky D. (1981). Sitosterol. In Clarkson, Kritchevsky, Pollak (eds.). Monographs on
Atherosclerosis. Kargel, Basel [This classic review describes all aspects related to efficacy, safety, and
physico-chemical properties of plant sterols.]
Soupas L., Juntunen L., Lampi A.M., Piironen V. (2004). Effects of sterol structure, temperature and lipid
medium on phytosterol oxidation. J. Agric. Food Chem. 52, 6485-6491 [This paper reveals effect of
higher processing temperature on sterol oxidation and a protective role of fat.]
Soupas L., Huikko L., Lampi A.M., Pirronen V. (2005). Esterification affects phytosterol oxidation. Eur.
J. Lipid Sci. Technol. 107, 107-118 [This study reports on the observation that phytosterol esters are more
reactive than free phytoserols during prolonged heating at temperatures of 100oC, but at higher
temperatures, (e.g. 180oC) there is no difference in the formation of thermo-oxidation products.]

©Encyclopedia of Life Support Systems (EOLSS)

NUTRACEUTICALS AND FUNDAMENTAL FOODS - Heart Health Benefits And Regulatory Status of Plant Sterols - Jerzy
Zawistowski and David D. Kitts

Talati R., Sobieraj D.M., Makanji S.S., Phung O.J., Coleman C.I. (2010). The comparative efficacy of
plant sterols and stanols on serum lipids: a systematic review and meta-analysis. J. Am. Diet. Assoc. 110,
719-726 [This is a systematic literature review and a comparative meta-analysis of clinical studies
conducted on sterols and stanols between 1950 and 2009.]
Theuwissen E., Plat J., van der Kallen C., van Greevenbrock M.M., Mensink R.P. (2009). Plant stanol
supplementation decreases serum triacylglycerols in subjects with overt hypertriglyceridemia. Lipids. 44,
1131-1140 [This study describes the triglyceride lowering effect of plant stanol esters in subject with the
elevated level of plasma lipids.]
Tomoyori H., Kawata Y., Higuchi T., Ichi I., Sato H., Sato M. (2004). Phytosterol oxidation products are
absorbed in the intestinal lymphatics in rats but do not accelerate atherosclerosis in apolipoprotein Edeficient mice. J. Nutr. 134, 1690–1696 [This paper addresses safety aspects of plant sterols.]
Wolf M., de Jong N., Ocke M.C., Verhagen H., Verschuren M. (2006). Effectiveness of customary use of
phytosterol/-stanol enriched margarines on blood cholesterol lowering. Food Chem. Tox. 44, 1682-1688
[This paper describes a post-launch monitoring of the effectiveness of plant sterol/stanol containing
margarine consumption.]
Xu G., Guan L., Sun J., Chen Z.Y. (2009). Oxidation of cholesterol and beta-sitosterol and prevention by
natural antioxidants. J. Agric. Food Chem. 57, 9284-9292 [This paper reports on the importance of the
food matrix composition, such as antioxidant content, which can influence the generation of phytosterol
oxidation products.]
Yuan, Y., Kitts, D.D., Godin D.V. (1998). Interactive effects of increased intake of saturated fat and
cholesterol on atherosclerosis in the Japanese quail (Coturnix japonica). Br. J. Nutr. 80: 89-100 [In this
paper antherosclerosis quail model was used to show that feeding beef-tallow and high cholesterol diets to
atherosclerosis-susceptible quail resulted in aortic plaque formation and corresponding increases in aortic
tissue cholesterol content and quantifiable amounts of several cholesterol oxides (5,6α-epoxy-5αcholesterol, 7β-hydroxycholesterol, cholestanetriol, 7-ketocholesterol and 25-hydroxycholesterol)]
Zawistowski J. 2011. Legislation of functional foods in Asia. In: Saarela (ed). Functional Foods Concept
to Product. Woodhead Publishing, Oxford, Cambridge, P. 73-108 [This book chapter discusses regulatory
approvals and health claims on sterol-containing foods in Asian countries.]
Biographical Sketches
Dr. Jerzy Zawistowski, (Ph.D. University of Manitoba; M.Sc. Warsaw University of Life Sciences) is a
Academic Director of Master Food Science Program at the Foods, Nutrition and Health, Faculty of Land
and Food Systems, at the University of British Columbia. Dr. Zawistowski teaches graduate courses in
International Food Law and Regulations and Advances in Food Analyses. For ten years he worked at
Forbes Medi-Tech Inc. (Vancouver, BC) as a Vice President of Functional Foods and Nutraceuticals. His
area of expertise includes research and development in discovery of new natural health products as well
as technology and product development in the field of plant sterols and other functional foods and
nutraceuticals. He has authored and co-authored over 70 scientific papers, book chapters and patents and
has presented 165 scientific papers and invited lectures at national and international conferences. Dr.
Zawistowski is a past Chairman and cofounder of the Western Canadian Functional Foods and
Nutraceutical Network. He is a member of several professional food associations including Institute of
Food Technologists.
Dr. David Kitts, (Ph.D. University of British Columbia; PDF. University of California. Davis) is a
professor in the Food Science group within the Food Nutrition and Health program, Faculty of Land and
Food Systems, at the University of B.C. Dr. Kitts teaches undergraduate courses in Food Chemistry,
Functional Foods and a graduate course in Advances in Toxicology. His areas of research also specialize
in the disciplines of Food Chemistry, Toxicology and Nutrition. He is a former president of BC Food
Technologists and one of the founding directors of BC Functional Food and Nutraceuticals. Dr. Kitts has
served on many national committees that have worked to develop standards for nutritional labeling and
nutritional claims. Dr. Kitts’ research interests have focused on characterizing the structure-function
activities of several naturally present antioxidants and the related potential physiological responses in
regulating oxidative stress. He has published more than 200 papers on these topics.

©Encyclopedia of Life Support Systems (EOLSS)

