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The present study was performed to investigate the effect of dietary fat and vitamin E on concentrations of cholesterol oxidation products (COP) in broiler

muscle. A total of 144 1-d-old broiler chicks were fed diets with either palm oil, soyabean oil or linseed oil and vitamin E concentrations of 20, 40 or

200 mg/kg for 35 d. COP concentrations were analysed in raw, heat-processed (1808C, 20 min) and frozen-stored (2208C, 6 months) breast and thigh

muscles. COP concentrations were influenced by dietary vitamin E concentration, dietary fat, treatment and type of muscle (P,0·001). Increasing the diet-

ary vitamin E concentration generally reduced the concentration of COP. This effect was strongest in broilers fed linseed oil and weakest in broilers fed palm

oil; the effect of vitamin E was also stronger in heated muscles than in raw or frozen-stored muscles. Moreover, the concentration of COP in thigh muscle

was more strongly influenced by dietary vitamin E than that in breast muscle. COP concentrations in muscles were on average highest in broilers fed linseed

oil and lowest in broilers fed palm oil, but the effect of the dietary fat also depended on the vitamin E concentration, the treatment and the type of muscle. In

conclusion, our study shows that dietary fat and vitamin E influence the concentrations of total COP in broiler muscle. However, the effects of these factors

were not only influenced by interactions between each other, but also depended on the treatment of the muscle and the type of muscle.
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Cholesterol, an important constituent of cellular membranes in

animals, is a molecule that is susceptible to oxidation (Smith,

1996). Several cholesterol oxidation products (COP) are gener-

ated during the non-enzymatic oxidation of cholesterol. As con-

stituents of foodstuffs, COP are highly relevant from a

pathophysiological viewpoint. In man, they are absorbed in the

intestine, enter the liver, are incorporated into lipoproteins and

reach all tissues of the body (Emanuel et al. 1991; Linseisen &

Wolfram, 1998). In cells, they are predominantly incorporated

into membranes, where they affect important membrane proper-

ties such as their structure and fluidity and the activities of mem-

brane-bound enzymes (Stubbs & Smith, 1984). COP also promote

the development of several diseases such as CHD (Chisolm et al.

1994; Brown & Jessup, 1999) and cancer (Morin & Peng, 1992).

Animal products contain COP, which are generated from

cholesterol during storage or heat-processing (Paniangvait et al.

1995; Maraschiello et al. 1998). Most COP are formed in the

course of autoxidation of PUFA (Terao et al. 1985; Sevanian &

McLeod, 1987). The meat of broilers contains relatively high

quantities of PUFA and is therefore susceptible to oxidation, par-

ticularly during storage or heat-processing. The autoxidation of

PUFA during the storage or heat-processing of broiler meat can

be modified by dietary fats or vitamin E (Jensen et al. 1995;

Galvin et al. 1997; O’Neill et al. 1998; Ruiz et al. 1999; Sanz

et al. 1999; Grau et al. 2001). It has been shown that dietary vita-

min E reduces the concentrations of COP in raw or cooked

chicken meat (Li et al. 1996; Galvin et al. 1997; Lopez-Bote

et al. 1998; Grau et al. 2001).

The effects of dietary fats on the formation of COP in broiler meat

are, however, less clear because only a few studies have been con-

ducted, which have yielded controversial results. In the study of

Maraschiello et al. (1998), the formation of COP during cooking

was lower in the meat of chickens fed olive oil than in the meat of

chickens fed sunflower oil or lard. The beneficial effect of olive

oil in this respect might, however, have been at least partially due

to its high amount of native antioxidants, which might have reduced

the formation of COP. In the study of Grau et al. (2001), the replace-

ment of beef tallow by linseed oil, a highly unsaturated fat, even

reduced concentrations of COP in cooked chicken meat, although

it strongly increased the concentrations of thiobarbituric acid-reac-

tive substances (TBARS). This study therefore did not show a cor-

relation between the oxidation of PUFA and the oxidation of

cholesterol. Therefore, the effects of dietary fats on the formation

of COP require further elucidation.

