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Abstract

The level of oxysterols in animal products depends on the temperature used in food processing,
duration of heating, and storage time and conditions. High temperature, oxygen, exposure to light,
chemical composition of the product and low level of antioxidants accelerate the formation of cho-
lesterol oxidation products (COPs). Also the high content of polyunsaturated fatty acids in meat
and eggs favours the formation of oxysterols. Dairy products are characterized by the lowest con-
tent of COPs of all animal products. The most common oxysterols present in products of animal
origin are 7-ketocholesterol, 20a-hydroxycholesterol, 25-hydroxycholesterol and a, f-epoxycholes-
terol. Numerous studies have confirmed the adverse effects of COPs on animal and human health.
They exhibit mutagenic, carcinogenic, angiogenic and toxic action, damage cell membranes, and
inhibit cholesterol biosynthesis. The use of certain antioxidants in animal nutrition limits the for-
mation of COPs during technological processing of meat, eggs and milk, as well as during storage
of fresh products. The excessive oxidation of cholesterol can be additionally prevented through the
use of appropriate packaging that limits oxygen and light exposure.
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PUFA — polyunsaturated fatty acids,

TBA — thiobarbituric acid,

TBARS — thiobarbituric acid reactive substances,
TLC — thin-layer chromatography,

UHT - ultra-high temperature processing.

Owing to their high concentration of iron and sufficient levels of polyunsaturated
fatty acids (PUFA) and cholesterol, meat, meat products and eggs are potentially the
richest source of oxysterols, also known as cholesterol oxidation products (COPs)
(Chizzolini et al., 1998; Zaborowska et al., 2002; Petron et al., 2003). In addition,
the way in which meat and meat products are stored, processed and prepared for
consumption favours oxidation processes. Factors affecting these processes include
the freezing method and culinary or technological treatment such as grilling, fry-
ing, boiling, smoking or lyophilizing (Paniangvait et al., 1995). To date, over 100
COPs have been identified, of which the most common in animal products are 7-hy-
droxycholesterol, 7-ketocholesterol, 20-hydroxycholesterol, 25-hydroxycholesterol
and epimers of epoxycholesterol (Leonarduzzi et al., 2002; Hur et al., 2007; Soto-
Rodriguez et al., 2008; Janoszka, 2010). In living cells, COPs are usually found at
low concentrations. Due to their high reactivity, COPs are efficient in initiating free
radical processes, which are the major factors of atherogenic and neoplastic lesions
(Smith, 1996). COPs can be incorporated into cell membranes and therefore influ-
ence the membrane structure and impair their functions (Smith, 1999; Rudzinska et
al., 2007). Also COPs are likely to be involved in lipid metabolism, various chronic
and degenerative diseases such as cancer, aging and atherosclerosis (Schroepfer,
2000; Leonarduzzi et al., 2002; Boselli et al., 2009).

It was hypothesized that high total cholesterol content in animal food products
may cause coronary heart disease. There is evidence to suggest a correlation between
high blood serum cholesterol levels and the risk of cardiovascular diseases (Kumar
and Singhal, 1992 a). It is now known that cholesterol is a poorly reactive molecule
and atherogenic lesions in blood vessels should be ascribed mainly to the interme-
diate products of cholesterol oxidation, most of which are derived from cholesterol-
-containing foods that are processed and stored in the presence of oxygen (Schroep-
fer, 2000; Ryan et al., 2005).

Due to the potential health risk of consuming animal products containing COPs
it is important to know more about the formation and inhibition of COPs in foods
during heat treatment and storage.

The aim of this review is to evaluate the effect of cholesterol level in meat, meat
products, eggs and milk products on the formation of oxysterols and their effect on
human health.

Structure and occurrence of cholesterol

Cholesterol is a sterol essential to human and animal life. It is a significant com-
ponent of plasma membrane and it constitutes 25-26% of the lipid molecule. Cho-
lesterol can affect cellular functions by interacting both with different membrane
lipids as well as with specific proteins (Ikonen, 2008). Cholesterol helps to generate
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a semipermeable barrier between cellular compartments and regulate membrane flu-
idity (Ikonen, 2008). Cholesterol modulates the function of membrane protein and
participates in several membrane trafficking and transmembrane signalling proc-
esses (Ikonen, 2008). It is present at high levels in blood (average 2 mg/mL) and in
steroidogenic tissues, especially brain, where its level averages 10-20 mg/g in many
species, including human (Wang and Griffiths, 2008; Griffiths and Wang, 2011).
Cholesterol is the precursor of bile acids, steroid hormones and vitamin D (Simons
and Ikonen, 2000; Otaegui-Arrazola et al., 2010). In the adult human, approximately
400 mg of cholesterol per day are converted to bile acids and only approximately
50 mg are transformed into hormones (Valenzuela et al., 2003). About a quarter of
the human cholesterol is found in the central nervous system (Dietschy and Turley,
2004) and in the myelin sheath of nerve fibres (Goritz et al., 2005). It is supposed
that cholesterol is important in the maturation of functional synapses (Goritz et al.,
2005).

Studies of the structure, properties and potential effect of cholesterol on living
organisms have been, and continue to be, one of the principal research targets in
recent decades. It was not until 1932 that the structure of a cholesterol molecule
was thoroughly investigated. Further discoveries have included the determination of
cholesterol precursors (squalene and mevalonate) and the elucidation of regulatory
mechanisms in cholesterol synthesis and transport (Vance and Bosch, 2000; Ikonen,
2008).

Cholesterol in the body is of both endogenous (synthesized in the liver) and ex-
ogenous origin (provided with food) (Valenzuela et al., 2003). Every nucleated cell
can synthesize cholesterol from acetyl CoA through the mevalonate pathway. The
first sterol intermediate in this pathway is lanosteol, which is further converted by
several enzymes to form cholesterol (Ikonen, 2008).

Cholesterol oxidation and oxysterols formation

Cholesterol is a molecule with a double bond (Fig. 1) susceptible to oxidation.
Cholesterol can be oxidized due to the activity of many molecules, including oxygen
in the air, ozone, reactive singlet oxygen, hydrogen hydroperoxide, oxygen cation
and hydroxide radical (Leonarduzzi et al., 2002). Because the mechanism of choles-
terol oxidation is similar to that of the oxidation of fatty acids, lipid radicals formed
during the processing and storage of food can accelerate the oxidation of cholesterol
and generate various oxysterols (Paniangvait et al., 1995).

In the model system, Derewiaka and Obiedzinski (2010 b) reported that choles-
terol can be oxidized to as much as 57-68% of the initial concentration. Exogenous
and endogenous cholesterol is transformed into different metabolites in human cells
(Otaegui-Arrazola et al., 2010). Oxidation of cholesterol can occur in the non-en-
zymatic (autoxidation) and enzymatic processes (Leonarduzzi et al., 2002; Smith
and Murphy, 2008). The non-enzymatic oxidation affects the sterol ring while the
enzymatic process occurs in the side-chain of sterol structures (Ryan et al., 2009).
However, there is a single exception: 25-hydroxycholesterol as well as 7a-hydroxy-
cholesterol can be produced by both enzymatic and non-enzymatic processes (Gill et
al., 2008; Otaegui-Arrazola et al., 2010).



