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Review Article

Cholesterol oxides: their occurrence and methods to
prevent their generation in foods
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Eight cholesterol oxides are commonly found in foods with high cholesterol content, such as meat, egg yolk and
full fat dairy products. Factors known to increase the production of cholesterol oxides in foods are heat, light,
radiation, oxygen, moisture, low pH, certain pro-oxidising agents and the storage of food at room temperature.
Processes, such as pre-cooking, freeze-drying, dehydration and irradiation, have all been reported to result in
increased production of cholesterol oxides in meats. As prepared consumer foods are becoming increasingly
popular, the consumption of higher levels of cholesterol oxides in foods is inevitable. An understanding of the
mechanisms involved in the generation of cholesterol oxides may assist in their reduction in foods and possibly

reduce the impact of these compounds on human health.
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Introduction

Cholesterol oxides are a group of sterols similar to choles-
terol, which contain an additional functional group, such as
a hydroxyl, ketone or an epoxide group in the sterol nucleus
and/or on the side chain of the molecule. While Fig. 1 shows
the structure of eight common cholesterol oxides, more than
60 have been identified.! Some cholesterol oxides are pro-
duced endogenously in human tissues during conversion
of cholesterol into bile acids and steroid hormones;2 auto-
oxidation of cholesterol also occurs in vivo.3

Cholesterol oxides are also present in our diet and have
been identified in foods high in cholesterol content. The
presence of cholesterol oxides in a range of foods has been
extensively reviewed.24-7 As a rule, fresh foods contain very
low levels of cholesterol oxides. Storage, cooking and pro-
cessing all tend to increase the cholesterol oxide content of
cholesterol-containing foods. Cholesterol oxides occur in
relatively high concentrations (range 10—150 pg/g dry weight)
in egg yolk,”-39 stored frozen meat,!0 butter, cheese,!! cream?
and heated tallow.!2 Egg-based products (cakes, sweet bis-
cuits and mayonnaise) will also contain cholesterol oxides if
fresh materials are not used in their manufacture.

It is important to note that high cholesterol-containing
foods show an increase in cholesterol oxide content after
heating, spray-drying and deep-frying.>-13 For instance, in
heat-treated clarified butter (ghee), 12% of the total sterol
content is cholesterol oxides.!* The high levels of cholesterol
oxides in ghee is not surprising, since butter is commonly

heated at 150°C in an open vessel for 20-25 min without any
antioxidant, to make this Indian product.

Literature reports on the levels of cholesterol oxides in
the same type of foods are extremely difficult to compare.
The quantification of cholesterol oxides in foods is difficult,
because their isolation is frequently hindered by the large
amounts of interfering cholesterol, triglycerides, phospho-
lipids and other lipids present in the food.!5 The inconsisten-
cies observed in the cholesterol oxide contents of foods are
mainly due to differences in the analytical methods and fail-
ure to validate the methods correctly.!> The procedures cur-
rently used to extract, purify and quantify cholesterol oxides
have been well summarized.316

An attempt has been made to harmonize the methods
used for the analysis of cholesterol oxides, and two inter-
laboratory round robin analyses have been performed on
standard egg powder and milk powder.!®17 A summary of
two studies, one carried out in 1995 (study 1) and the second
in 1997 (study 2), is shown in Tables 1 and 2. The reduction
in data variability in study 2 may be due to the use of better
packaging and improved methods. In the first study, some of
the samples were held up in US Customs and possibly stored
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in uncontrolled conditions. However, even in the second
study, the range of results reported for each cholesterol oxide
for the same food sample was much wider than is desirable.

Dairy foods

Cholesterol oxides have not been reported in fresh, tradi-
tional and ultra-high temperature pasteurized, condensed and
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Figure 1. Structure of the eight most common cholesterol oxides.

skimmed milk. Full cream milk may contain 20-30 pg/g!8
while commercial milk powders and infant formulas contain
very low levels of cholesterol oxides.!® Freshly opened full
cream powders that had been packed under inert gas only
contained traces of cholesterol oxides (25 ng/g total fat). Full
fat cream powders that had been stored unopened for 1 year
also contained very low levels of cholesterol oxides. The val-
ues obtained by Rose-Sallin et al.!® were comparable to the
results obtained by Nourooz-Zadeh and Appelqvist?® who
demonstrated that fresh milk powders produced by low
or medium heat spray-drying contained very low amounts of
cholesterol oxides.

