
ABSTRACT: The presence of cholesterol oxidation products
(COP) in the diet is a health concern for their various known ad-
verse effects. It is important that the generation of COP be as-
sessed during different stages of production, handling, and stor-
age of meats and meat products so that relevant measures can
be taken to minimize the production of COP. In a preliminary
study, we investigated the content of COP in the lipids of raw
meatballs (50% pork + 50% beef), prefried meatballs (50% pork
+ 50% beef), raw hamburger (100% beef), and prefried burger
(50% pork + 50% beef). Six of the common COP, viz. 7α- and
7β-hydroxycholesterol, 7-ketocholesterol, 5α,6α-epoxycho-
lestanol, 5β,6β-epoxycholestanol, and cholestanetriol, were an-
alyzed by gas chromatography (GC) and GC–mass spec-
troscopy. The total content of these COP was in the range of 7
to 10 µg/g lipids in raw meatballs, prefried meat balls, and raw
hamburger, after frying these samples for consumption. The pre-
fried hamburger had ca. 8 µg/g lipids of the total COP before
frying, and this amount increased to 29 µg/g lipids after frying.
During the storage of this fried sample, the total COP increased
to 42 and 50 µg/g lipids, after 1 and 2 wk of storage, respec-
tively. The results of this study show that freshly prepared meat
products are a minor source of COP in the diet. However, if
semiprepared frozen meat products are fried once and then
stored for future consumption, the levels of COP can increase
considerably, and this may be of concern for certain groups of
consumers. 
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Cholesterol (cholest-5-en-3β-ol), a 27-carbon steroid alcohol
that is abundant in animal tissues, is readily susceptible to ox-
idation (1). More than 70 oxidation products of cholesterol
(COP) have been identified so far (1–5); however, only eight
of these compounds are generally reported in foods (6–8).
These are 5-cholesten-3β,7α-diol (7α-OH), 5-cholesten-
3β, 7β-diol (7β-OH), 5-cholesten-3β-ol-7-one (7-keto), 5-
cholestan-5α,6α-epoxy-3β-ol (5α,6α-epoxy), 5-cholestan-
5β,6β-epoxy-3β-ol (5β,6β-epoxy), 5-cholesten-3β,20α-diol

(20α-OH), 5-cholesten-3β,25-diol (25-OH), and cholestane-
3β,5α,6β-triol (cholestanetriol) (8). Some of these COP can
be produced both enzymatically and by autoxidation (9,10).

The presence of COP in the diet is a health concern be-
cause of their various known adverse effects (4,5,9–13). Cho-
lesterol is one of the lesser components in meat lipids. How-
ever, meat products can be one of the important sources of
COP in the diet (6–8). The consequences of cholesterol oxi-
dation on meat quality have been reviewed recently (14). The
levels of COP in meat and meat products can be found in a
recent review articles (6–8). However, published results of
analyses of COP in meat and meat products may not be com-
parable due to variations in methodology (8). In a study on
the development of COP in raw and cooked beef round steak
(15), the contents of COP at day 0 were quite low in both raw
and cooked samples of beef, 1.4 and 3.1 ppm, respectively.
However, after storage of the meats at 4°C for 4 d, the levels
increased considerably, particularly in cooked beef, where the
levels increased from 3.1 to 17.3 ppm, in contrast to raw
meat, in which the level content increased from 1.4 to 5.9
ppm in sample. The effects of cooking and storage on the pro-
duction of COP recently were studied in buffalo meat and
mutton (16,17), and cooking method was shown to influence
the generation of COP. Also it was demonstrated that frozen
storage of cooked meat did not prevent the development of
COP in those meats (16,17). In a study on the effect of differ-
ent cooking methods on lipid and protein components in ham-
burgers it was demonstrated that level of 7-ketocholesterol
was in the range of 16 to 25 ppm in lipids, and the combina-
tion of roasting and microwave heating caused more oxida-
tion than other treatments like roasting, barbecue, boiling, and
pan-frying (18). The authors pointed out that storage condi-
tions in the supermarket where refrigerated meat is subjected
to continuous lighting can be a major factor in the develop-
ment of lipid oxidation in raw ground meat (18). In a recent
article (19), where four COP were determined, the levels were
found to be very low or below detection level in 14 samples
of Salame Milano, a typical Italian fermented pork product,
(with a few exceptions), but the 11 samples of Mortadella, an-
other typical Italian minced and cooked pork product, ana-
lyzed generally contained 2–6 ppm 5α,6α-epoxy in the sam-
ples; the other COP were below detection levels with a few
exceptions (19). 