28 S. Orczewska-Dudek et al.

on h o~ o N~ . -
e e
S 1/ [ -} ]’ T o
. ‘\, ~ o
[, B SIDE CHAIN OXIDATION s /r . SIDE CHAIN OXIDATION o~ /[ - ]
/.\t_. e R.+02 Y T Re02 ,L T
-—
o e

HO P v
cholesteral

25-hydroxycholesteral
20a- hydroxycholesterol ~
FREE RADICAL
E+02 FREE RADICAL
R+ 0
|/. : 2\‘A i

) \.T,,.\_/.n\\ o ) r“ - r’
p - L T e
./C‘:‘Jf.::__L ~ . '"LL -

T~ hydroxyperoxycholesterol 5 6-epoxycholesterol

HYDRATION

(R
e jggj | e
7~ hydroxycholesterol [__,\ t — !_,:)_,.-«v.\.J; /T

_ N T
O T DEHYDRATION ) on b
J[ o

T~ hydroxycholesterol \\h [ i R
Ho= cholestane-3 B, 5,6 p -triol

T-ketocholesteral

TP~ hydroxyperoxycholesterol

Figure 1. Oxidation pathways of cholesterol (cholest-5-en-3f3-ol)

The enzymatic oxidation of sterols involves groups of enzymes, mainly hy-
droxylases, which contribute to the formation of various COPs. The main groups of
enzymes are monooxygenases, dehydrogenases and diooxygenases (Smith, 1996;
Leonarduzzi et al., 2002; Derewiaka and Obiedzinski, 2010 b). These enzymes are
responsible for the production of stenodiol derivatives, sterol epoxides, sterol ke-
tones, and sterol peroxides (Smith,1996). Also there are several enzymes like epoxy-
dase which may reduce hydroperoxides to epoxycholesterols. These epoxysterols
can be converted into their triol end products (Tai et al., 1999). Enzymatic side-
-chain hydroxylation of cholesterol can generate 24-, 25- and 27-hydroxycholester-
ols as well as 7a-hydroxycholesterol (Russell, 2000; Rozner and Garti, 2006). The
25-hydroxycholesterol regulates the sterol regulatory element binding protein for
the cholesterol-dependent transcriptional regulation (Russell, 2000; Iguchi et al.,
2010). Overexpression of cholesterol 25-hydroxylase in a cell line increased the
generation of 25-hydrocholesterol, and suppressed sterol regulatory element-binding
protein processing and cholesterol synthesis (Lund et al., 1998). Oxysterols
have been shown to be biologically active molecules as ligands to nuclear
receptors (Iguchi et al., 2010) and to have effect on the immune system including
suppressing the production of IgA by B cells (Bauman et al., 2009; Griffiths and
Wang, 2011). The enzymatic oxidation of cholesterol in a variety of tissues yields
more oxysterol products for which key physiological roles are recognized (Russell,
2000).
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Cholesterol autoxidation (non-enzymatic oxidation) has been studied for many
decades, although systematic research did not begin until 1960. This research gained
momentum following reports indicating that COPs and oxysterols are detrimental to
human health.

Autoxidation is a very extensive process resulting in a complex mixture of COPs.
It is a radical process involving the same reactions as the autoxidation of unsaturated
fatty acids. Table 1 gives a list of the most common oxysterols in products of animal
origin.

Cholesterol autoxidation has been studied in detail and is well documented
(Smith, 1996). 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 organized into double layers with 3-hydroxyl groups and
with side chains exposed to chemical reactions (Smith, 1996).

The function of cholesterol molecules as an integral part of the double cell mem-
brane layer is closely associated with the properties of membrane phospholipids
(Ikonen, 2008). Because cholesterol contains one A’-double bond, it is expected that
cholesterol oxidation will be initiated by the formation of free radical (Smith, 1996).
Smith (1996) suggests that the hydroxyperoxidation of PUFA that takes place during
lipid oxidation may be necessary for initiating the cholesterol oxidation process. The
high level of PUFA in membrane phospholipids and the fact that they are vulner-
able to the attacks of oxidizing compounds within cells and in the proximity of cell
membranes makes the initiation of lipid oxidation at intracellular membrane level
possible (Igene and Pearson, 1979; Hur et al., 2007).

Smith (1996) postulated that cholesterol oxidation in food and biological
systems can occur intramolecularly and intermolecularly. In the intramolecular
system, hydrogen is extracted from cholesterol by the peroxy or oxy radicals
of an adjacent oxidized PUFA or cell membrane phospholipid. In the intermo-
lecular system, the oxidized acyl portion attacks cholesteryl portions of the same
cholesteryl ester molecule. Both mechanisms could operate within muscle cell mem-
brane.

It is assumed that the autoxidation reactions are initiated by the formation of
a peroxy radical situated by the carbon in the position at the C7 of the sterol ring.
The radical may generate a reaction with oxygen which results in formation of
a cholesterol peroxyl radical, which further reacts abstracting hydrogen and gener-
ates relatively stable cholesterol 7-hydroperoxides, the primary oxidation product
(Brown and Jessup, 2009; Busch and King, 2009) created during heating (Tai et al.,
1999). Cholesterol hydroperoxides in the presence of sterol hyperoxide or triglycer-
ides may be subject to epoxydation process in the result of which epoxycholesterols
are created or cholesterol hydroperoxides can be converted into cholesterol-diols and
ketocholesterols (Busch and King, 2009; Otaegui-Arrazola et al., 2009). These sec-
ondary products can be further altered by epimerizations and dehydrations (Busch
and King, 2009). The non-enzymatic oxidation (autoxidation) generates 7a, B-hy-
droxycholesterols and 7-ketocholesterol and cholesterol-58, 6B-epoxide (Brown and
Jessup, 2009; Busch and King, 2009), which are widespread in foods (Tai et al.,
1999; Lercker et al., 2002).
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The oxysterols contained in cholesterol-rich food (meat and meat products, eggs,
dairy products) are most probably generated in a non-enzymatic way during cooking,
processing and storage (Brown and Jessup, 2009). Some studies reported the effect
of heat treatment on the formation of cholesterol oxides and showed that tempera-
ture and time are determinant factors in this process, directly influencing the rate of
oxidation and affecting the type and the amounts of products formed (Echarte et al.,
2001; Rudzinska et al., 2009; Derewiaka and Obiedzinski, 2010 a). Derewiaka and
Obiedzinski (2010 b) have demonstrated that the heating of pork lard in higher tem-
peratures for longer time leads to the enhanced formation of COPs. They also showed
the relation between thickness of the lard layers and the content of COPs. The con-
centration of COPs in thin and thick lard layer after heating for 60 minutes amounted
to 10.1 and 6.3 pg/g, respectively. The presented research indicates that deep frying
may reduce the intake of COPs in human diet (Derewiaka and Obiedzinski, 2010 b),
which is desirable from the standpoint of human health.

Table 1. Systematic and trivial names of the most common oxysterols in animal products
(Paniangvait et al., 1995)

Trivial name | Systematic name Abbreviation
Cholesterol cholest-5-en-3f-ol -C
70-hydroxycholesterol cholest-5-en-3f, 7a-diol 7a- OH-C
7B-hydroxycholesterol cholest-5-en-3f, 7B-diol 7p- OH-C
7-ketocholesterol 3 B-hydroxycholest-5-en-7-one 7-keto-C
a-epoxycholesterol Sa, 6a-epoxy-5-cholestan-33-ol cholesterol-5a, 6a-epoxy-C/a-ep
B-epoxycholesterol 5B, 6B-epoxy-5-cholestan-3f-ol cholesterol-5p, 6B-epoxy-C/B-ep
19-hydroxycholesterol cholest-5-en-3f, 19-diol 19-OH-C
25-hydroxycholesterol cholest-5-en-3f, 25-diol 25-OH-C
Cholestanetriol Sa-cholestane-3,5,6B-triol 3B,50,6B-trihydroxycholesterol/triol

Effect of oxysterols on cholesterol metabolism

Most of the cholesterol in the human body is synthesized (approximately 1 g per
day), with only 0.3 g per day ingested in the diet. It is suggested that high cholesterol
intake, i.e. 0.6—0.8 g per day can cause hypercholesterolemia and increase the risk of
atherosclerosis development (Ziemlanski and Budzynska-Topolewska, 1991). The
tissues capable of cholesterol synthesis are the liver, adrenal cortex, skin, intestines,
testes and aorta (Valenzuela et al., 2003). Cholesterol synthesis takes place in the mi-
crosomal and cytosolic fraction of the cell. COPs have strong properties weakening
cholesterol synthesis in many tissues. Indirectly, this activity is associated mainly
with inhibition of B-hydroxy-p-methylglutaryl-CoA (HMG-CoA — EC 1.1.1.34),
a key enzyme regulating cholesterol synthesis. It has been shown that COPs degrade
this enzyme and thus reduce cholesterol synthesis (Chizzolini et al., 1998). As a re-
sult of inhibition of HMG-CoA reductase in the cell membrane, cholesterol content
is decreased, which in turn negatively affects the cell membrane functions. This is
paralleled by a reduction in DNA synthesis, thus contributing to reduced accumula-
tion of cell proteins (Schroepfer, 2000).