Cholesterol oxides have been reported in blancmange
powder, pancake powder and cheese stored at room temper-
ature.® Fresh butter manufactured by batch or continuous
methods contains only traces of 7-ketocholesterol at the
detection limit,20 as the cholesterol in butter appears to be
quite stable to oxidation because most fatty acids are satu-
rated. Storage of the butter at 4°C for up to 4 months caused
an increase in the levels of isomeric 5,6-epoxycholesterols,
while heating the butter for 10 min between 150 and 200°C,
under conditions similar to shallow pan frying, caused a
gradual increase in total cholesterol oxides from 0 to 2.5 pg/g
in the butter.20

Dairy spreads tend to contain higher amounts of unsatu-
rated fatty acids, which favour cholesterol oxide formation.?!
This is a real problem, since there has been an increase in the
consumption of dairy spreads as nutritionists have advised
people to decrease their intake of saturated fats. Nielson
et al2! also noted that there was a lag phase of 7 weeks in
cholesterol oxidation in dairy spread stored at 4°C, after
which there was a rapid rise in the cholesterol oxide content.
This could well be a problem as dairy spread is normally
considered to have a shelf life of up to 10 weeks at 4°C. Very
low levels of cholesterol oxides could be observed when the
dairy spread was stored at —18°C, even after 13 weeks.

Soft and hard cheeses contain only traces of some
cholesterol oxides, while grated cheeses (which have a high
surface area) contain 0.5-2.2 ug/g of cholesterol oxides in

Table 1. Interlaboratory variation in content of cholesterol oxides in egg powder determined in two ring-test studies!?

Study No. laboratories Total range Mean + SD
(ug/g)
7o-Hydroxycholesterol 1 10 0.3-12.6 5.8+48
2 7 2.2-55 3613
7p-Hydroxycholesterol 1 13 0.3-157.1 18.6 £ 43.1
2 8 1.2-4.9 2714
7-Ketocholesterol 1 15 0.4-24.6 6.0+ 8.1
2 8 1.5-5.9 26+1.32
5a,6-a-Epoxycholesterol 1 11 0.3-544 13.7+19.5
2 6 0.4-1.6 1.0+04
5B,6p-Epoxycholesterol 1 10 0.4-30.6 10.5 £ 12.0
2 6 1.5-35 27+0.8
Cholestantriol 1 9 0.1-14.5 27+4.6
2 4 0.09-0.25 0.17 £ 0.06
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the lipid fraction.20 Generally speaking, fresh cheese con-
tains very low levels of cholesterol oxides but grated cheeses
(with a high surface area), such as Parmesan and Romano,
contain between 6 and 32 ug/g.22

Egg and egg products

Eggs contain a relatively high content of cholesterol (approx-
imately 200 mg/egg) and fresh egg yolks are virtually free of
cholesterol oxides.® Unfortunately, cooking and dehydration
considerably increase the cholesterol oxide content. Spray-
dried egg yolk powder contains the highest levels of total
cholesterol oxides (55-113 mg/100 g); epoxides were the
most abundant cholesterol oxide in this study.!8 Sarantinos
et al.'® went on to show that domestic frying of eggs also
resulted in cholesterol oxide production. Commercially pre-
pared foods that contain egg products, such as egg pasta,
cakes, sweet biscuits and mayonnaise, may have significant
cholesterol oxide contents.0-23:24

Meat and meat products

Only trace amounts of cholesterol oxides have been found in
fresh meat,25 but meat products can be one of the most
important sources of cholesterol oxides in the diet.246 An
increase in cholesterol oxidation does occur in beef, veal
and pork after being stored frozen for three months.!0
The generation of cholesterol oxides in prepared food is
influenced by many factors, for instance, contact with air/
oxygen, temperature treatment during processing, exposure

to light, presence of metal ions, level of antioxidants, pack-
aging methods and storage conditions.67-17 Beef hamburgers
contained higher levels of total cholesterol oxides when
compared to meatballs containing 50% pork/50% beef
(Table 3).26 Larkeson et al.2¢ also found that the cholesterol
oxide content of the raw and prefried products increased
when they were fried. The levels of cholesterol oxide content
of all products increased if they were stored in the dark for
either 1 or 2 weeks at 4°C; the greatest increase was seen in
the prefried hamburgers (Table 3).

Rodriguez-Estrada et al.” also evaluated the effect of
different cooking methods on cholesterol oxidation of beef
hamburgers, detecting a higher content of 7-ketocholesterol
in the combination of roasting and microwave heating, as
compared with other cooking treatments (Table 4). However,
the storage conditions in the supermarket, where refrigerated
meat is subjected to continuous lighting, could be a major
factor in the development of lipid oxidation in raw ground
meat.”