The generation of COP in industrially prepared food prod-
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ucts is influenced by many factors, e.g., contact with air/oxy-
gen, temperature treatment during processing, exposure to
light, presence of metal ions, amount of antioxidants, tech-
niques of packaging, and storage conditions (8,18,20). To
minimize the production of the COP in foods, it is important
that the generation of COP be assessed during different stages
of production, handling, and storage. In a preliminary study,
we investigated the content of COP in the lipids of raw meat-
balls, prefried meatballs, raw hamburger, and prefried ham-
burger. Also the effects of frying (cooking) and storage on the
production of COP in the fried samples were investigated.

EXPERIMENTAL PROCEDURES

Samples. Raw and prefried meatballs (50% pork + 50% beef)
were purchased from SCAN-FARMEK (Uppsala, Sweden).
The shelf life of prefried meat balls in a gas-tight package is
generally 25 d in supermarkets. Raw hamburger (100% beef)
was purchased from Scanfood (Skara, Sweden), and prefried
frozen burgers (50% pork + 50% beef) were purchased di-
rectly from a supermarket in Uppsala, Sweden. The shelf life
of frozen burger in a supermarket is 1 yr at −18°C. The sam-
ples used in this experiment were within the recommended
periods for consumption. The food samples were stored im-
mediately at −80°C (0 time samples) and at −20°C until fur-
ther analysis. The samples were thawed at 4°C overnight
prior to extraction of 0 time samples and to frying in a frying
pan without frying fat at ca. 150–160°C. After frying, the
samples were divided into almost equal portions, and a por-
tion of the sample was used for lipid analyses. Other portions
were stored for up to 2 wk at 4°C for subsequent analysis.

Analytical. Moisture content was determined by drying the
samples at 102°C until constant weight, following the AOAC
method 950.46B (21). Extraction of lipids was done follow-
ing the method of Hara and Radin (22) with slight modifica-
tion. In brief, 20–25 g of each meat sample was homogenized
3 × 30 s, in a 250-mL Erlenmeyer flask with 200 mL of
hexane/isopropanol, 3:2, vol/vol) using an Ultra-Turrax T25
homogenizer (Jankel & Kunkel GmbH, Staufen, Germany).
The homogenates were filtered, and the filtrates were col-
lected in a separatory funnel. The pooled filtrate was mixed
with 85 mL of 6.67% anhydrous Na2SO4 in water, and the
upper phase was collected and and dried with anhydrous
sodium sulfate by filtering through a Whatman no. 2 filter
paper (Maidstone, England). The filtrate was collected in a
250-mL volumetric flask and filled up with hexane. Lipid
content of each solution was estimated by weighing on a Met-
tler UMT2 microbalance (Mettler-Toledo AG, Greifensee,
Switzerland). All extracted samples were stored at −20°C
until further analysis. Peroxide value (PV) was determined
by International Dairy Federation standard method (23).
Methods of analysis of fatty acid methyl esters from total
lipids by capillary column gas chromatography (GC) is de-
scribed elsewhere (24). Preparation of trimethylsilylether
(TMS-ether) derivatives of cholesterol and cholesterol oxides
and quantification of cholesterol in total lipids were done ac-

cording to the method described previously (24). Standard
samples of cholesterol oxides (COP) were purchased from
Steraloids (Wilton, NH). All other chemicals and solvents
were of analytical grade and were purchased from Merck
(Darmstadt, Germany) unless otherwise stated. 