Cholesterol in animal products and health implications 31

Cholesterol esterification and the activity of the enzyme acyl-CoA: choles-
terol acyltransferase (ACAT — EC 2.3.1.26) in the liver, fibroblasts, and the cells
of smooth muscles and other tissues are increased by 25-hydroxycholesterol
(25-OH-C) (Russell, 2000).

ACAT stimulation coupled with the inhibition of HMG-CoA reductase and
other enzymes involved in cholesterol biosynthesis suggests that oxysterols may
regulate the cellular metabolism of cholesterol (Russell, 2000; Rudel et al., 2001).
A similar inhibitory effect on the synthesis and metabolism of cholesterol may be
exerted by phytosterols (plant sterols such as campesterol, sitosterol and stigmas-
terol) (Koztowska-Wojciechowska et al., 2003). These compounds — similar in
chemical structure to cholesterol and commonly found in vegetable oils — are subject
to the same oxidation processes, thus producing oxygen derivatives (Dutta, 1997;
Rudzinska et al., 2001), volatile flavour components and oligomers (Rudzinska et
al., 2009).

Methods used for the determination of COPs in products of animal origin

The analysis of COPs has been difficult because of their low concentrations in
foods (Tai et al., 1999). Methods for COPs analysis have been developed for dec-
ades. At present, the level of cholesterol derivatives and lipids in food products is
generally evaluated using chromatography techniques, including thin-layer chroma-
tography (TLC), gas chromatography (GC) and high-performance liquid chroma-
tography (HPLC) (Ryan et al., 1981; Chen et al., 1994; Przygonski et al., 2000).
The most useful techniques are GC-MS (gas chromatography-mass spectroscopy),
MDGC-MS (multidimensional gas chromatography-mass spectrometry) and HPLC-
MS (high pressure liquid chromatography-mass spectroscopy), which give a thor-
ough and reliable quantitative and qualitative analysis of oxysterols (Petrén et al.,
2003; Karu et al., 2007).

Oxysterols in products of animal origin

Animal food products such as milk products, eggs and egg products, and meat
and meat products are the principal source of cholesterol in our diet (Leonarduzzi
et al., 2002). Overall results from several sources showed that fresh food contained
none or undetectable levels of COPs. Most of the oxysterols were identified in foods
subjected to various treatments such as heating at high temperature, prolonged stor-
age, irradiation during storage, etc. (Hur et al., 2007). These treatments may induce
cholesterol oxidation (Pie et al., 1991; Paniangvait et al., 1995). Therefore, the COPs
and cholesterol content of these products should be accounted for in the nutritional
evaluation of food products (Table 2). Parallel to the identification of COPs which
can be dangerous for health and of their action at the cellular level, it is necessary
to make an effort to prevent oxysterol formation during the different stages of food
processing and storage conditions.
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Table 2. Fat and cholesterol content of animal products

Products Fat Cholesterol References
(g/100 g) (mg/100 g of products)
Meat and meat products Chizzolini et al., 1998
Beef 1.90 60
Pork 1.86 65
Mutton, fillets 341 70
Poultry meat, average 5.60 81
Turkey meat, average 15.00 74
Hamburgers 13.01 44
Pork frankfurters 24.40 65
Beef frankfurters 25.50 40
Poultry frankfurters 23.40 94
Salami (Milano) 31.00 71
Mortadella 27.00 81
Ham (Parma) 16.00 80
Dairy products Fat (%) Cholesterol Piironen et al., 2002
(mg/100 g of products)
Milk 3.50 11.2
Milk 1.50 5.6-6.4
Cream 10.00 27.5
Cream 38.00 76.9
Milk powder 1.00 16.5
Cheese 11.00-30.00 33.2-82
Egg, whole 9.30-9.70 361-370

Level of oxysterols in meat and meat products

The most common oxysterols in meat products are 7p-hydroxycholesterol, 5,60-
epoxycholesterol, 5,6B8-epoxycholesterol, 7-ketocholesterol and 25-hydroxycholes-
terol (Hur et al., 2007; Soto-Rodriquez et al., 2008; Derewiaka and Obiedzinski,
2010 a). Fresh meat usually contains only trace amounts of oxysterols (Park and
Adis, 1985; Eder et al., 2005), but meat subjected to culinary treatment contains
significant amounts of COPs and is usually the main source of oxysterols in our diets
(Hur et al., 2007). A particularly large amount of COPs is generated in products sub-
jected to preliminary thermal treatment and then stored in a refrigerator (Vicente and
Torres, 2007). Under these conditions, the level of COPs may increase several-fold
(Table 3) (Ahn et al., 2001). During storage of turkey meat, pork and beef in a refrig-
erator and exposure to oxygen, the largest amount of cholesterol oxides is formed
in turkey meat and the smallest in beef (Nam et al., 2001) (Table 4). Park and Addis
(1985) reported that cholesterol in raw meat is not easily oxidized. However, when
meat samples were freeze-dried (lyophilized) or dried using the spray method, these
conditions favoured dehydration and thus increased cholesterol oxidation.

This means that dehydrated products are more reactive. The sun or oven-dried
beef (typical Mexico product called machaca) for approximately 8 h at 68—95°C con-
tained a lot of COPs (Soto-Rodriguez et al., 2008). The content of 7-ketocholesterol
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was higher than the other COPs found in the machaca, because the starting oxidized
product 7-hydroperoxycholesterol and 7-hydroxycholesterol, were transformed into
the more stable 7-ketocholesterol by dehydration or dehydrogenation, respectively
(Smith, 1996; Soto-Rodriguez et al., 2008). An important role in the formation of
various COPs is played by temperature of technological process. Fresh bovine brain,
liver and muscles contained none of the analysed oxysterols, while dehydrated food
in tablet form contained from 13.8 pg/g of 7-ketocholesterol to 46.1 pg/g of 7a-hy-
droxycholesterol (Paniangvait et al., 1995). Many studies indicate that the amount
of COPs in food may often reach from 1% to 10% of total cholesterol or even more
(Kumar and Singhal, 1992 b; Hur et al., 2007; Derewiaka and Obiedzinski, 2009).
The results of many experiments have indicated that the physical status of choles-
terol has a fundamental effect on the types of product oxidation.

Table 3. Concentration of cholesterol oxidation products (mg/kg) in preboiled turkey,
beef and pork meat (85°C for 25 min) stored for 7 days in vacuum packages or in the presence
of oxygen (Ahn et al., 2001)

Day 0 After 7 days of storage at 4°C
Ttem vacuum package with vacuum package with
package oxygen exposure package oxygen exposure
Turkey meat — legs
TBARS, mg MDA/kg 3.95 4.55 4.44 10.87
Sum of cholesterol oxides 74.4 53.8 160.1b 568.1 a
Pork tenderloin
Sum of cholesterol oxides 61.9 63.2 43.8b 1704 a
Beef sirloin
Sum of cholesterol oxides 29.9 63.2 14.0b 2522 a
a, b, c —P<0.05.

Table 4. Level of cholesterol oxides (ng/g fat) in minced meat stored for 7 days in a refrigerator (4°C)
in the presence of oxygen (Nam et al., 2001)

Cholesterol oxides Turkey meat (leg) Pork tenderloin Beef sirloin
7a- and 7B-hydroxycholesterol 51.9 29.2 11.8
5,6a-epoxycholesterol 6.4 7.6 16.1
5,6B-epoxycholesterol nd nd 37
20a-hydroxycholesterol nd nd 53
cholestantriol nd 1.1 0.3
7-ketocholesterol 19.0 15.0 8.4

nd — not detectable.