Processes such as freeze-drying, dehydration and irradia-
tion have also been reported to lead to the increased pro-
duction of cholesterol oxides in meats.® The effects of
processing technology and cholesterol oxidation of salami
were studied.?’” It was found that the amount of 7-keto-
cholesterol ranged from 1.2 to 2.7 ug/g in lipids, reaching its
highest value one week after the oven treatment for the acti-
vation of the fermentation process. The effect of UV irradia-
tion (1800 pwatt/cm? for 1 min) on cholesterol oxidation of

Table 2. Interlaboratory variation in content of cholesterol oxides in milk powder determined in two ring-test studies!?

Study No. laboratories Total range Mean + SD
(ug/e)
7Ta-Hydroxycholesterol 1 11 0.04-9.7 1.2+29
2 6 0.03-0.8 02+0.3
7B-Hydroxycholesterol 1 14 0.03-2.6 0.5+0.8
2 8 0.02-0.7 02+0.3
7-Ketocholesterol 1 14 0.05-3.1 0.6+0.8
2 8 0.05-1.9 04+0.6
S5a,6-a-Epoxycholesterol 1 12 0.02-7.3 1.1+22
2 4 0.1-0.7 04x0.3
5B,6p-Epoxycholesterol 1 10 0.003-5.8 1.3+2.0
2 5 0.09-0.6 03+0.2
Cholestantriol 1 6 0.005-2.2 0.6+ 0.9
2 5 0.008-1.6 04+0.7
Table 3. Total cholesterol oxide content (ug/g lipids) in raw and cooked meat balls and hamburgers
Raw Prefried
Meat balls Hamburgers Meat balls Hamburgers
50% beef/50% pork 100% beef 50% beef/50% pork 100% beef
Fresh 33 55 55 8.4
Fried 104 6.7 8.2 29.4
Storage 1 week 11.0 6.9 14.3 41.9
Storage 2 weeks 10.8 7.2 16.1 49.5

The determinations were performed on the fresh products, after frying and after storage for 1 or 2 weeks at 4°C.26
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three sliced meat products (Milan-type salami, mortadella
and cooked ham), after storage at 4°C under modified atmos-
phere, has also been evaluated.28 Sampling was performed at
three different stages: (i) just after the treatment (0 weeks);
(ii) at the average commercial shelf life time of the corre-
sponding untreated products (12, 6 and 4 weeks for salami,
mortadella and cooked ham, respectively); (iii) when modifi-
cations on the sensory profile of the products were detected
by an expert panel (20, 8 and 8 weeks for salami, mortadella
and cooked ham, respectively). Treated samples were com-
pared with untreated ones (controls). As can be observed
in Table 5, UV irradiation enhanced cholesterol oxidation
resulting, in general, in higher levels of 7-ketocholesterol

Table 4. Effect of cooking treatments on the total 7-keto-
cholesterol content and the ratio of total 7-ketocholesterol to
total cholesterol’

Treatment 7-Ketocholesterol 7-Ketocholesterol/
(ug/g in lipids)*  total cholesterol (%)*
Raw 25.2d 0.5
Roasted 18.0b 0.5
Microwave 19.6¢ 0.4a
Microwave and roasted 22.0¢ 0.5b
Barbecue 19.5¢ 0.4a
Boiling 16.42 0.4a
Frying pan 18.6° 0.42

* Mean values of three replicates. 2~ ¢ Means with different superscripts
within the same category are significantly different (P = 0.05).

Table 5. Mean contents of total 7-ketocholesterol found in
control and UV-irradiated sliced salami, mortadella and
cooked ham?8

Product Time Sample 7-Ketocholesterol
(weeks) treatment (ug/g in lipids)*
Salami 0 Control 1.2
uv 4.5
12 Control 4.2
uv 4.3
20 Control 2.9
uv 7.8
Mortadella 0 Control 6.6
uv 1.8
6 Control 5.9
uv 10.9
8 Control 11.2
uv 5.5
Cooked ham 0 Control 16.8
uv 7.7
4 Control 11.2
uv 11.3
8 Control 18.8
uv 12.3

* Data are the mean values of three replicates.

in the UV-irradiated products, as compared to those of
the untreated ones. However, the untreated cooked products
(mortadella and cooked ham) already presented a certain
degree of oxidation at the beginning of the study, which is
probably due to the processing technology. In addition, the
cooking procedure partially masked the oxidizing effects of
UV irradiation in these cooked products.