Saponification for COP analysis. For COP, ca. 0.1–0.2 g
of lipids were mixed well with 5 mL of 2 M potassium hy-
droxide in ethanol in a glass tube and left overnight (about 18
h) in the dark at room temperature (25). After addition of 10
mL of dichloromethane and 10 mL of water, the tube was
shaken vigorously. The water phase was removed and the or-
ganic phase was washed once with 0.5 M KOH in water, and
then repeatedly washed with 10 mL water until the solution
became clear. The solvent was dried under nitrogen, and the
unsaponifiables were dissolved in 1 mL hexane/diethyl ether
(75:25, vol/vol). The COP fraction was enriched further by
solid phase extraction (SPE) as described below.

Enrichment of COP from total unsaponifiables by SPE.
The enrichment of COP was done following the method de-
scribed previously (26) after slight modification. In brief, a
0.5-g silica cartridge (International Sorbent Technology Ltd.,
Mid Glamorgan, United Kingdom) was used for this purpose.
The column was washed with 3 mL of hexane. The total un-
saponifiables prepared earlier by cold saponification were dis-
solved in 1 mL hexane/diethyl ether (75:25, vol/vol), and
were charged to the column. The tube was washed with an ad-
ditional 2 mL hexane/diethyl ether (75:25, vol/vol), and the
unsaponifiables were eluted through the column dropwise.
Thereafter, the column was eluted with 3 mL hexane/diethyl
ether (60:40, vol/vol), and the eluates were discarded. The
COP and the remaining cholesterol were eluted with 4 mL
acetone. The acetone was dried under nitrogen, and the
residue was derivatized to TMS-ether derivatives as described
below for subsequent analyses by GC and GC–mass spec-
trometry (MS). 

Analysis of COP by GC. Quantification of COP as TMS-
ether derivatives was carried out by GC using a Varian 3700
instrument (Palo Alto, CA) fitted with a falling needle injec-
tor and flame-ionization detector. A capillary column CP-Sil
8 CB-MS, 30 m × 0.25 mm, 0.50 µm film thickness
(Chrompack International, Middelburg, The Netherlands)
was used for the separation of the COP. The column tempera-
ture was 265°C, and detector temperature was 290°C. Helium
was used as carrier gas at a pressure 17 psig and as make-up
gas at a flow rate of 30 mL/min. An HP 3396 A integrator
(Hewlett-Packard Company, Avondale, PA) was used to
quantify the peak areas. Identification was carried out by
using the TMS-ether derivatives of COP standards by GC and
GC–MS as described below. Quantification was accom-
plished by using 19-hydroxycholesterol as internal standard.
No detector response factors or factors to correct the recov-
ery of COP during sample preparation were used to calculate
the amounts of COP. Minimal level of quantification was
0.1 µg/g lipids. The mean values of duplicate analyses of the
COP are presented in the results.

GC–MS. GC–MS analyses were performed on a HP5890
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series II gas chromatograph (Hewlett-Packard) coupled to a
TRIO-1000 mass spectrometer with an LAB-BASE™ data
system, version R2.10 (Fisons Instruments, VG MASSLAB,
Manchester, England). The TMS-ether derivatives of the
COP were separated on a fused-silica capillary column DB-
5MS 30 m × 0.25 mm × 0.50 µm (J&W Scientific, Folsom,
CA), using helium as carrier gas at an inlet pressure of 15 psi.
The injector temperature was 230°C, the samples were in-
jected in a splitless mode, and purge delay time was 0.6 min.
A temperature-programmed oven was set at 85°C for 1 min
and then raised to 270°C at a rate of 25°C/min and then held
at this temperature for 30 min before finally being raised to
290°C at 1°/min and held at this temperature for an additional
15 min. The full scan mass spectra were acquired at an elec-
tron energy of 70 eV, and the ion source temperature was at
200°C.

