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Cholesterol oxidation: Health hazard and the role of
antioxidants in prevention
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ABSTRACT

Cholesterol is a molecule with a double bond in its structure and is therefore susceptible to oxidation leading to the
formation of oxysterols. These oxidation products are found in many commonly-consumed foods and are formed
during their manufacture and/or processing. Concern about oxysterols consumption arises from the potential
cytotoxic, mutagenic, atherogenic, and possibly carcinogenic effects of some oxysterols. Eggs and egg-derived
products are the main dietary sources of oxysterols. Thermally-processed milk and milk-derived products are
another source of oxysterols in our diet. Foods fried in vegetable/animal oil, such as meats and French-fried
potatoes, are major sources of oxysterols in the Western diet. Efforts to prevent or to reduce cholesterol oxidation
are directed to the use of antioxidants of either synthetic or natural origin. Antioxidants are not only able to inhibit
triglyceride oxidation, some of them can also inhibit cholesterol oxidation. Among synthetic antioxidants 2,6-ditertiarybutyl-4-methylphenol (BHT), and tertiary butylhydroquinone (TBHQ) can efficiently inhibit the thermalinduced oxidation of cholesterol. Some natural antioxidants, such as alpha- and gamma-tocopherol, rosemary
oleoresin extract, and the flavonoid quercetin, show strong inhibitory action against cholesterol oxidation.
Key terms: Cholesterol, cholesterol oxidation, oxysterols, synthetic antioxidants, natural antioxidants.

BIOLOGICAL IMPORTANCE OF CHOLESTEROL

Sterol cholesterol (cholest-5-en-ß-ol) is an
essential metabolite required for major
biological functions, such as the cell
membrane structure where the steroid
forms, together with phospholipid
molecules, the integral part of the lipid
bilayer (Spector & Yorek, 1985).
Cholesterol is inserted into membrane
bilayers with its long axis perpendicular to
the plane of the membrane, preventing the
crystallization of fatty acyl chains by fitting
between them (Yeagle, 1985) and
modifying the activity of membranebounded enzymes (Valencia et al., 1999).
Cholesterol also provides the structural
scaffolding for the synthesis of steroids
and steroid hormones, and for the
biosynthesis of bile and bile acid salts.
Sterol plays also an important role in
embryonic development (Roux et al., 2000).

Organisms obtain cholesterol through
biosynthesis and diet. Cholesterol
biosynthesis is a highly-regulated process
that occurs in almost all animal tissues, but
in higher mammals the liver, the adrenal
gland, the ovaries, and testis show the most
significant biosynthetic activity. Bile is the
major excretion route of cholesterol from
the body, predominantly as unesterified
cholesterol (Robins & Brunengraber, 1982).
In the adult human, approximately 400 mg
of cholesterol per day are converted to bile
acids and only approximately 50 mg are
converted to hormones (Ishibashi et al.,
1996).