Osada et al. (1993) reported the occurrence of COPs in traditionally processed
seafood that is intensively consumed in Japan. The total level of COPs ranged from
8.3 ng/g in boiled and dried shrimp to 188 pg/g in boiled and dried anchovies. Of all
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the food products analysed, anchovies contain the highest level of COPs. Also Mexi-
co is an important producer and consumer of sun-dried shrimps which contain a high
amount of COPs, especially 7-ketocholesterol (Soto-Rodriguez et al., 2008). Soto-
Rodriguez et al. (2008) suggested that the technology process such as salting, direct
light-exposure and large surface contact with air for relatively long time periods used
for the production of sun-dried shrimp can induce cholesterol oxidation. Echarte et
al. (2001), who investigated the oxidation of lipids and cholesterol in salmon sam-
ples roasted or fried in olive oil or soybean oil, found the highest increase in the
level of oxysterols, mainly 7B-hydroxycholesterol and 7-ketocholesterol in salmon
samples roasted without oil. Derewiaka and Obiedzinski (2010 a) showed that in the
fish fillets and minced meat (beef and pork) fried in rapeseed oil, the most abundant
COP was 7-ketocholesterol. Significantly higher levels of COPs were found in fried
beef minced meat (828.8 pg/100 g) than in pork minced meat (565.5 pg/100 g). In
the same experiment, the authors identified a high content of triol (82.4 pg/100 g)
in cordon-blue chops after frying, which was not present before thermal processing.
The highest cholesterol content was observed in raw minced meat, but during fry-
ing its content decreased due to thermal degradation and oxidation (Derewiaka and
Obiedzinski, 2010 a). Janoszka (2010) reported the highest level of 7-ketocholesterol
and 7-hydroxycholesterol in grilled minced chops. The formation of a high amount
of these oxysterols probably was caused by the large surface exposure of the minced
meat to air. In the meat of Iberian pigs cooked using different methods like grilling,
frying in olive oil, microwaving and roasting, the highest level of 7-hydroxycho-
lesterol was observed (151.1, 137.1, 155, 159.8 pg/100 g of muscle, respectively).
The 7-ketocholesterol was present in trace quantities (Broncano et al., 2009). The
content of COPs in thermally processed meat and meat products was significantly
higher than in raw animal foodstuff (Broncano et al., 2009), which was caused by
cholesterol autoxidation (Derewiaka and Obiedzinski, 2010 a). In addition, the level
of oxysterol in commercial patés containing pork liver and in dry fermented sausages
was 12.6-18.6 and 46.9—-113.5 pg/100 g of products, respectively (Derewiaka and
Obiedzinski, 2010 a). Table 5 presents the findings of Zaborowska et al. (2002), who
analysed the composition of some cured meats for the level of total cholesterol, fat
and total cholesterol oxides. The highest cholesterol and COPs levels were charac-
teristic of cured meats that were dried and richer in cholesterol and fat. In the same
study, the authors discussed some interesting correlations between the level of fat in
cured meats and the concentration of individual oxysterols (Table 6).

The consumer is not always aware that the mean lipid content of pork loin is
10% of the basic wet weight, of which triglycerides and phospholipids are the main
components and cholesterol is less abundant, as it ranges from 55 to 65 mg/100 g
of meat tissue (Maraschiello et al., 1995). Recent studies have focused on the effect
of different dietary fat supplements on the formation of oxidized forms of choles-
terol. The study of Pieszka (2007 a) investigated the effect of different vegetable
oils (palm, sunflower, rape and linseed oils) in fattening pig diets on the cholesterol
and oxysterol content and oxidative stability of the m. longissimus. In the meat of
pigs receiving a dietary supplement of PUFA-rich linseed and sunflower oils, the
oxidation processes were amplified, especially after long periods of frozen storage
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of meat (6 months). A significantly higher lipid oxidation level (TBARS) and level
of oxysterols was found. The lowest level of oxysterols in the m. longissimus was
found in pigs receiving palm oil (Table 7).

Table 5. Levels of fat (%), cholesterol and sum of cholesterol oxidation products (pg/g of sample) in
the Polish sausages analysed (Zaborowska et al., 2002)

Type of sausages Fat Cholesterol Sum of COPs
Piwna 20.7 673.6 11.8
Wiejska 23.7 687.2 124
Jatowcowa 38.6 821.5 11.65
Slaska 19.3 271.8 22.02
Kabanos 22.8 425.8 25.6
Polska 1 19.0 484.7 9.79
Polska 2 20.6 549.2 8.40
Polska 3 17.5 613.6 9.78
Salami 34.8 2444 25.44
Pasztetowa 1 36.4 847.8 22.61
Pasztetowa 2 32.6 253.0 25.83
Mortadela 21.2 346.7 8.04
Metka tososiowa 51.5 353.1 36.52
Parowkowa 27.3 366.0 4.42
Mielonka 12.8 367.5 11.60
Metka we¢dzona 57.6 829.7 23.71

Table 6. Determination of coefficients (r?) between fat content and oxysterols, cholesterol and total
sum of oxysterols in Polish commercial sausages (Zaborowska et al., 2002)

Discriminant | Fat
B epoxy-C 0.453*
20 0-OHC 0.012
27-OHC 0.001
7 a-OHC 0.031
7 keto-C 0.059
o epoxy-C 0.081
25-OHC 0.180
7 B-OHC 0.289*
Triol-C 0.327*
Sum of oxysterols 0.394*
Cholesterol 0.085

*Statistically significant results at P<0.05.
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Table 7. Effect of type of oil supplement in pig diets on the level of vitamin E, TBARS,
total cholesterol and sum of oxysterols in m. longissimus dorsi after storage of meat at —19°C
(Pieszka, 2007 a)

Type of diet
Item palm linseed rapeseed sunflower SE
oil oil oil oil
TBARS after 90 days (mg/kg™) 0.509 0.526 0.568 0.499 0.01
TBARS after 180 days (mg/kg™") 0.756 A 1.004 B 0.976 B 0.895 AB 0.02
a-tocopherol (ug/g) 248 B 1.72 A 2.08 AB 1.91 AB 0.08
Total cholesterol (mg/kg™") 65.19 64.17 62.64 65.11 0.94
Sum of oxysterols (ng/g) 22.1A 28.6 B 238 A 26.8 B 0.11
A, B—-P<0.01.

It is believed that feeding additives such as type of fat (oil) and antioxidant vita-
mins (C, E and others) limit the formation of oxidized form of cholesterol and im-
prove the dietetic and health value of meat. In the study of Pieszka (2007 b) vitamin
E, supplemented to complete diets at amounts of 200 mg/kg caused a significant
increase in the vitamin E content of meat (P<0.01). A highly significant relationship
was found between the dietary supply of vitamins and the sex of animals (P =0.001).
The vitamin supplements used did not have a significant effect on the level of total
cholesterol in meat. Supplementation of B-carotene and vitamins E and C had a sig-
nificant effect on limiting the formation of oxygenated cholesterol derivatives. This
effect was most noticeable with the combined use of vitamins (B-carotene, vitamins
E and C) and in the groups receiving vitamin C and vitamin E alone (P<0.01). Six
oxysterols were identified, with 7-ketocholesterol accounting for 66% of all oxys-
terols.

Eder et al. (2005) investigated the effect of fatty acid-enriched diets and vitamin
E supplementation on the level of oxysterols in pork and cured meats. A significant
relationship was found between oxysterol content according to the type of fat supple-
ment and the dietary level of vitamin E. The meat of fatteners receiving higher vita-
min E rations and palm oil was characterized by lower TBARS and lower oxysterol
levels in meat and meat products. Meanwhile, poultry carcass cholesterol content
was reduced by adding higher vitamin E doses to chicken diets.

Galvin et al. (1998) fed broilers with a standard diet supplemented with 20, 200
or 800 mg of tocopheryl acetate/kg feed. The increasing amounts of vitamin E in the
feed increased the a-tocopherol concentration in carcass, including when the car-
casses were stored in a refrigerator and later boiled (Table 8). Rey et al. (2001) gave
fattening pigs diets containing vegetable oils (sunflower oil, olive oil and flaxseed)
and supplemented with a-tocopheryl acetate (10 or 200 mg/kg feed). Higher supple-
ments of vitamin E significantly reduced the COPs content of boiled meat. A similar
reduction in cholesterol oxidation in veal was obtained by Engeseth et al. (1993),
who fed animals a ration enriched with vitamin E.