RESULTS AND DISCUSSION

Contents of moisture, lipids, and cholesterol, and PV, and com-
position of the major fatty acids at time 0 in various meat prod-
ucts are presented in Table 1. The content of lipids in the pre-
fried meatballs (11.3%) was considerably higher compared
with raw meatballs (6.6%). In contrast, raw meatballs con-
tained more cholesterol than prefried meatballs (5895 vs. 2985
ppm). Both lipids (12.6%) and cholesterol (2269 ppm) contents
were relatively lower in the prefried burger compared with the
raw sample of hamburger (17% and 2711 ppm). The PV is
quite low in all the samples, and no drastic increases of these
values were observed after frying and after 2 wk of storage (re-
sults not shown here). The content of lipids in lean meats and
the cholesterol content in the lipids of beef and pork were
within the range of published reports (8,27). The major fatty
acids were palmitic, stearic, and oleic. The percentages of dif-
ferent fatty acids also concur with those in published reports
on beef and pork lipids (27). In the lipids of prefried burger, the
content of linoleic acid was considerably higher (ca. 7%), com-
pared with other samples ranging from 1 to 5% .

The levels of COP in the lipids of raw and prefried meat-
balls after frying and 1 or 2 wk of storage are presented in Ta-
bles 2 and 3. Six of the common polar COP generally encoun-
terd in meats (8) are reported here. Raw meatballs had lower
levels of COP at 0 time, after frying, and during storage, com-
pared with prefried meatballs. The increase in the levels of

COP during storage was more pronounced in the prefried
meatballs; the level of COP increased from 5.5 µg/g lipids at
day 0 to 16.1 µg/g lipids after 2 wk of storage. No literature
data are available on such particular meat products, however,
the levels can be compared with other meat products as dis-
cussed below.

The levels of COP in raw hamburger and prefried burger
are presented in Tables 4 and 5. It should be reiterated that, in
contrast to the meatball samples, these two samples were not
from the same source (see Experimental Procedures section).
Total COP in raw hamburger was 5.5, 6.7, 6.9, and 7.2 µg/g
lipids at time 0, after frying, and after storage of 1 and 2 wk,
respectively (Table 4). These levels and the distribution of
COP are comparable to those in raw meat balls (Table 2)
where epimers of 7-OH-cholesterol, 7-ketocholesterol, and
epimers of epoxycholestanol dominated. Only small amounts
of cholestanetriol were present after frying and storage (Table
4). No significant increase in COP was observed in this ham-
burger sample after frying and storage at 4°C up to 2 wk. 

At time zero, the levels of COP in the prefried burger sam-
ple were higher compared with other samples (Table 5). There
was a considerable increase of the COP in this sample
throughout the experiment, from 8.4 µg/g lipids at time 0 to
29.4 µg/g lipids after frying. The levels rose to 41.9 and 49.5
µg/g lipids after 1 and 2 wk of storage, respectively. Pub-
lished reports on the content of COP in hamburger are lim-
ited (8,18,28). 

In a previous study, Higley et al. (28) reported levels of
7β-OH (5.6 ppm) and cholestanetriol (1298 ppm) in a sample
of raw hamburger which was analyzed by high-performance
liquid chromatography. This exceptionally high level of
cholestanetriol, however, was not confirmed by MS. De Vore
(29) determined 7-keto in both raw and cooked ground beef
patties during storage for up to 4 d at 4°C. It was shown that
the cooked sample had level of 7-keto that was almost 10
times higher at 2 d (27.8 µg/g cooked patties) and 4 d (48.5
µg/g cooked patties), compared with the raw counterpart
which had 2.4 and 4.2 µg/g sample at 2 and 4 d of storage, re-
spectively (29). In another study on raw beef and cooked beef
round steak held at 4°C for 4 d, it was demonstrated that the
levels of several COP increased after cooking and during stor-
age for 4 d; the total COP of raw beef was 1.4 ppm at day 0
and this increased to 5.9 ppm after 4 d of storage at 4°C (15).
In contrast, the cooked sample had 3.1 ppm COP at day 0, and
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TABLE 1
Content of Moisture, Total Lipids, Cholesterol, and Peroxide Value (PV), and Composition of the Major Fatty Acids  in the  Time 0 Samples
of Meat Products (means of duplicate analyses)a

Moisture Lipids Cholesterol PV Fatty acids (%)
Sample (%) (%) (µg/g lipids) (meq/kg lipids) 14:0 16:0 16:1 18:0 18:1 18:2 18:3 Others