CHOLESTEROL OXIDATION AND AUTOXIDATION

Cholesterol is a molecule with an
unsaturated bond at position ∆5-6 of the
sterol nucleus, therefore it is prone to
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oxidation (Maerker, 1987). The molecule
undergoes autoxidation by a free-radical
mechanism leading to the formation of
hydroperoxides and then to a number of
oxidation products, the so-called
oxysterols. These oxidation products are a
group of sterols similar in structure to
cholesterol, but that contain an additional
oxygen function such as an hydroxyl group,
ketone group, or an epoxide group at the
sterol nucleus or at the side chain of the
molecule. Many different oxysterols (up to
70) have been identified (Schroepfer, 2000),
and many probably remain to be identified.
The physical state of cholesterol greatly
influences the types of oxidation products.
The auto-oxidation of solid cholesterol has
been extensively studied and is welldocumented (Korahani et al., 1982). When
cholesterol is in a crystalline state and in
the presence of air, the oxidation reaction
is governed by the arrangement of
molecules in the crystal. Cholesterol
molecules are arranged into double layers
with the 3-hydroxyl groups in juxtaposition
and side chain exposed.
Oxidation of cholesterol may be initiated
by polyunsaturated fatty acid oxidation
(Kubow, 1993). Interaction of triglycerides
with cholesterol may accelerate the
oxidation of the sterol, and cholesterol may
also influence triglyceride oxidation (Kim
& Nawar, 1991). Peroxides formed on
polyunsaturated fatty acids during lipid
oxidation may substract a hydrogen from
t h e ∆5 - 6 d o u b l e b o n d , a l l o w i n g t h e
formation of a free radical into the
cholesterol structure (Paniangvait et al.,
1995). This free radical may migrate to the
position 4 or 7 of rings A and B respectively,
allowing the reaction of molecular oxygen
at the position 4, 5, 6 or 7. However, the
most stable and preferred position is at
carbon 7, where the hydroperoxide, may
form either a hydroxyl derivative by
decomposition (7 α-hydroxycholesterol or
7 ß-hydroxycholesterol) or a ketoderivative
by
dehydration
(7ketocholesterol) (Kubow, 1991). Another
possibility is the reaction of molecular
oxygen free radicals directly with the double
bond, forming a 5, 6-epoxycholesterol by
addition, which by further dehydration can

be transformed into a triol (cholestane- 3ß,
5α, 6ß-triol). Oxidation at the lateral chain
may produce either the 20-hydroxy- or the
25-hydroxycholesterol- derivative. Oxygen
free-radicals show different behavior as
inductors of cholesterol oxidation. While
superoxide free-radicals are ineffective in
inducing oxidation, the presence of the free
radical together with hydrogen peroxide,
the product of the dismutation of the
superoxide free-radicals, exerts a strong
pro-oxidative effect (Lee et al., 1977). This
means that hydroxyl free-radicals formed
from the reaction of superoxides with
hydrogen peroxide may be involved in the
oxidation mechanism (Sevanian & McLeod,
1987). The structure of the main oxysterols
which can be identified in traditional
Western foods are depicted in Figure 1.
ANALYTICAL PROCEDURES TO EVALUATE
OXYSTEROLS

Due to the presence of low concentrations
(ppm or ppb) of oxysterols in foods or in
animal tissues, isolation procedures that
separate the sterol oxidation products from
o t h er i n t erferi n g s u b s t an ces an d
quantification of oxysterols are difficult
an al y t i cal p ro ced u res . Us u al l y t h es e
procedures involve two steps: a separation
of the sterol fraction from other lipid
materials, followed by the removal of
cholesterol. The initial separation can be
accomplished either by saponificationextraction or by column chromatography on
silica (Park & Addis, 1992). This must
followed by thin-layer or reversed-phase
co l u m n ch ro m at o g rap h y t o rem o v e
cholesterol that would interfere with
subsequent analyses. Previous workers in
the field have employed saponification of
the extracted lipids with hot alkali as an
important part of the enrichment procedure.
This step frees the bulk of the lipids from the
sterol residue and also converts esterified
cholesterol to the free sterol. Nevertheless,
some important cholesterol oxides, notably
7-ketocholesterol, have long been known to
be unstable to hot aqueous alkali. The
artifactual formation of cholesterol oxidation
products has been reported during the course
of the hot saponification procedure (Park &
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Addis, 1992). Cold saponification may avoid
these problems and is now the standard
procedure for the extraction of oxysterols
previous to analytical separation (Park &
Addis, 1985; Zhang et al., 1992).
Analytical
proce dure s
for
the
determination of the extent of cholesterol
oxidation in food, especially in heated and/
or stored foods with high cholesterol content,
include capillary gas-chromatography (GC)
(Addis et al., 1989; García & Maraschiello,
1997), GC-mass spectrometry (GC-MS)
(Park & Addis, 1986; Osada et al., 1993),
and
high
performance
liquid
chromatography (HPLC) (Park & Addis,
1985). GC has been used by several
researchers because it allows the rapid
separation and identification of up to 17
different oxysterols. The procedure requires
the previous derivatization of the sterols
with hexamethyl trichloro methylsilane to
fo r m the s ilyl-e sters. To confirm
identification by GC, equipment can be
coupled to a MS. Taking into account that
HPLC greatly simplifies the quantification
procedure and introduces fewer artifacts,
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normal phase (NP) and reversed-phase (RP)
methods have been applied to the separation
of oxysterols by several researchers (Park &
Addis, 1985; Park & Addis, 1992; Smith,
1996). NP-liquid chromatography systems
generally proved to be more effective than
RP, but full resolution over the entire polarity
range of oxidation products was not achieved
(Park & Addis, 1985). Particle beam HPLCMS is another analytical alternative for the
detection of oxysterols at the nanogram level
has been successfully applied by Careri et
al., (1998). The excellent revisions of Park
& Addis (1992) and Schroepfer (2000)
summarizes the main analytical procedures
for assessing cholesterol oxides in lipid
samples.