Turkey meat and pork contained the highest levels of 7a-hydroxycholesterol, 7(3-
hydroxycholesterol and 7-ketocholesterol, whereas beef was richest in epoxide de-
rivatives of 5,6a- and 5,6B-epoxycholesterol and 20a-hydroxycholesterol (Table 4).
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There is greater COPs formation in meat with a higher PUFA content. This process
can be inhibited by supplementing sodium nitrite or plant antioxidants such as apple
catechins (Osada et al., 2000). Lopez-Bote et al. (1998) supplemented broiler diets
with rosemary or sage oil and tocopheryl acetate. In the meat of birds receiving spice
oils, the concentration of cholesterol oxides was lower than in the meat samples from
control birds. The greatest effect on reducing COPs concentration was exerted by
supplemental vitamin E. The use of protein hydrolysates in processing as shown by
Flaczyk et al. (2006) and Rudzinska et al. (2007) appears to be an efficient way to
reduce the formation of oxysterols in meat products.

Table 8. Effect of vitamin E level in broiler feeds on a-tocopherol concentration
and 200-hydroxycholesterol in thawed and ground breast muscles of birds. Ground samples were
stored for 12 days in a refrigerator at 4°C (Galvin et al., 1998)

a-tocopherol, mg/kg

o-tocopheryl acetate of freshly ground | TBARS, mg MDA/kg 20a-hydroxycholesterol

per mg/kg feed samples
20 48a 43¢ l4c
200 19.8b 1.8b 0.6b
800 479c¢ 09a 03a
a, b,c — P<0.05.

In other studies, Maraschiello et al. (1998) used B-carotene or vitamin E supple-
ments in complete diets for broiler chickens to inhibit lipid and cholesterol oxidation
processes. The increased dose of vitamin E in the diet (200 mg/kg feed) signifi-
cantly limited the level of oxysterols in boiled meat. The B-carotene supplement used
(15 or 45 mg/kg feed) exhibited no antioxidative effect. The use of natural antioxi-
dants in the food industry, to limit COPs formation in meat products, among other
things, is still limited.

It has long been known that several per cent of cholesterol and fatty acids is
oxidized in deep-frying fat. In polyunsaturated fats (soybean, linseed, sunflower and
sardine oils and triolein), cholesterol was oxidized more rapidly than in saturated
fat (tristearin and beef fat). When cholesterol was heated with unsaturated fat, es-
pecially sardine oil, it decomposed after only 1 hour. 7-ketocholesterol, similar to
SB-epoxycholesterol and Sa-epoxycholesterol, proved to be the most susceptible to
oxidation. Trace amounts of 7a-hydroxycholesterol and 7p-hydroxycholesterol were
found. These results reflect the instability of saturated fatty acids during oxidation at
high temperature (Osada et al., 1993). The effect of deep frying in sunflower oil at
a temperature of 160° to 180°C on the formation of cholesterol oxides was inves-
tigated by Echarte et al. (2001). Fresh loin was found to contain less than 1 mg
COPs/kg and 9-11 mg/kg after frying. The main cholesterol oxides were 7-ketocho-
lesterol and 7B-hydroxycholesterol.

Kowale et al. (1996) found mutton to contain approximately 1 g cholesterol/kg
meat. The most abundant cholesterol oxides were a and § epoxides of cholesterol
and 7-ketocholesterol, results similar to those for beef (Nam et al., 2001). Novelli
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et al. (1998) studied the concentration of cholesterol oxides in fresh pork,
in pork stored frozen for 1, 3 and 6 months, and in cured meats produced from
this pork (salami and mortadella). In the samples prepared at a laboratory and in
those purchased in shops, the concentration of cholesterol oxides varied greatly,
which was probably caused by different quality of meat samples and storage condi-
tions.

Level of oxysterols in eggs and egg products

The egg yolk contains the highest level of cholesterol of all animal products. The
amount of cholesterol in one egg yolk averages 213 mg (Anon, 1990). The contents
of egg yolk is conducive to the processes of lipid oxidation and formation of the
COPs due to a high quantity of cholesterol and iron as well as the presence of poly-
unsaturated fatty acids. Thus it is believed that powdered egg products contain the
highest amount of COPs compared with other foods.

Polyunsaturated fatty acids are especially susceptible to oxidation processes dur-
ing which free radicals and peroxides are formed, which in turn contribute to the
cholesterol oxidation and creation of COPs (Ubhayasekera et al., 2005). Exposure to
light, the content of water, storage and transport conditions as well as technological
processes used during the production of the egg powder and food containing egg
powder additionally affect the formation of COPs (Mazalli and Bragagnolo, 2007).

A lot of research has been carried out in order to define COPs levels in eggs and
egg products because they are a common ingredient in many diets and processed
foods. The most abundant COPs in eggs and egg products are 7a-hydroxycholester-
ol, 7B-hydroxycholesterol and its dehydrogenation: 7a-ketocholesterol, 5,6a-epoxy-
cholesterol, and 5,6B-epoxycholesterol and the products of their dehydrogenation:
cholestantriol as well as 208-hydroxycholesterol and 25-hydroxycholesterol (Pani-
angvait et al., 1995; Obara et al. 2006; Hur et al., 2007; Mazzali and Bragagnolo,
2007).

Sarantinos et al. (1993) and Tsai and Hudson (1984) reported that no choles-
terol oxides were found in fresh hen’s egg yolk and eggs stored in a refrigerator.
Also Mazzali and Bragagnolo (2009), just like Paniangvait et al. (1995) found only
small amounts of COPs in fresh raw eggs enriched with »n-3 fatty acids. In their
further research they determined how the amount of COPs in eggs is dependent on
the storage conditions and culinary processes. The eggs enriched with n-3 fatty ac-
ids and stored at 5°C or 25°C after 45 days were characterized by a decreased level
of polyunsaturated fatty acids. At the same time the amount of 7-ketocholesterol,
7o-hydroxycholesterol and 78-hydroxycholesterol increased significantly. The level
of oxysterols in the yolk of raw eggs at 0 and 45 days was 0 and 11 pg/g respectively,
but the boiled eggs contained 0.16 and 14 ng/g. The highest levels of oxysterols
(0.44 and 34 pg/g) were found in fried eggs. The yolks of eggs stored at 5°C were
characterized by a lower content of oxysterols.

Storage temperature did not affect the concentrations of 7a-hydroxycholesterol
and 7B-hydroxycholesterol and only the level of 7-ketocholesterol was dependent on
the storage temperature (Mazzali and Bragagnolo, 2009). In an earlier study Saran-
tinos et al. (1993) reported that frying and boiling had accelerated the formation of
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7a-hydroxycholesterol and 7B-hydroxycholesterol and their level had increased from
38 to 67 pg/g. The authors did not find any presence of 7-ketocholesterol in fried and
boiled fresh eggs.

The main factor affecting the formation of oxysterols in powdered eggs is the
drying of eggs. The level of oxysterols also depends on the chemical composition of
egg yolk and storage conditions of the final product (Mazzali and Bragagnolo, 2007,
Verado et al., 2010). The level of oxysterols in the powdered egg ranges from 8 up
to 313 mg/kg (Lercker and Rodriquez-Estrada, 2000). In the 6th and 12th month
of dark storage of the powdered egg at 25°C, the level of oxysterols amounted to
77 ng/g and 102 pg/g, respectively. Mazzali and Baragognolo (2007) demonstrated
that 5,6a-epoxycholesterol and 5,6B-epoxycholesterol were the dominating oxyster-
ols to occur during the storage of powdered egg. The concentration of products of
COPs in the powdered egg grows along with the extension of the storage time (Li
et al., 1996; Mazzali and Bragagnolo, 2007). The exposure to oxygen and light are
also factors inducing the formation of COPs (Guardiola et al., 1997). Mazzali and
Bragagnolo (2007) indicate that COPs have increased during storage, which can
be attributed to the storage temperature and the low water activity, which favour
lipid oxidation. Water contents in powders had a highly significant influence on
oxysterols accumulation during the storage time (Obara et al., 2006). In their studies
Obara et al. (2006) describe the contents of the COPs in spray-dried egg powder and
freeze-dried egg powder. The cholesterol oxidation product occurred in higher quan-
tities in spray-dried egg powders than in freeze-dried egg powders after 3 months
of storage. Oxysterols present in the highest amounts in stored egg powders were
5,6-epoxycholesterol isomers. These results were consistent with earlier studies by
Li et al. (1996).

The content of oxysterols in processed eggs was significantly affected by lay-
ing hen diets. Li et al. (1996) found that adding vitamin E to the diet of laying hens
reduced oxysterol formation during the process of spray-drying eggs, as well as pre-
vented the formation of COPs during the storage of the egg powder.