RMB 61 6.6 5895 0.07 2.4 28.2 3.2 13.5 43.7 5.2 0.4 3.5
PMB 54 11.3 2895 0.13 2.9 30.2 3.4 12.5 42.7 4.6 0.3 3.4
RH 57 17.0 2710 0.04 3.6 28.4 4.8 13.3 40.5 1.0 0.2 8.2
PB 59 12.6 2270 0.13 2.6 28.8 2.9 13.3 42.1 6.7 0.5 3.4
aRMB, raw meaballs; PMB, prefried meatballs; RH, raw hamburger, PB, = prefried burger.



this level increased to 17.3 ppm after 4 d of storage at 4°C
(15). In that study it was also demonstrated that cholesterol
oxidation in the cooked veal could be controlled by feeding
animals with vitamin E. Vitamin E-supplemented veal did not
show increased level of COP after the cooked sample had
been stored for 4 days at 4°C, in contrast to the unsupple-
mented veal (15). A similar result was demonstrated by sup-
plementation of pig diets with α-tocopherol acetate, which
prevented cholesterol oxidation in raw meat; but COP con-
tent increased during storage of cooked meat (30). 

In a recent study (18), the level of 7-keto alone was inves-
tigated in hamburger prepared by different cooking methods.
The range of 7-keto was from 16 to 25 ppm in the lipids after
cooking by different cooking methods. No considerable dif-

ferences were observed among different cooking methods.
Rodriguez-Estrada et al. (18) mentioned that the raw sample
was already in an advanced stage of oxidation, containing the
highest level of 7-keto compared with samples cooked by var-
ious methods. Among the parameters mentioned that influ-
ence the quality and oxidative stability of meat are animal
breed, age, type of feed, fat/muscle ratio, holding period, stor-
age conditions, and packaging, in particular, the high sur-
face/volume ratio of ground meat. In addition, refrigerated
raw meat samples bought from a supermarket in that study
were subjected to exposure to light, which might be the key
factor in the development of cholesterol oxidation (18). The
prefried burger studied in this experiment, however, had an
additional hardpaper package to minimize direct exposure to
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TABLE 2
Content of Cholesterol Oxides (µg/g lipids) in the Lipids of RMB at Time 0, After Frying for Consumption,
and After Storage of 1 and 2 wk of the Fried Sample at 4°C (means of duplicate analyses)a

Sample 7α-OH 7β-OH 7-Keto 5α,6α-epoxy 5β,6β-epoxy Cholestanetriol Total

Time 0 0.9 0.8 0.8 0.2 0.6 Trace 3.3
Fried 2.8 3.6 1.0 1.4 1.6 Trace 10.4
1 wk 0.9 3.9 1.6 2.0 2.6 Trace 11.0
2 wk 1.9 4.3 1.8 0.9 1.5 0.4 10.8
a7α-OH, 5-cholesten-3β,7α-diol; 7β-OH, 5-cholesten-3β,7β-diol; 7-keto, 5-cholesten-3β-ol-7-one; 5α,6α-epoxy, 5-
cholestan-5α,6α-epoxy-3β-ol;  5β,6β-epoxy, 5-cholestan-5β,6β-epoxy-3β-ol; cholestanetriol, cholestane 3β,5α,6β-triol.
Time 0, samples before frying for consumption; trace, less than 0.1 µg/g lipids. For other abbreviation see Table 1.

TABLE 3
Content of Cholesterol Oxides (µg/g lipids) in the Lipids of PMB at Time 0, After Frying for Consumption,
and After Storage of 1 and 2 wk of the Fried Sample at 4°C (means of duplicate analyses)a

Sample 7α-OH 7β-OH 7-Keto 5α,6α-epoxy 5β,6β-epoxy Cholestanetriol Total

Time 0 0.9 2.2 1.3 0.5 0.6 Trace 5.5
Fried 2.3 2.8 1.6 0.4 1.0 0.1 8.2
1 wk 1.8 5.0 2.9 1.9 2.6 0.1 14.3
2 wk 2.0 6.0 2.0 2.5 3.4 0.2 16.1
aFor abbreviations, see Tables 1 and 2.