OXYSTEROLS IN COMMONLY CONSUMED FOODS

It has been estimated that approximately
1% of the cholesterol consumed in a mixed
Western diet is oxidized cholesterol (van
de Bovenkamp et al., 1988). Dietary
sources of oxysterols are cholesterol-rich
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foods, such as dairy, processed eggs, and
meat products. Cholesterol containing foods,
when subjected to high temperatures during
manufacture and/or processing may form
variable amounts of oxysterols, depending
on the analytical method applied for their
identification, as was discussed above. The
most commonly detected oxysterols in foods
are the major products of cholesterol
oxidation: 7 α-hydroxycholesterol, 7 ßhydroxycholesterol, α-epoxycholesterol, ßepoxycholesterol, and 7-ketocholesterol,
which can be found in amounts ranging
from nano gr to mg/gr of sample (Sander et
al., 1989; Paniangvait, et al., 1995).

source of oxysterols (Angulo et al., 1997).
Other milk-derived products such as cheeses,
yogurt, and evaporated milk, contain very
low amounts of cholesterol oxides. The
oxysterol content of milk powder is in the
range 1.0-2.5 ug/g. Dehydrated cheese has
8-15 ug/g; skimmed milk powder, 0.01-0.1
ug/g; and whole milk powder, 0.2-0.8 ug/g
(Paniangvait et al., 1995). The amount of
oxysterols present in these products depends
on the processing temperature and the length
of the storage period (Nourooz-Zadeh &
Appelqvist, 1988).
Meat and meat-derived products

Eggs and egg-derived products
Foods that are naturally characterized by
high cholesterol content are major sources
of oxysterols when processed, such as eggs
and egg-derived products. An average egg
contains 200-220 mg cholesterol, which is
about twice the cholesterol content of butter
and freeze-dried meat products, and about
5-10 times more cholesterol than is found
in most dairy products. Dried whole egg or
dried egg yolk, but not fresh egg yolk, are
significant sources of oxysterols when used
in the manufacture of convenience foods
(Missler et al., 1985; Galobart et al., 2002).
Oxysterol content of eggs (dehydrated,
dried) are in the range of 0.05-1.50 ug/g,
and for egg-yolk (dehydrated or dried)
amounts are 15-120 ug/g (Morgan &
Armstrong, 1992). Irradiation applied to
the control of Salmonella considerably
increases the amount of oxysterols in egg
yolk powder from 10 ug/g to 470 ug/g on
average (Du & Ahn, 2000).
Dairy products
Several dairy products and milk powder are
reported to contain oxidized cholesterol after
processing (Dionisi et al., 1998). The
oxysterols found in these products are the
same as those in processed eggs. However,
fresh milk contains 0 or only trace amounts
of cholesterol oxides, which means that
processing (e.g high temperature) is the main