Galobart et al. (2002) studied the effect of fatty acid-enriched diet and a-toco-
pheryl acetate added to the diet of laying hens on the formation of oxidized forms
of cholesterol during the egg powder storage. There was a significant correlation
between the content of oxysterols depending on the type of added fat and the level
of dietary vitamin E. Eggs from hens fed the sunflower oil with the addition of a-
tocopheryl acetate and from hens fed without the a-tocopheryl acetate supplement
were subjected to spray-drying processes, and the resulting egg powder was stored in
the dark at room temperature. COPs concentration in egg powder after 12 months of
storage was 18.1 and 39.3 pg/g. Egg powder produced from eggs from hens fed with
sunflower oil and the a-tocopheryl acetate supplement was characterized by a lower
degree of lipid oxidation and a lower content of oxysterols. The dietary inclusion of
vitamin E in laying hen diets reduced COPs formation during the storage of the egg
powder (Li et al., 1996; Galobart et al., 2002).

Verado et al. (2010) analysed the content of COPs in three different egg prod-
ucts. Pasteurized eggs obtained from organically farmed hens were characterized
by the lowest level of COPs (18.2 pg/g). The authors suggest that the low levels
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of oxysterols were probably caused by a high content of natural antioxidants in the
diet of laying hens. Also Li et al. (1996) and Galobart et al. (2002) indicate that vi-
tamin E prevents formation of oxysterols during the egg drying process. Pasteurized
eggs from conventional breeding contained COPs at the level of 29.2 pg/g. Pasteur-
ized spray-dried eggs obtained from conventional breeding were characterized by
the highest level of COPs (76.4 ng/g). High levels of COPs in the final egg powder
product resulted from using an industrial process of drying eggs, which is one of the
main factors influencing the formation of oxysterols (Guardiola et al., 1997). As re-
ported by other authors 7-ketocholesterol, 7a-hydroxycholesterol, oraz 78-hydroxy-
cholesterol were the dominant products of cholesterol oxidation (Hur et al., 2007;
Mazzali and Bragagnolo, 2007). The resulting products were used for making pasta.
The level of COPs in the pasta stored for 12 months with light exposure amounted
to 163.1, 164.7 and 152.3 pg/g of fat respectively. Pasta kept in the dark contained
significantly lower concentrations of COPs: 42.3, 69.8 and 60.2 pg/g (Verado et al.,
2010). Thus, an important factor inhibiting the creation of COPs in products is also
limited exposure to light (for example, through the use of opaque packaging). An-
other factor helping to improve the quality and health value of the product obtained
is feeding the hens a diet containing vitamin E and choosing the industrial process
which generates the lowest amounts of COPs.

Level of oxysterols in milk products

Fresh chilled milk and dairy products contain no COPs (Sieber, 2005) or they
are present in trace amounts (Sander et al., 1989). The process of pasteurization and
UHT (ultra-high temperature processing) does not significantly affect growth levels
of COPs in the milk (Sieber, 2005). Also, dairy products immediately after prepara-
tion did not contain detectable amounts of COPs in low and medium temperatures,
and the method of roller and spray drying was used for their production (Chan et al.,
1993). Exposure of dairy products to fluorescent light contributes to the increase in
oxysterol content. It is believed that dairy products are more resistant to autoxidation
of cholesterol, even during a prolonged period of storage under unfavourable condi-
tions. This is due to low-valence transition metals (Fe, Cu, Co), a mild cholesterol
and saturated fats environment (Addis and Park, 1992). The most common COPs in
the dairy products are 7a- and 7B-hydroxysterol, a- and B-epoxycholesterol, 7-keto-
cholesterol, 20a- and 25-hydroxycholesterol (Przygonski et al., 2000). To date, these
oxysterols were found, among others, in the following dairy products: milk powder,
cheese, butter and cream.

Drying technology has a major impact on the level of cholesterol oxides in pow-
dered milk, both immediately after drying and during storage (Appelqvist, 1996).
There were no oxysterols in fresh powder milk, whole milk powder or skim milk
powder, produced using full roller dried and spray method (Nourooz-Zadeh and Ap-
pelqvist, 1988; Rose-Sallin et al., 1997). Milk powder made from whole milk or
skimmed at high temperatures, contained COPs at 2.8 and 7.6 mg/kg in the fat, re-
spectively (Rose-Sallin et al., 1997).

Nourooz-Zadeh and Appelqgvist (1988) and Angulo et al. (1997) received a simi-
lar amount of COPs in whole and skimmed milk powder. According to Przygonski
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et al. (2000), COPs content in milk powder was 5.85 mg/kg in the lipid extract. Mc
Cluskey et al. (1997) and Mc Cluskey (1997) found significantly higher levels of
COPs in the milk powder dried at high temperatures compared to the powder ob-
tained using low temperatures. According to these authors, milk powder produced
using low temperature contained COPs at 0.66 pg/g in the lipid extract, while the
concentration of COPs in the milk powders obtained using high temperature was
1.6 pg/g in the lipid extract. It was found that milk powder produced from milk of
cows fed a diet rich in antioxidants, using both low and high temperatures, was char-
acterized by lower content of COPs (0.43 and 1.07 pg/g, respectively) in the lipid
extract (Mc Clusky et al., 1997). In addition, whole milk powder, derived from cows
supplemented with vitamin E, was characterized by a higher content of antioxidants
and higher oxidative stability of lipids and cholesterol, during storage at elevated
temperature (Mc Clusky et al., 1997). Also Mc Clusky (1997) conducted a study to
determine the content of COPs in Irish commercial milk powder, and detected no
COPs in whole and skimmed fresh milk powder, obtained in the process using low
temperature while the concentration of COPs in the spray-dried powders using high
temperatures has increased significantly. 7-ketocholesterol and 5a,60,-epoxycholes-
terol were present only in whole powdered milk in amounts of 1.25 and 1.23 pg/g in
fat. The level of 5B,6B-epoxycholesterol powder and skim milk was 1.78 ng/g of fat
(Mc Clusky et al., 1997). Milk powder produced in the presence of inert gases or ob-
tained using a low temperature drying, and then stored in tight containers, contained
only trace amounts of COPs (Savage, 2002).