With this aim, we conducted a study with growing chickens fed

diets with either palm oil, soyabean oil or linseed oil. Palm oil

was used as a fat source with a low concentration of PUFA,

whereas soyabean oil and linseed oil were used as fat sources
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with a high concentration of PUFA. Our hypothesis was that an

enrichment of chicken muscle with PUFA would enhance the for-

mation of COP as a result of an increased rate of lipid peroxi-

dation. If this hypothesis were shown to be true, an interaction

between dietary PUFA and dietary vitamin E would be expected.

In order to study such an interaction, we used diets with low

(20 mg/kg), adequate (40 mg/kg) and high (200 mg/kg) concen-

trations of vitamin E. To discover a possible relationship between

the rate of PUFA autoxidation and the rate of cholesterol oxi-

dation, we calculated correlations between concentrations of

PUFA oxidation products (TBARS and hydroperoxides) and the

concentrations of COP in the chicken meat. The formation

of COP in chicken meat is stimulated by heating or storage

(Maraschiello et al. 1998; Grau et al. 2001; Lee et al. 2001).

Therefore, we expected that dietary PUFA and vitamin E might

have stronger effects on the COP concentrations in heat-processed

or stored meat than in raw meat, in which the rate of lipid peroxi-

dation might be low. To test this, we determined the concen-

trations of COP in raw, heat-processed and stored chicken thigh

and breast muscles. Thigh and breast muscles were chosen

because they differ in their resistance to the oxidation of lipids

(Galvin et al. 1997). We expected that dietary fat and vitamin

E might have a stronger effect on the formation of COP in

thigh muscle than in breast muscle. It has been shown that differ-

ent types of COP, i.e. 7b-hydroxycholesterol, 7-ketocholesterol

and cholesterol-epoxides, exert different effects in the human

body (Morel & Lin, 1996). We therefore considered the formation

of various COP that were detectable in broiler meat.

Materials and methods

Animals and diets

A total of 144 1-d-old broiler chicks (Ross) were used. These

were assigned to nine groups of sixteen animals each. They

were allocated to floor pens on wood shavings with eight birds

per pen in an animal house at the Universities Research Centre.

Permanent artificial illumination was applied, and room tempera-

ture decreased in the following steps: day 1, 348C; day 2, 338C;

days 3–5, 328C; days 6 and 7, 31·58C; days 8–15, 308C; there-

after the temperature was continuously reduced and maintained

at 228C. From day 2 to day 36, the chickens were fed a nutrition-

ally adequate basal diet according to recommendations from the

German Nutrition Society (GfE 1999; Table 1). Either palm oil

(groups 1, 2 and 3), soyabean oil (groups 4, 5 and 6) or linseed

oil (groups 7, 8 and 9) was used as the source of fat.

The tocopherol concentrations of the oils were analysed. Con-

centrations of a-tocopherol equivalents in the oils were calculated

assuming that 1 mg g-tocopherol is equivalent to 0·1 mg a-toco-

pherol, and 1 mg d-tocopherol is equivalent to 0·03 mg a-toco-

pherol (Horwitt, 1976); b-tocopherol was not detected in any

oil. The concentrations of a-tocopherol equivalents of palm oil,

soyabean oil and linseed oil were 165, 146 and 46 mg/kg, respect-

ively. The basal diet without fat supplement contained 9·0 mg

a-tocopherol equivalents/kg. The diets were individually sup-

plemented with DL-a-tocopherol acetate (VWR International,

Darmstadt, Germany) to adjust the vitamin E content to either

20 (groups 1, 4 and 7), 40 (groups 2, 5 and 8) or 200 mg

(groups 3, 6 and 9) a-tocopherol equivalents/kg, considering

that 1·49 mg DL-a-tocopherol acetate has an activity of 1 mg

a-tocopherol equivalent (Weiser & Vecchi, 1982). The fatty

acid composition of total lipids in the diets containing palm oil,

soyabean oil and linseed oil is shown in Table 2.