The mean lipid content of lean meat is 10%,
wet weight basis, of which triglycerides and
phospholipids are major components and
cholesterol is a lesser component, ranging
from 50 to 89 mg. The main source of
oxysterols in meats (from bovine, poultry
and porcine origin) is heat processing,
mainly over-heating. Fresh meat and fresh
meat products contain 0 or trace amounts of
cholesterol oxides. Oxysterols contained in
cooked meat range from 180-1900 ug/g
(Paniangvait et al., 1995).
Other food products
It has been proposed that frying in animal/
vegetable oils is an major source of
oxysterol in the Western diet. The primary
target are French fried potatoes, which
together to other deep-fried foods cooked
in animal/vegetable fat are considered the
main source of oxysterols in the U.S. and
Latin America. The oxysterol content of
potatoes fried in tallow or vegetable/animal
oil may be in the range of 1.4 mg/g to 16.7
mg/g, depending on the origin and/or the
animal fat content of the frying oil
(Paniangvait et al., 1995).

ABSORPTION AND BIOLOGICAL EFFECTS OF
OXYSTEROLS

Oxysterols that tend to be more polar than
cholesterol may also be absorbed in the
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intestinal track by a mechanism similar to
that of cholesterol absorption (Emmanuel
et al., 1991); oxysterols may form a
structural part of the mixed micelles in the
small intestinal lumen. Oxysterols may
enter the blood circulation with dietary
cholesterol and biliary cholesterol
(endogenous cholesterol) as part of
chylomicron structure (Linseisen &
Wolfran, 1998). Because of the similarity
in structure between oxysterols and
cholesterol, it has long been assumed that
transport in serum would by similar (Peng
et al., 1985). Oxysterols are also transported
by low density lipoproteins (LDL), as is
cholesterol, and there is evidence that high
density lipoproteins (HDL), which perform
reverse cholesterol transport, are also
involved in the transport of oxysterols from
tissues to the liver (Streuli et al., 1981;
Robins & Fasulo, 1997; Rigotti, 2000).
Although a major percentage of oxysterol
is derived from dietary sources, it has been
suggested that some of the circulating
oxysterols may be formed from lipoprotein
oxidation at the blood stream and/or at the
intracellular metabolism (Linseisen et al.,
1998). Oxysterols are able to pass through
lipophilic membranes much more quickly
than cholesterol does (Björkhem, 2002),
and they may also be formed by intracellular
enzymatic reactions. Parenchymal
hepatocytes have been thought to be the
primary, if not the sole, cell type possessing
functional enzyme system that could
convert cholesterol into oxidized
derivatives, namely the cytochrome P-450
s y s tem ( Bos tr öm, 1994). W ithin the
cytochrome P-450 family, 27-hydroxylase
activity is an important enzyme responsible
for the hydroxylation of cholesterol sidechain (Cali & Russell, 1991). Available
data suggest that enzymatically-generated
oxysterols may account for a significant
percentage of oxysterols found in serum
and other tissues (Linseisen et al., 1998).