In contrast, Novelli ef al.2% found that the cholesterol
oxide content of fresh and frozen pork was very low and
despite the fact that mincing, storage and cooking are all
considered processes that might induce oxidative changes in
meat, the levels found in salame Milano and mortadella were
again very low. It is possible that additives such as nitrites
and ascorbic acid may have a positive role in reducing oxida-
tive processes in these processed foods. One of the main
problems in comparing the cholesterol oxide content of meat
and meat products is the wide range of methods used to mea-
sure them, as mentioned above.¢

The potential to consume more cholesterol oxides increases
as prepared precooked products are becoming more popular
in modern Western diets, where prepared foods are in great
demand because they take little time to cook at home.

Sea food

Low levels of cholesterol oxides have been observed in fresh,
frozen and smoked herring, ranging from 5.5 to 9.2 pg total
cholesterol oxides/g lipids and rising to 10.4 ug/g in fried
herring.30 In contrast, the cholesterol oxide content of salt-
dried fish varied according to the fish species. In fact,
Pacific cod, Northern cod and anchovy displayed a mean of
15.2 nug/g, 20.8 pg/g and 127.3 ug/g, respectively.3!

Many locally caught Japanese fish contain relatively low
levels of cholesterol oxides.32 It was observed that Japanese
whiting and Pacific round herring exhibited small increases
in cholesterol oxides after grilling, whereas other fish, such
as squid, displayed no change after grilling. When both
boiled and dried anchovies were grilled for 6 min at 220°C,
the cholesterol oxide content increased markedly when
compared to the levels found in the boiled and dried ancho-
vies; however, it appeared to decrease slightly on further
grilling.33 Dietary supplementation of a-tocopherol or the
treatment of the Rainbow trout fillets with an oleoresin
rosemary dip significantly reduced the formation of choles-
terol oxides during subsequent cooking.3* The levels of
cholesterol oxides found in various processed marine prod-
ucts raise some questions about the potential safety of these
products, which are normally considered beneficial for
health.

Other processed foods

If a food product is cooked in butter or tallow, the possibility
of cholesterol oxide absorption exists. Total cholesterol
oxides ranged from 20 to 24 pg/g in French-fried potatoes,
and other deep-fried foods cooked in animal/vegetable fat
were a major source of cholesterol in the US diet. Fortu-
nately, tallow is no longer widely used in many countries.35
The amount of cholesterol oxides in fried foods depend on a
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number of factors, such as the composition of the frying fat,
the length of frying time and the cooking temperature. If the
food is battered, then the absorption of fat into this layer can
be considerable. Recently, a study on cholesterol oxidation
of chicken cutlets was performed, in which the raw meat, the
breaded raw pieces and the fast-fried cutlets obtained from
four different producers were monitored.3¢ The results showed
that 7-ketocholesterol was already present in the raw meat
that was used for the cutlets, but it increased markedly
after being subjected to the thermal treatment (Table 6). No
7-ketocholesterol was detected in the frying oil, even though
a small amount of cholesterol did solubilize in the oil during
frying.

Storage of foods
Cholesterol-containing foods that are heated during process-
ing, as well as those that are dried and then stored, have a
high cholesterol oxide content.® Storage in non-ideal con-
ditions (O, permeability, exposure to heat and light) can lead
to a further increase in their cholesterol oxides levels.®37 For
instance, storage of whole milk powders in oxygen imper-
meable materials, such as glass, reduced the rate of choles-
terol oxide production, when compared to polyethylene
pouches.38

On the other hand, data on the effect of storage on the
level of cholesterol oxides in presently available dairy spreads,
has not been reported in the literature. It would be expected
to be relatively low as these mixed spreads (containing but-
ter and margarine) are packaged in cream or white contain-
ers, which reduces the amount of light reaching the product.
Many of these products have a metal foil cover over the top,
which would also protect the product from light exposure. In
any case, it is also clear that the larger companies do not
allow their product to remain in supermarket shelves long
enough for the development of cholesterol oxides to become
a major problem.

Table 6. 7-Ketocholesterol content of raw chicken meat,
breaded raw pieces and fast-fried chicken cutlets3¢

Sample* 7-Ketocholesterol (ug/100 g)*
V la 1.6
V 1b 1.9
V 2a 6.4
X la 2.7
X 1b 22
X 2a 7.9
Y la 3.8
Y 1b 2.0
Y 2a 6.4
Zla 0.8
Z 1b 0.6
Z?2a 7.5

* The letters V, X, Y and Z refer to 4 different chicken cutlets producers.
The samples are identified as follows: 1a, raw meat; 1b, breaded raw pieces;
2a, fast fried cutlets (sampled at the beginning of the daily frying cycle).
7-ketocholesterol expressed in pg/100 g of non-lipid food matrix.