Feed was offered ad libitum from one trough per pen, and water

was continuously available from nipple drinkers with attached

cups. Body weight was measured at the beginning and the end of

the trial. Feed intake was determined per pen. All experimental pro-

cedures described were approved by the council of Saxony-Anhalt.

Sample preparation

On day 35, the broilers were stunned, slaughtered and bled at a

local slaughterhouse using standard industry procedures.

Twenty-four hours after slaughter, the right breast and leg

muscles were separated. Skin and adhering tissue were carefully

removed. The breast and thigh muscles of two broilers from

each diet group were pooled. The pooled meat was homogenised

(Homogenisator 2094; Foss GmbH, Hamburg, Germany). Half of

the meat was vacuum-packed and stored at 2208C for 6 months

before use. Aliquots of approximately 50 g were formed into

meatballs of 12 mm height and heated in an oven at 1808C for

20 min. The remaining meat was used immediately for analysis

of the raw meat.

Analyses

Concentrations of crude nutrients in the diets were analysed

according to the official Verband Deutscher Landwirtschaftlicher

Untersuchungs-und Forschungsanstalten methodology (Bassler &

Table 1. Composition of the basal experimental diet*

Ingredient Amount (g/kg)

Wheat 500

Soyabean meal 250

Corn 110

Fat† 60

Rapeseed meal 40

Mineral and vitamin premix 10

CaHPO4 17·6

CaCO3 8·0

NaCl 3·2

DL-Methionine 1·2

Analysis (g/kg)

Crude protein 219

Crude fat 84

Crude fibre 35

Crude ash 62

Energy (MJ metabolisable energy/kg), calculated‡ 13·4

* For details of diets and procedure, see p. 634 and Table 2.

† Calculated according to data provided by Jahrbuch für die Geflügelwirtschaft (2000).

Table 2. Fatty acid composition (mol/100 mol total fatty acids) of total lipids

of the diets containing either palm oil, soyabean oil or linseed oil*

(Mean values of three separate analyses per diet)

Dietary fat Palm oil Soyabean oil Linseed oil

14 : 0 1·4 0·3 0·2

16 : 0 37·9 13·3 10·0

18 : 0 4·9 4·1 5·1

18 : 1 36·3 26·4 24·0

18 : 2n-6 16·7 46·9 18·4

18 : 3n-3 0·6 6·7 40·4

* For details of diets and procedure, see p. 634.
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Buchholz, 1993). Lipids were extracted from muscle samples

with a mixture of n-hexane and isopropanol (3 : 2, v/v) at room

temperature for a period of 18 h (Hara & Radin, 1978). The

fatty acid composition of the total lipids from the muscles and

diets was analysed by GC. Fats were methylated with trimethyl-

sulfonium hydroxide (Butte, 1983). Fatty acid methyl esters

were separated by GC using a system (HP 5890; Hewlett Packard

GmbH, Waldbronn, Germany) equipped with an automatic on-

column injector, a polar capillary column (30 m FFAP, 0·53 mm

internal diameter; Macherey and Nagel, Düren, Germany) and a

flame ionisation detector (Eder & Brandsch, 2002). The carrier

gas was He with a flow rate of 5·4 ml/min. Fatty acid methyl

esters were identified by comparing their retention times with

those of individually purified standards. The unsaturation index

of the fatty acids has been calculated as the average number of

double bonds per mol fatty acids.

Concentrations of tocopherols in muscle and diets were deter-

mined by HPLC (HP 1100; Hewlett Packard) (Balz et al. 1993).