REGULATORY FUNCTIONS OF OXYSTEROLS AT
CELLULAR LEVEL

Oxysterols are considered cytotoxic
(Leland e al., 1989), although some

295

researchers have postulated regulatory
functions for some oxysterols at the
intracellular level (Luu & Moog, 1991;
Lund & Björkhem, 1995; Böjrkhem, 2002).
3-Hydroxy-3-metilglutaryl coenzyme A
reductase (HMG-CoA red), the enzyme
catalyzing the rate-limiting step in
cholesterol biosynthesis, is among the most
highly-regulated enzymes found in nature.
Many oxysterols are potent competitive
inhibitors of HMG-CoA red at
concentration levels of less than 100 nM
(Tanaka et al., 1983). However, the
regulatory action of oxysterols on the
enzyme is extended not only to its activity,
but also on its expression at genetic level.
Oxysterols are capable of inhibiting the
synthesis of HMG-CoA reductase at the
transcriptional level by decreasing the
reductase mRNA and the rate of protein
synthesis, and at the post-transcriptional
level by modifying the anchoring of the
enzyme at the smooth endoplasmatic
reticulum membrane (Edwards & Ericsson,
1999). Cholesterol biosynthesis is also
regulated by transcription factors named
steroid regulatory element binding proteins
(Brown & Goldstein, 1997). A newlydiscovered transcription factor, identified
as LXR (Björkhen & Diczfalusy, 2002),
regulates the catabolic degradation of
cholesterol by activation of the gene
controlling cholesterol 7 α-hydroxylase,
the rate-limiting enzyme in the formation
of bile acids (Ishibashi et al., 1996).
Oxysterols may bind to LXR, thereby
inducing the transcription of cholesterol 7
α-hydroxylase, and thus increasing the
removal of cholesterol as bile acids
(Lehmann et al., 1997).
Oxysterols are also potent regulators of
intracellular cholesterol esterification
(Brown et al., 1975). Membrane-bound
enzyme acetyl-CoA:cholesterol acyl
transferase (ACAT), which is responsible
for the intracellular esterification of
cholesterol, is strongly activated by
oxysterols (Saucier et al., 1985). Because
cholesterol
achieved
comparable
enhancement of ACAT only at much higher
concentrations, it has been speculated that
the true activators of the enzyme in
mammalian cells are oxysterols rather than
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cholesterol by itself (Drevon et al., 1980).
Modulation of ACAT activity is probably
exerted at the post-translational level
(Kushuhara et al., 1992; Leonarduzzi et al.,
2002).

to be significant (Schroepper, 2000). The
contribution of dietary oxysterols to the
total amount of oxysterol measurable in
plasma and lipoproteins of human is still
unclear.

OXYSTEROLS AND ATHEROGENESIS

OXYSTEROL METABOLISM

The cytotoxic, mutagenic and probably
carcinogenic effects described for some
oxysterols have been observed in in vitro
models. However, the atherogenic action
of oxysterols has been demonstrated in both
in vitro and in vivo study models, to be the
best-characterized pathological expression
of cholesterol oxidation (Staprans et al.,
1998; Leonarduzzi et al., 2002) and
comparable to the atherogenic action of
trans fatty acid isomers (Valenzuela &
Morgado, 1999).
Atherosclerotic lesions not only contain
cholesterol, but also a series of oxysterols
(Ostlund et al., 2002). In the widely
accepted model for the pathogenesis of
atherosclerosis, the impact of oxidatively
modified low-density lipoprotein (LDL)
particles is very important (Brown & Jessup,
1999). In addition to polyunsaturated fatty
acids and apolipoproteins, the cholesterol
moiety of LDL can undergo oxidative
damage, resulting in different effects on
target cells (e.g., macrophages, aortic
smooth muscle cells) that may promote the
development of atherosclerosis (Chang et
al., 1997). Oxidized LDL is potentially
more atherogenic than native LDL in several
ways: 1.- It is chemotactic for circulating
monocytes; 2.- It is an inhibitor of the
motility of resident macrophages; 3.- It is
cytotoxic for cell in culture; 4.- It can
stimulate release of a chemotactic factor
from endotelial cells (Rong et al., 1999).
Many of these oxidized LDL characteristics
are attributed to the oxysterol content of
the lipoprotein (Leonarduzzi et al., 2002).
In vivo oxysterols are formed either
enzymatically or via autoxidation of
cholesterol. Although it the most prevalent
means of LDL-cholesterol oxidation in vivo
has not been established, the contribution
of free iron to oxidation (through nonenzymatically autoxidation), is considered