Like fresh butter, fresh cream does not contain detectable amounts of COPs
(Pie et al., 1990). In another study, Kumar and Singhal (1992 b) found the limit
of detection (0.1 mg/kg fat) for 78-hydroxycholesterol, 58,6B-epoxycholesterol and
7-ketocholesterol. Pie et al. (1990) also noted the presence of a small amount of
7-ketocholesterol. Total content of COPs in the butter and dairy products was 1.4 and
2.7 mg/kg of fat. Fresh butter heated for 10 minutes at 170°C and for 10 and
20 minutes at 180°C, resulted in an increased amount of COPs to the level of 13.9,
14.6 and 27.3 mg/kg. Heating the butter after 2 months of storage to a temperature
of 170-175°C for 5 and 15 min., had no significant effects on the content of oxys-
terols (Rose-Sallin et al., 1997). Storing butter at —20°C for 3 months resulted in the
emergence of ketocholesterol (0.97 mg/kg). Butter stored in the same conditions, but
for 6 months contained 0.44 mg/kg of ketocholesterol, 0.22 mg/kg of hydroxycho-
lesterol, and 1.52 mg/kg of the a and B-epoxycholesterols (Pie et al., 1990). Nielsen
et al. (1996) found no formation of COPs in the butter stored for 13 weeks at —18°C
and 4°C. Low temperature storage of butter without exposure to light lowers the
rate of oxidation of cholesterol. Heisberger and Luf (2000) studied the generation
of cholesterol oxides in butter stored at around 20°C and at 4°C in the presence of
normal light and ultraviolet light. Butter was frozen and then kept in cold storage for
6 months. The butter was found to contain only trace amounts of COPs. In the next
stage of the study the authors found that in samples stored for 3 weeks in the refrig-
erator with light the quantity of COPs increased significantly, while the storage of
butter at room temperature after a few days resulted in the emergence of very large
amounts of COPs.
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Ghee is a product of Indian butter clarified mostly at 105-118°C (Sserunjogi
et al., 1998). Ghee is mainly produced from cow’s milk or buffalo milk or a mix-
ture of both (Rajorhia, 1993). It is used as an additive in bread, lentils or cooked
rice, as a flavouring, and as a medium for cooking and frying (Kumar et al., 2010).
A significant amount of ghee is also used by confectioners and bakers. Approximate-
ly 15-20% of ghee produced is used for frying and cooking (Sserunjogi et al., 1998).
Cholesterol in ghee is in the range of 0.3—0.4% (Nath et al., 1996). Research by Nath
et al. (1996) showed that the ghee produced and stored under normal conditions does
not contain COPs and can be consumed even after 6—8 months of storage at ambient
temperature. The stability of ghee during storage is attributed to low humidity and
high content of phospholipids (Achaya, 1997). It is suggested that the low acidity of
ghee and the presence of natural antioxidants also help to extend its life (Van den
Berg, 1988). Ghee made from cow’s milk is more stable during storage compared to
ghee made from buffalo milk due to its higher content of natural antioxidants (Van
den Berg, 1988). Sripad et al. (1996) suggested that the antioxidant properties of the
residue ghee are due to the presence of tocopherols, phospholipids, and the browning
reaction products. The authors found that the fat-insoluble compounds present in the
residue, have better antioxidant properties than lipid-insoluble compounds. Addition
of ghee residue to ghee prolongs shelf life. The addition of the alcohol extract con-
taining the compounds of the Maillard reaction significantly delayed the processes
of oxidation of lipids and cholesterol (Bector et al. 1996; Sripad et al., 1996). Use
of ghee for frying for a short period did not result in the formation of cholesterol
oxides, but the same culinary process lasting 15 min generated COPs. Cholesterol
oxidation products were present in the frying ghee for 60 minutes (Nath et al., 1996).
Kumar and Singhal (1992 b) studied the influence of the conditions of production on
the level of COPs in ghee. They found that ghee contains a high amount of saturated
fatty acids and cholesterol oxidation products, which mainly arise in the process
of prolonged heating of ghee at about 120°C for 20-30 min. The total content of
COPs in the ghee produced from cow’s milk was 15.0 mg/kg (Kumar and Singhal,
1992 b) and 21.4 mg/kg (Kumar et al., 1999). In the ghee produced from buffalo milk
the level of COPs was 20.9 mg/kg (Kumar and Singhal, 1992 b). Total COPs content
of 285 mg/kg was found in ghee heated at 120°C for 45-50 h (Kumar et al., 1999).
Exposure of ghee to the heating process causes an increase in oxysterol.

Soft and hard cheese contain trace amounts of COPs (0.5-2.2 mg/kg of lipid
fraction), except for the fat grated cheese such as Parmesan and Romano, which
contain higher amounts of oxysterols (6 and 32 mg/kg in the lipid fraction). Parme-
san cheese stored for a year, with light exposure and at a temperature of 37°C con-
tained significant quantities of 7-ketocholesterol (10.1 mg/kg fat — 3.3 pg/g cheese)
(Kristensen et al., 2001). However, Parmesan, stored for 25 months at —24°C in the
original packaging intact, contained trace amounts of 7-ketocholesterol (Rose-Sallin
et al., 1997). Nielsen et al. (1996) considered as an indicator ketocholesterol oxida-
tion of cholesterol in the cheese and other dairy products. Cheese stored for 6 months
protected from light at 21-38°C was characterized by small changes in the amount
of COPs (Rose-Sallin et al., 1997; Kristensen et al., 2001). Cheese from damaged
packages, and transparent packaging, in which each slice is packed separately, was
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characterized by the highest content of COPs (70-80 mg/kg) (Rose-Sallin et al.,
1997). In the sliced cheese and yellow grated cheese, at 55 and 20 days of exposure
to fluorescent light, there were no significant changes in the concentration of COPs
(Nielsen et al., 1996).

Suitable processing conditions (using low or medium temperatures in the dairy
industry) and food storage (sealed, opaque container, proper storage temperature)
minimize oxidation of cholesterol levels. Formation of COPs can be reduced by
feeding animals with a diet rich in natural antioxidants.

Effect of fatty acids oxidation on meat quality

Autoxidation of lipids occurring in meat and meat products is an extremely com-
plex process and is one of the major causes of deterioration in the quality of these
products. They are responsible for degradation of colour, flavour and texture, as well
as loss of their nutritive value (Gray et al., 1996; He$ et al., 2007). This is due, among
others, to high susceptibility of primary, intermediate and final products of oxida-
tion to the distribution and reaction with other constituents of meat, the complex
influence of catalysts and the impact of natural antioxidants and photo-oxidation
occurring simultaneously with the autoxidation. The most widely used test of lipid
oxidation of meat is TBARS assay (Juntahote et al., 2007). One of the main second-
ary products appearing in reaction with thiobarbituric acid (TBA) is malondialde-
hyde (MDA), commonly present in decomposing fat. It belongs to the most typical
products of lipid oxidation of meat, and its determination is considered to be one of
the most sensitive and specific methods used to assess the rate and extent of lipid
oxidation in meat.

The most important volatile components formed during lipid oxidation which
influence meat aroma are chemical compounds built of heterocyclic rings contain-
ing sulfur and/or nitrogen, which include lactones, alkylfurans, alkylpyridines and
alkylthiazoles (Mottram, 1998). They are present in very low concentrations and
have a very low threshold of flavour. The main input of fatty acids in the synthe-
sis of these volatile components is to provide the aldehydes, from which rings of
the compounds mentioned above are synthesized. Main aldehydes giving unwanted
smell are hexanal, pentanal and propanal. Furthermore, due to the degradation of
amino acids the amino groups are detached and amines are formed and in the case of
cysteine sulfine appears. Monosaccharides, mainly ribose, react with amino groups
to give Maillard compounds of which the most important are a-dicarbonyl and o
hydroxyketone. Many of these lipid oxidation products are formed in the culinary
process, especially during cooking, frying or grilling which is facilitated by high
temperature. Pork from pigs which received grain in feed mixture is characterized by
a high content of linoleic acid (C18: 2) belonging to the family of #n-6 fatty acids. The
consequence of this was an unexpected increase in the ratio of n-6 to n-3 fatty acids,
which is undesirable from the point of view of consumer health. What is more, in
meat containing higher levels of linoleic acid (C18: 2), which during boiling is rapid-
ly oxidized, off-flavour products are formed, mainly pentanal and hexanal, which are
responsible for characteristic rancid smell of pork (Enser, 1999). The other products
of oxidation of linoleic acid (C18: 2) created during pork cooking are 2.4-decadienal
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and 2-pentylfuran. Another important fatty acid of n-6 family, commonly present in
pork is arachidonic acid (C20: 4). Its main product of oxidation, 1-octen-3-ol gives
the meat a distinctive mushroom smell (Mottram, 1998).

In contrast, a-linolenic acid (C18:3), the main sources of which are fish oils,
flaxseed and canola, is a precursor of n-3 fatty acids. As a result of oxidation of these
acids, meat smell becomes unacceptable to the consumers because of its fish odour.
Carriers of this undesirable odour are o-linolenic acid (C18:3), eicosapentaenoic
acid (C20:5) and docosahexaenoic acid (C22:6). Studies by American and British
scientists found that a 3% content of these acids in the whole meat lipids is the up-
per limit accepted by consumers. The comparative work’s aim was to assess which
meat is more preferred by consumers — that richer in n-3 or n-6 acids. The research
showed that meat containing more fatty acids of n-6 family (derived from linoleic
acid, C18:2) had a more pleasant flavour.

Hardness, firmness and juiciness of meat are closely related to the content of
water in muscle tissue, collagen and the level of stearic acid (C18:0) and linoleic
acid (C 18:2). Fatty acids stearic and linoleic differ in melting point (69.6 and —5°C,
respectively), which significantly affects the density and firmness of the meat. It was
also found that stearic acid (C18:0) plays a greater role in creating these characteris-
tics. Extensive research on the effects of fatty acid composition on the taste of meat,
showed a positive correlation between this trait and saturated and monounsaturated
fatty acids and a negative correlation for unsaturated fatty acids (Wood et al., 2004).