TABLE 4
Content of Cholesterol Oxides (µg/g lipids) in the Lipids of RH at Time 0, After Frying for Consumption,
and After Storage of 1 and 2 wk of the Fried Sample at 4°C (means of duplicate analyses)a

Sample 7α-OH 7β-OH 7-Keto 5α,6α-epoxy 5β,6β-epoxy Cholestanetriol Total

Time 0 0.7 1.4 1.0 0.8 1.6 Trace 5.5
Fried 1.7 2.1 0.8 0.7 1.0 0.4 6.7
1 wk 0.7 2.5 1.4 0.8 0.9 0.6 6.9
2 wk 1.8 1.5 0.9 0.8 1.4 0.8 7.2
aFor abbreviations, see Tables 1 and 2.

TABLE 5
Content of Cholesterol Oxides (µg/g lipids) in the Lipids of PB at Time 0, After Frying for Consumption,
and After Storage of 1 and 2 wk of the Fried Sample at 4°C (means of duplicate analyses)a

Sample 7α-OH 7β-OH 7-Keto 5α,6α-epoxy 5β,6β-epoxy Cholestanetriol Total

Time 0 1.2 1.9 2.7 1.0 1.6 Trace 8.4
Fried 5.3 6.1 10.1 1.9 5.4 0.6 29.4
1 wk 8.3 9.4 11.6 2.4 9.8 0.4 41.9
2 wk 9.9 8.9 15.7 3.7 10.3 1.0 49.5
aFor abbreviations, see Tables 1 and 2.



light during storage in the supermarket. Post-slaughter han-
dling of meats and handling during preparation of the ground
meat also contribute to the higher oxidation of meat samples
(18,30). In addition, the considerably higher levels of COP in
the sample of prefried burger can be related to the higher con-
tent of linoleic acid (18:2) compared with other samples,
since degree of unsaturation of lipids influences cholesterol
oxidation (31). Other factors, such as higher levels of metal
ions, prooxidants, and low levels of antioxidants may have con-
tributed to the observed higher COP content in the prefried
burger sample. 

COP have been shown to have a wide variety of biological
effects in vitro and in vivo, and may contribute to human dis-
eases and cholesterol metabolism (4,5,9–13). The only two
known reports on the absorption of COP in human subjects
have shown that COP from foods are absorbed within a few
hours of consumption (32,33). A growing number of reports
suggest that COP play an important role in the development
of atherosclerosis in human (34–36). Low density lipoprotein
is enriched in COP and lipid peroxides, part of which may be
of dietary origin (34). Recently it was demonstrated that ath-
erosclerotic lesions in rabbits fed 25 mg COP/d for 12 wk in-
creased 100% compared with rabbits not fed the extra COP
(35). According to Staprans et al. (35) dietary oxidized cho-
lesterol may contribute to atherogenesis, and dietary modifi-
cation that reduces the intake of dietary oxidized cholesterol
may have a role in the prevention and treatment of atheroscle-
rosis. Staprans et al. (35) cautioned that, with the popularity
of fried foods and the widespread fast-food industry, oxidized
fats including oxidized cholesterol are common in the West-
ern diet and may contribute to heart disease. 

The results of the present study show that freshly prepared
and consumed fried meat products are not rich in COP. How-
ever, half-prepared (prefried) ground meat products pur-
chased from supermarkets, when fried for consumption, can
contain higher levels of COP. Thus, additional care is needed
to minimize lipid oxidation in industrially prepared minced
meat products from the slaughterhouse to supermarket level.
Although the sensory quality still might be acceptable, pre-
fried meat products stored for consumption at a later time can
contain substantially higher levels of COP. Whereas this may
not be considered as a significant health risk, some segment
of the population in the Western society may be subjected to
higher intakes of COP.

ACKNOWLEDGMENTS

Professor emeritus Lars-Åke Appelqvist and Professor Ann-Christin
Bylund, at this Department, are gratefully acknowledged for sugges-
tions and critical evaluation of the work. 