Oxysterols and bile acid synthesis
Most sterols, including cholesterol, are
eliminated from the body through bile
secretion. Synthesis of bile acids occurs in
the liver through 7α-hydroxylation of
cholesterol;
the
oxysterol,
7αhydroxycholesterol, and once formed can
then be used to synthesize both cholic acid,
the most common bile acid, and
chemodeoxycholic acid (Morel & Lin,
1996). It is generally accepted that the
catabolism of oxysterols is similar to that
of cholesterol (Björkhem, 2002). However,
it is not clear if oxysterols and cholesterol
share the same pathways for bile acid
synthesis. However it has been proposed
that a family of P-450 7α-hydroxylases
isozymes catalyze oxysterol metabolism
independently from the P-450 hydroxylases
that catalyze cholesterol metabolism (Javitt,
1990).
Oxysterols and steroidogenesis
As with cholesterol, which serves as a
precursor for many steroid hormones, there
is evidence that oxysterols, especially those
with a hydroxyl group on the side chain,
can serve as substrates for steroid hormone
synthesis in steroidogenic cells (Chaudhary
et al., 1992). Tuckey et al., (1992)
demonstrated that hydroxycholesterol were
comparable to cholesterol as substrates for
side chain cleavage.
Esterification of oxysterols
There is ample evidence that oxysterols
are readily susceptible to esterification
reaction. Fatty acid esters are the
predominant form of oxysterols found in
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extrahepatic tissues such as the aorta
(Björkhem, 1992), and these esters are also
found in plasma associated with various
lipoproteins (Peng, et al., 1985). Using
purified lecithin:cholesterol acyltransferase
(LCAT), the enzyme responsible for
esterification of cholesterol in serum, or
the non-lipoprotein fraction of serum as a
source for the enzyme, in vitro studies have
shown that oxysterols are readily esterified
and that the esterification can be inhibited
by agents known to inhibit the esterification
of cholesterol (Lin & Morel, 1996).
Similarly, tissue culture studies have shown
that oxysterols can be esterified by ACAT
(Lichtenstein & Brecher, 1983). Although
oxysterols have an additional oxygen
function that might be available for
esterification, fatty acid monoester
formation, most likely at 3ß-position of the
sterol nucleus, appears to predominate (Lin
& Morel, 1996).