Why are cholesterol oxides so important in human
nutrition?

Cholesterol oxides in foods are efficiently absorbed into the
blood stream.3940 Endogenous and food-sourced cholesterol
oxides are transported in the low density lipoprotein (LDL)
to the liver.#1-43 More recent studies have shown that unes-
terified cholesterol oxides associate readily with serum
albumin.#

Most sterols, including cholesterol and cholesterol oxides,
are eliminated from the body through the bile secretions, even
though it is not clear that cholesterol oxides share the same
pathways for bile synthesis as cholesterol. Javitt has shown
that a separate group of p-450 7a-hydrolysases catalyze cho-
lesterol oxides separately.

Many cholesterol oxides exhibit atherogenic properties
and an ability to modulate cholesterol metabolism. In animal
feeding studies, where cholesterol oxides were fed at rela-
tively high levels, cholesterol oxides were more potent than
pure cholesterol in causing aortic endothelial damage and
inducing arteriosclerosis.*¢ Parasassi et al.4” in fact, have
proven that LDL hydroperoxides induce proteolysis of the
aorta fibers.

The 7p-hydroxycholesterol concentration of the serum
was the strongest predictor of rapid progression of carotid
arteriosclerosis in humans.*8 In studies where healthy young
men were fed salami and Parmesan cheese, it is interesting to
note that 90% of the cholesterol oxides in the plasma were
acyl esters and less than 10% were non-esterified cholesterol
oxides.40 This suggests that great care has to be taken in the
analysis of cholesterol oxides in food materials to make sure
that the acyl esters are completely hydrolysed before separa-
tion and analysis. Linseisen and Wolfram* did highlight
the reported wide range of the cholesterol oxide contents of
salami and Parmesan cheese, which relates to the manufac-
turing and analysis methods utilized.

The substantial amount of cholesterol oxides found in
Indian ghee (12.3% of the total cholesterol content) would
explain the high risk of arteriosclerosis observed in Indian
immigrant populations in the USA and in the UK, since this
is a food material consumed in significant amounts by this
subgroup of the population.!4

Conclusions

Until recently, the understanding of the physiological impor-
tance of cholesterol oxides has been limited by the lack of
analytical procedures to analyse foods with sufficient sensi-
tivity and accuracy. The important issue now is to establish
which of the several methods available gives the most reli-
able results. Until this has been established with confidence,
it is not easy to compare the results that are being published
by a number of well-established research groups. In any
case, there is no doubt that cholesterol oxides have a con-
siderable negative effect on human metabolism far above
the levels found in the tissues. Van de Bovenkamp et al.,’
using a duplicate diet technique, were able to calculate that
a person eating an average diet in the Netherlands would
consume 1 mg of 7-B-hydroxycholesterol and 0.5 mg of
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Table 7. Methods to reduce cholesterol oxidation in foods

Reduce the total cholesterol content of the food

Do not cook food in cholesterol-containing fats

Feed animals antioxidants such as a-tocopherol prior to slaughter
and processing

Where permitted, add antioxidants during processing of the food
Process food at as low a temperature as possible

Package the food more effectively to exclude O,

Store the food in the dark

cholesterol-o-epoxide per day. It is not possible to say
whether this level of intake is acceptable or not but most
authors suggest overall that the levels of intake of cholesterol
oxides should be reduced.

The prevention of cholesterol oxidation in foods could be
reduced in a number of ways (Table 7). It is clear that a
reduction in total cholesterol content would have a signifi-
cant effect on the amount of cholesterol oxides in a food.
Another approach would be to incorporate antioxidants, such
as a-tocopherol, into the diet prior to slaughter and process-
ing.49 Addition of antioxidants into food during processing,
processing food at as low a temperature as possible, packag-
ing food to exclude 0,38 and storage in low light conditions>0
would all have the effect of reducing the rate of cholesterol
oxidation.

It is clear that cholesterol oxides are formed in high
cholesterol processed foods during storage. Manufacturers
of these products need to consider all the ways that can be
used to prevent the development of these unnecessary athero-
genic compounds in food. In many cases, greater attention to
packaging and storage conditions would make a significant
contribution.
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