REFERENCES

1. Smith, L.L., Cholesterol Autoxidation, Plenum Press, New
York, 1981, p. 1.

2. Smith, L.L., Cholesterol Autoxidation 1981–1986, Chem. Phy.
Lipids. 44:87–125 (1987).

3. Maerker, G., Cholesterol Autoxidation—Current Status, J. Am.
Oil Chem. Soc. 64:388–392 (1987).

4. Peng, S-K., and R.J. Morin, (1992) Biological Effects of Cho-
lesterol Oxides, CRC Press, Boca Raton, 1982, p. 1.

5. Smith, L.L., Review of Progress in Sterol Oxidations:
1987–1995, Lipids 31:453–487 (1996).

6. Finocchiaro, E.T., and T. Richardson, Sterol Oxides in Food
Stuffs: A Review, J. Food Prot. 46:917–925.

7. Bösinger, S., W. Luf, and E. Brandl, E. ‘Oxysterols’: Their Oc-
currence and Biological Effects, Int. Dairy J. 3:1–33 (1993). 

8. Paniangvait, P., A.J. King, A.D. Jones, and B.G. German, Cho-
lesterol Oxides in Foods of Animal Origin, J. Food Sci. 60:
1159–1174 (1995).

9. Lund, E., and I. Björkhem, Role of Oxysterols in the Regulation
of Cholesterol Homeostasis: A Critical Evaluation, Acc. Chem.
Res. 28:241–249 (1995).

10. Guardiola, F., R. Codony, P.B. Addis, M., Rafecas, and J.
Boatella, Biological Effects of Oxysterols: Current Status, Food
Chem. Toxicol. 34:193–211 (1996).

11. Addis, P.B., P.W. Park, F. Guardiola, and R. Codony, Analysis
and Health Effects of Cholesterol Oxides, in Food Lipids and
Health, edited by R.E. McDonald, and D.B. Min, Marcel
Dekker, New York, 1996, pp. 199–240.

12. Dutta, P.C., R. Przybylski, L-Å. Appelqvist, and N.A.M. Eskin,
Formation and Analysis of Oxidized Sterols in Frying Fat, in
Deep Frying: Chemistry, Nutrition, and Practical Applications,
edited by E.G. Perkins, and M.D. Erickson, AOCS Press, Cham-
paign, 1996, pp. 112–150.

13. Morel, D.W., and C.Y. Lin, Cellular Biochemistry of Oxysterols
Derived from the Diet or Oxidation in vivo, J. Nutr. Biochem. 7:
495–506 (1996).

14. Gray, J.I., E.A. Gomaa, and D.J. Buckley, Oxidative Quality and
Shelf Life of Meats, Meat Sci. 43:111–123 (1996).

15. Engeseth, N.J., and J.I. Gray, Cholesterol Oxidation in Muscle
Tissue, Ibid. 36:309–320 (1994).

16. Rao, V.K., B.N. Kowale, N.P. Babu, and G.S. Bisht, Effect of
Cooking and Storage on Lipid Oxidation and Development of
Cholesterol Oxidation Products in Water Buffalo Meat, Ibid. 43:
179–185 (1996). 

17. Kowale, B.N., V.K. Rao, N.P. Babu, N. Sharma, and G.S. Bisht,
Lipid Oxidation and Cholesterol Oxidation in Mutton During
Cooking and Storage, Ibid. 43:195–202 (1996). 

18. Rodriguez-Estrada, M.T., G. Penazzi, M.F. Caboni, G.
Bertacco, and G. Lercker, Effect of Different Cooking Methods
on Some Lipid and Protein Components of Hamburgers, Ibid.
45:365–375 (1997).

19. Novelli, E., E. Zanardi, G.P. Ghiretti, G. Campanini, G. Dazzi,
G. Madarena, and R. Chizzolini, Lipid and Cholesterol Oxida-
tion in Frozen Stored Pork, Salame Milano and Mortadella, Ibid.
48:29–40 (1998).

20. Sarantinos, J., K. O’Dea, and A.J. Sinclair, Cholesterol Oxides
in Australian Foods, Food Australia 45:485–490 (1993).