INHIBITION OF OXYSTEROL FORMATION, THE ROLE
OF ANTIOXIDANTS

In light of the potentially dangerous effects
of oxysterols for human health, efforts to
prevent or to reduce oxysterol consumption
are now currently begin made. As processed
foods of animal origin are the main dietary
sources of oxysterols, prevention of its
formation during manufacture, processing,
storage, or culinary preparation, is of
importance. Antioxidants, both of synthetic
or natural origin, are widely applied to
prevent lipid oxidation in processed foods,
raw materials, or fats and oils used in
manufacture (Valenzuela & Nieto, 1996).
However, antioxidant action is directed to
prevent or delay fatty acid oxidation. The
effect of antioxidants to prevent oxysterol
formation has scarcely been investigated.
Antioxidants are organic lipid- or watersoluble substances that can scavenge the
active forms of oxygen involved in the
initiation steps of the oxidation, or break
the oxidative chain reaction. Antioxidants
may react with the fatty acid peroxy radicals
to form stable antioxidant radicals, which
are either insufficiently reactive for further
reactions or form non-radical products
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(Valenzuela & Nieto, 1996). The most
widely used synthetic antioxidants in human
foods
are
2,6-di-tertiarybutyl-4methylphenol (BHT), tertiarybutyl-4hydroxyanisole
(BHA),
tertiary
butylhydroquinone (TBHQ), and the npropyl ester of 3,4,5-trihydroxybenzoic acid
(propyl gallate, PG) (Dorko, 1994). Animal
feed also uses 6-ethoxy-1, 2-dihydro-2,4trimethylquinoline (ethoxyquine, EQ),
which is not allowed for human
consumption. These synthetic antioxidants
have been used for a long time, although
recently concerns have arisen due to the
possible potential toxicity in some
(Lachance et al., 2001).
Natural
antioxidants, which are present in variable
amounts in vegetables such as fruits, leaves,
flowers, roots, grains, and seeds, have
gained prominence as alternatives to
synthetic antioxidants (Aruoma, 1997).
Research interest in the properties and
occurrence of natural antioxidants focus
on vitamin E (mainly the alpha, beta, and
gamma tocopherol homologous), some
herbs extracts, such as rosemary extract,
carotenoids, and various flavonoids
(Valenzuela, 2002; Valenzuela et al., 2003).
Since cholesterol oxidation proceeds via
a free radical mechanism, similar to
polyunsaturated fatty acid oxidation
(Kubow, 1993), antioxidants used to inhibit
general fat and oil oxidation are also able
to prevent or retard cholesterol oxidation.
However, results are diverse and sometimes
contradictory. Morgan & Armstrong (1992)
demonstrated that BHT, BHA, and PG were
slightly effective in slowing hydrogen
peroxide-induced cholesterol oxidation in
egg yolk during spray drying. Huber et al.
(1995) showed significant inhibitory effect
of BHA on oxysterol formation when spraydried egg yolk oxidation is catalyzed by Cu 2+
during accelerated storage at 60°C. Maerker
& Unruh (1986) observed that BHT is
unable to inhibit cholesterol oxidation
during hot saponification of triglycerides.
The same antioxidant cannot inhibit
oxysterol formation from irradiated egg
yolk powder (Morgan & Armstrong, 1992).
The effect of the synthetic antioxidants
B HT , B HA, T B HQ, P G an d E Q, o n
cholesterol oxidation using a vegetable oil
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as substrate for oxidation and monitored
under the Rancimat 679 test conditions was
recently communicated (Valenzuela et al.,
2002). BHT and TBHQ act as the most
effective inhibitors; BHA and EQ are less
effective, and PG are unable to inhibit
cholesterol oxidation.
In addition to possessing vitamin E
function, tocopherols are the major natural
antioxidants in foods and are important for
the stability of vegetable oils (Valenzuela
& Nieto, 1996). This antioxidant aspect of
tocopherol chemistry has been extensively
studied, especially regarding the relative
antioxidant activity of α-tocopherol, and
less extensively for the γ-, and δ-tocopherol
homologues. While some researchers claim
that γ-tocopherol is a better antioxidant
than α-tocopherol (Pokorny, 1991; Lampi
et al., 1999), other researchers reported a
better effectiveness of a-tocopherol as
antioxidant (Yoshida et al., 1993).
Differences are probably due to the different
oxidation models used to assess the
antioxidant activity of these tocopherols. It
is generally accepted that α-tocopherol has
a higher ability for hydrogen donation than
its γ- homologue. The latter was often found
to be a better antioxidant in pure liquidphase systems, especially when comparisons
were made using high concentrations. The
antioxidant effect of α-tocopherol against
cholesterol oxidation has been studied in
models of diverse complexity, such as
spray-dried egg yolk, fish oil, sunflower
oil, and palm oil (Li et al., 1996), or
dehydrated and powdered anchovy (Shozen
et al., 1997). For all these models, αtocopherol has been identified as the most
effective antioxidant, with better activity
than other antioxidants, such as BHA or
BHT.
Csallany et al., (2002) have recently
demonstrated that α-tocopherol, BHA, and
BHT can inhibit the oxidation of cholesterol
in the presence of superoxide anion, water,
and hydrogen peroxide. In an in vivo model,
Galobart et al (2002) demonstrated that
feeding laying hens with linseed oil or
sunflower oil with added α-tocopheryl
acetate may reduce cholesterol oxidation
of spray-dried omega-6/omega-3 fatty acidenriched eggs during storage. Our team