Effect of oxysterols on cell membranes

The interactions of cholesterol and phospholipids are essential to the normal
structure and function of cell membranes. The exposure of cell culture to COPs con-
tributes to a change in the molar ratio of sterols to phospholipids. This occurs af-
ter the introduction of COPs to cell membranes or through inhibition of cholesterol
biosynthesis and thus by way of a reduction in cholesterol availability during the
membrane formation process. These phenomena may reduce membrane fluidity and
stability (Smith, 1996).

Proteins that serve important functions in cell membranes, such as energy carri-
ers, receptors, enzymes, and molecular pumps and gates, are surrounded by a double
lipid layer. COPs can affect the position of proteins in the structure of cell mem-
branes and thus change their properties (Ikonen, 2008). Because of their effect on
the cell metabolism and transport of fatty acids, they can alter the composition and
transport of triglycerides to smooth blood vessel cells and completely change phos-
pholipid structure, thereby contributing to cell membrane damage (Igene and Pear-
sons, 1979; Poli et al., 2009).

Cytotoxicity of oxysterols

American studies have confirmed that a high cholesterol content in food increas-
es the incidence of cancer and coronary heart disease (Ansari et al., 1978; Grundy,
1990).

Despite the extensive knowledge of the composition of atheromatous plaque and
the different mechanisms by which it has developed, it has still not been established
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which etiological factor or pathogenic mechanism makes the greatest contribution
to the generation of atherosclerotic lesions. The most widespread view is that the
formation of atherosclerotic lesions is the reaction of the vascular wall to mechani-
cal, chemical, toxic, viral or immunological factors that trigger endothelial vessel
damage. Many studies have shown that 25-hydroxycholesterol and cholestanetriol
are toxic factors associated with arteriosclerosis (Taylor et al., 1979). One of the
toxic products of cholesterol oxidation — 25-hydroxycholesterol — is absorbed in
mammals after inclusion in the diet and causes damage to the surface of blood ves-
sels (Poli et al., 2009), as shown by electron microscope scanning (Peng et al., 1982).
Vessel infiltration by macrophages and lipoproteins and proliferation of smooth
muscle and connective tissue cells are the response to the repair capacity being
exceeded following repeated damage, and to the interaction of the plaques with
the vascular wall. Epidemiological and experimental studies and clinical obser-
vations have documented that hypercholesterolemia, particularly an increase in
LDL cholesterol, significantly increases the possibility of atherosclerotic damage,
by initiating atherosclerotic damage, by increasing lipid infiltration, or by the in-
volvement of both hypercholesterolemia and LDL cholesterol in atherosclerotic
damage. One hypothesis states that oxysterols are responsible for arterial wall
damage, and thus for the initiation of atherosclerotic changes. The significance of
COPs for the development of atherosclerosis is evidenced by their presence in hu-
man blood, aortal tissues and atheromatous plaques (Hubbard et al., 1989; Poli et
al., 2009).

It is likely that oxidized lipoproteins and associated oxysterols play an additional
role in neurological disorders in the central nervous system, especially those as-
sociated with oxidative stress. Oxidative stress has been implicated in central neu-
ronal loss in many age-related neurodegenerative diseases such as Parkinson’s dis-
ease and Alzheimer’s disease (Halliwell, 1992; Poli et al., 2009; Otaegui-Arrazola
et al., 2010). Given the observations that oxysterols are directly neurotoxic and also
regulate neuronal survival through glial cells, there is a need for detailed studies
on the effects of oxysterols on neuronal-glial interactions, especially as they relate
to neuroimmune functions. COPs also affect the metabolism of arachidonic acid
and its oxidized metabolites, eicosanoids, which, without activation of cyclooxy-
genases and calcium channels, contribute to the development of inflammatory
changes.

Recently it has been assumed that phytosterols (plant sterols present in oil, often
used for frying) can be preventive in an impending atherosclerosis and hypercholeste-
rolemia mainly by lowering the cholesterol level in blood (Hicks and Moreau, 2001).
The phytosterols have similar oxysterol instability as cholesterol, and formation of
oxysterols may negatively affect health due to the already proven negative effect of
oxyphytosterols on some metabolic processes (Oehrl and Boyd, 2004; Rudzinska et
al., 2009). Also phytosterol oxidation products can have similar cytotoxic and apop-
tic effect on human cells as cholesterol oxidation products (Ryan et al., 2005). It was
shown that significantly higher amounts of phytosterol oxidation products must be
used to achieve the same level of toxicity caused by COPs (Ryan et al., 2005).
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Cholesterol oxidation and neoplasms

Studies on the role of COPs in neoplastic diseases are still at the stage of inten-
sive clinical tests. Findings to date have indicated their potentially major role in in-
ducing some types of neoplasms (Smith and Johnson, 1989). The earliest finding was
that many oxidation products induced sarcomas and other tumours when they were
injected subcutaneously into animals. A role in skin cancer was said to be played by
a-epoxy-C. Etiologically, colon cancer is also associated with COPs. A higher than
normal level of triol-C has been found in patients with colon cancer and in patients
with precancerous lesions such as adenomatous polyps or ulcerative colitis. A higher
than normal level of a-epoxy-C has been detected in samples taken from the breasts
of women with benign neoplasm. Likewise, higher levels of a-epoxy-C and -epoxy-
C have been observed in prostate fluids in men with an enlarged prostate, which may
be related to the further development of prostate cancer. It was found that a-epoxy-
C is mutagenic in fibroblast cultures and evokes morphological transformations in
embryonic cells of the hamster and mouse.

Conclusions

There has been growing interest in studies aimed at obtaining high quality animal
products that satisfy the nutritive requirements of humans while meeting all the food
safety requirements.

It is still impossible to accurately define the dietary level of COPs that may be
detrimental to human health. Therefore, it seems appropriate to reduce COP levels
in animal products, including meat and meat products, by preventing the autoxida-
tion of lipids. Storage of meat and meat products in packages made from appropriate
materials and at low temperatures, and the use of antioxidants, may help reduce the
level of toxic COPs and improve the sensory quality of these products.

Analysis of all cholesterol-containing foods should be continued. The highest
priority should be given to studies on the toxicity of COPs in food, because current
findings clearly show that many cholesterol oxides are cytotoxic, atherogenic, muta-
genic and carcinogenic. Although some published COPs levels seem reliable, there
is an urgent need to repeat the determination of many products using the increasingly
precise and reliable analytical methods. Because the complete elimination of COPs
from the human diet may be impossible, studies on their toxic effect on the human
body should continue.
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Cholesterol i nadtlenki lipidowe w produktach zwierzecych oraz ich wplyw na zdrowie — artykut
przegladowy

STRESZCZENIE

Poziom oksysteroli w produktach pochodzenia zwierzgcego zalezy od temperatury stosowanej
w procesach przetwarzania zywnosci, czasu ich ogrzewania oraz od warunkow i dtugosci przechowy-
wania. Wysoka temperatura, tlen, ekspozycja na $wiatto, sktad chemiczny produktu oraz niski poziom
antyoksydantow przyspiesza powstawanie PUCh (produkty utleniania cholesterolu). Wysoka zawarto$¢
wielonienasyconych kwasow tluszczowych w migsie oraz jajach generuje ich powstawanie. Produkty
mleczarskie charakteryzuja si¢ najnizsza zawarto$cia PUCh sposrod wszystkich produktow zwierzgcych.
Najczgsciej wystgpujacymi oksysterolami w produktach pochodzenia zwierzecego sa: 7-ketocholes-
terol, 20a-hydroksycholesterol, 25-hydroksycholesterol oraz o,B-epoksycholesterol. Liczne badania
potwierdzity niekorzystne dziatanie PUCh na zdrowie zwierzat i cztowieka. Wykazuja one dziatanie
mutagenne, karcinogenne, angiogenne, toksyczne oraz uszkadzajace btony komoérkowe i hamujace
biosynteze cholesterolu. Stosowanie niektorych antyoksydantow w zywieniu zwierzat ogranicza pow-
stawanie PUCh w czasie technologicznych proceséw przetwarzania migsa, jaj oraz mleka, jak rowniez
podczas procesu przechowywania $wiezych produktow. Dodatkowa ochrona przed nadmiernym pro-
cesem utleniania cholesterolu moze by¢ stosowanie odpowiednich opakowan ograniczajacych dostep
tlenu i $wiatla.