21. Association of Official Analytical Chemists, Official Methods
of Analysis, edited by K. Helrich, 15th edn., AOAC, Inc., Ar-
lington, 1990, 931 pp.

22. Hara, A., and N.S. Radin, Lipid Extraction of Tissues with a
Low-Toxicity Solvent, Anal. Biochem. 90:420–426 (1978).

23. International Dairy Federation, Anhydrous Milkfat—Determi-
nation of Peroxide Value, International IDF Standard, 74A,
Brussels, Belgium, 1991. 

24. Savage, G.P., D.L. McNeil, and P.C. Dutta, Lipid Composition
and Oxidative Stability of Oils in Hazelnuts (Coryllus avellana
L.) Grown in New Zealand, J. Am. Oil Chem. Soc. 74:755–759
(1997).

25. Park, W.S., and P.B. Addis, Identification and Quantitative Esti-
mation of Oxidized Cholesterol Derivatives in Heated Tallow,
J. Agric. Food Chem. 34:653–659 (1986).

CHOLESTEROL OXIDES AND MEAT PRODUCTS 679

JAOCS, Vol. 77, no. 6 (2000)



26. Dutta, P.C., and L-Å. Appelqvist, Studies on Phytosterol Oxides
I: Effect of Storage on the Content in Potato Chips Prepared in
Different Vegetable Oils, J. Am. Oil Chem. Soc. 74:647–657
(1997).

27. Padley, F.B., F.D. Gunstone, and J.L. Harwood, Occurrence and
Characteristics of Oils and Fats, in The Lipid Handbook, edited
by F.D. Gunstone, J.L. Harwood, and F.B. Padley, Chapman &
Hall, Cambridge, 1994, pp. 147–166.

28. Higley, N.A., S.L. Taylor, A.M. Herian, and K. Lee, Cholesterol
Oxides in Processed Meats, Meat Sci. 16:175–188.

29. De Vore, V.R., TBA Values and 7-Ketocholesterol in Refriger-
ated Raw and Cooked Ground Beef, J. Food Sci. 53:1058–1061
(1988).

30. Monahan, F.J., J.I. Gray, A.M. Booren, E.R. Miller, D.J. Buck-
ley, P.A. Morrissey, and E.A. Gomaa, Influence of Dietary
Treatment on Lipid and Cholesterol Oxidation in Pork, J. Agric.
Food Chem. 40:1310–1315 (1992). 

31. Li, N., T. Ohshima, K-I. Shozen, H. Ushio, and C. Koizumi, Ef-
fects of the Degree of Unsaturation of Coexisting Triacylglyc-
erols on Cholesterol Oxidation, J. Am. Oil Chem. Soc. 71:
623–627 (1994).

32. Emanuel, H.A., C.A. Hassel, P.B. Addis, S.D. Bergman, and
J.H. Zavoral, Plasma Cholesterol Oxidation Products (oxys-
terols) in Human Subjects Fed a Meal Rich in Oxysterols, J.
Food Sci. 56:843–847 (1991).

33. Linseisen, J., and G. Wolfram, Absorption of Cholesterol Oxi-
dation Products from Ordinary Foodstuffs in Humans, Ann.
Nutr. Metab. 42:221–230 (1998).

34. Sevanian, A., G. Bittolo-Bon, G. Cazzolato, H. Hodis, J. Hwang,
A. Zamburlini, M. Maiorino, and F. Ursini, LDL Is a Lipid Hy-
droperoxide-Enriched Circulating Lipoprotein, J. Lipid Res.
38:419–428 (1997).

35. Staprans, I., X-M. Pan, J.H. Rapp, and K.R. Feingold, Oxidized
Cholesterol in the Diet Accelerates the Development of Aortic
Atherosclerosis in Cholesterol-fed Rabbits, Arterioscler.
Thromb. Vasc. Biol. 18:977–983 (1998). 

36. Brown, A.J., and W. Jessup, Oxysterol and Atherosclerosis, Ath-
erosclerosis 142:1–28 (1999). 

[Received April 22, 1999; accepted March 16, 2000]

680 B. LARKESON ET AL.

JAOCS, Vol. 77, no. 6 (2000)