recently reported the effect of α-, ß-, γ-,
and δ-tocopherol on cholesterol-containing
liposomes, when fatty acid and cholesterol
oxidation is induced by Fe 2 (Valenzuela et
al., 2002a). Under these conditions,
tocopherols exhibit different antioxidant
effect. γ-Tocopherol acts as the strongest
antioxidant, followed by α-tocopherol. δTocopherol and ß-tocopherol are devoid of
antioxidant activity. Tocopherols having
antioxidant activity proved to be more
efficient in inhibiting oxysterol formation
at the lateral chain of cholesterol (i.e,
inhibition of 20-OH and 25-OH) than at the
nucleus of the sterol (i.e., 7 alpha-OH, 7
beta-OH, 5 alpha-3OH, and 7-keto)
(Valenzuela et al., 2002a).
Rosemary extract is a food grade natural
antioxidant oleoresin obtained from the
leaves of the evergreen shrub rosemary
(Rosmarinus officinalis. L) (Okamura et
al., 1994). The extract contains four
effective antioxidants: carnosol, rosmanol,
isorosmanol, and rosemarydiphenol (Wu et
al., 1982). When processed, these four
compounds are odorless and tasteless
diterpenolactones, and among these
lactones, rosmaridiphenol and rosmanol,
show stronger antioxidant activity than
BHA and BHT. The effect of rosemary
extract on cholesterol oxidation was
recently assayed using highly purified
soybean oil as a substrate for oxidation.
Under these experimental conditions
rosemary extract exerted a strong
antioxidant effect by preventing both
soybean oil oxidation and cholesterol
oxidation (Valenzuela et al., 2002b).
Flavonoids comprise a well-known family
of natural substances that exhibit
antioxidant properties (Cook & Samman,
1996; Heim et al., 2002). These structures
are ubiquitous in photosynthesizing cells,
seeds, fruits, pollen, and flowers (Havsteen,
1983). Flavonoids have been defined as
“high level” antioxidants (Robak &
Gryglewski, 1988; Urquiaga & Leighton,
2000). They act by scavenging those free
radicals or exited forms of oxygen involved
in the first stages of lipid oxidation, such as
the singlet oxygen, the superoxide free
radical or the hydroxyl free radical (Fraga
et al., 1987). The effectiveness of some
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flavonoids as antioxidants for fats and oils
has been previously demonstrated (Das &
Pereira, 1990; Nieto et al., 1993; Lotito &
Fraga, 2000). The effect of four flavonoids;
quercetin, catechin, morin, and rutin, was
recently assayed against cholesterol
oxidation when oxidation was induced by
temperature, and using soybean oil as
substrate for oxidation (Valenzuela et al.,
2002b). Under these conditions, quercetin
was highly effective in preventing
cholesterol oxidation. Catechin also showed
protective action, but less efficiently than
quercetin. The other two flavonoids, morin
and rutin, were devoid of antioxidant
activity. The literature does not describe
assays of cholesterol oxidation involving
flavonoids as antioxidants, therefore
substances such as quercetin and catechin,
cannot be underestimated as future foodgrade antioxidants, and as inhibitors of
temperature-induced cholesterol oxidation.
Information on the effect of natural
antioxidants other than tocopherols on
cholesterol oxidation is very limited. In the
last two decades, interest in using natural
ingredients in foods has increased
dramatically. Many attempts have been
made to replace synthetic antioxidants with
natural products (Valenzuela et al., 2003).
The emphasis given to natural antioxidants
results from concerns over the toxicity of
some synthetic antioxidants and from the
research findings that point to a relationship
between active dietary ingredients, such as
natural antioxidants, and their protection
of cells from free radical-induced oxidative
stress in the human body (Fitch-Haumann,
1990).

CONCLUDING REMARKS

Cholesterol oxidation products can be
potentially harmful to human health. These
products are formed from cholesterolcontaining foods during processing,
especially when high temperatures are
applied during different stages of food
manufacture. Parallel to the identification
of these cholesterol-oxidized products that
can be dangerous, and of their actions at
the cellular level, it is necessary to make
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the effort to prevent oxysterol formation
during the different stages of food
processing or introducing it into the raw
materials used in its manufacture. Both
synthetic or natural antioxidants may allow
this protection, some of which have
demonstrated efficiency in inhibiting
cholesterol oxidation in different
experimental models. However further
research must be conducted to characterize
the best way to apply antioxidants for the
prevention of cholesterol oxidation. This is
a challenge for biochemists, food chemists,
food
ingineers,
and
processing
technologists.
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