Samples of approximately 50 mg were mixed with 1 ml 0·1 g/l pyr-

ogallol solution (ethanol, absolute) and 150ml saturated NaOH sol-

ution. This mixture was heated for 30 min at 708C, and tocopherols

were extracted with n-hexane. Individual tocopherols of the extracts

were separated isocratically by HPLC using a mixture of n-hexane

and 1,4 dioxane (94 : 6, v/v) as mobile phase and a LiChrospher Si-

60 column (5mm particle size, 250 mm length, 4 mm internal diam-

eter; Hewlett Packard) and detected by fluorescence (excitation

wavelength 295 nm, emission wavelength 330 nm). The total toco-

pherols were calculated as the sum of a-, g-, and d-tocopherols.

b-Tocopherol was not detected in any sample.

The concentrations of TBARS were measured in an aqueous

extract of muscle tissue. Muscle tissue (1·5 g) was homogenised

with a Potter Elvehjem homogeniser (Potterw 5;B. Braum Bin-

tech International, Melsungen, Germany) in 4 ml phosphate

buffer (0·05 M, pH 7·0) on ice. The homogenates were centrifuged

(1·000 g, 10 min, 48C), and the supernatants were used for a modi-

fied version of the TBARS assay (Sidwell et al. 1954). Sample

aliquots were mixed with thiobarbituric acid reagent (8 g/l thio-

barbituric acid with 7 % perchloric acid; 2 : 1, v/v) and heated

for 60 min at 958C. TBARS were extracted with n-butanol, and

absorption was measured at 532 nm. Concentrations were calcu-

lated via a standard curve with 1,1,3,3,-tetraethoxypropane.

Concentrations of lipid hydroperoxides were measured in a

methanolic aqueous extract of muscle tissue: 1·0 g muscle tissue

was homogenised with an Ultraturrax (T25; IKA, Stauffen,

Germay) in 5 ml methanol on ice. The homogenates were centri-

fuged (1·000 g, 10 min, 48C), and the supernatants were analysed

using the ferrous oxidation xylenol orange method (Hermes-Lima

et al. 1995).

Concentrations of COP were determined in lipid extracts by

Gc/ms in selected ion-monitoring mode according to the

method of Mori et al. (1996) with modifications. Aliquots of

the extracts were mixed with 20mg internal standard 5a-choles-

tane. The samples were dried under N2 gas, mixed with 2 ml

1 mol/l methanolic NaOH solution and incubated for 18 h at

room temperature. The cholesterol fraction of the extract was iso-

lated by HPLC according to the method of Nourooz-Zadeh &

Appelqvist (1988) and collected by a fraction collector. The sol-

vent was evaporated under low pressure and the dried fraction dis-

solved in 100ml pyridine. After derivatisation of the oxides with

100ml 0·1 g/l trimethylchlorosiane solution (bis(trimethylsilyl)-

trifluoroacetamide), samples were separated using a non-polar

capillary column (DB-5, 30 m £ 0·25 mm internal diameter;

J&W Scientific, Folsom, CA, USA) and detected by single-ion

monitoring. The carrier gas was He with a flow of 1·0 ml/min.

The COP 7b-hydroxycholesterol, 7-ketocholesterol, cholesterol-

5a,6a-epoxide, cholesterol-5b,6b-epoxide (b-epoxycholesterol),

cholestanetriol and 25-hydroxycholesterol were identified by

comparing their retention times with those of authentic standards

and quantified against the internal standard.

Statistics

The statistical analysis was performed with the SAS package (ver-

sion 9.1, procedure mixed, procedure corr; SAS Institute, Cary,

NC, USA). For analysis of the COP, hydroperoxides and

TBARS concentrations, we used a linear model with fifteen

fixed effects (four main effects – fat, vitamin E, treatment and

muscle – and all corresponding two-way, three-way and four-

way interactions). To analyse the total tocopherol concentrations,

we included seven fixed effects (three main effects – fat, vitamin

E and muscle – and all corresponding two-way and three-way

interactions). To take into account the partly differing magnitudes

of the parameters, the error variances of COP, hydroperoxides and

TBARS were calculated within the vitamin E £ treatment £

muscle level, and the error variances of total tocopherols within

the vitamin E £ muscle level.

Since the data from different treatments and muscles are

observed for the same animal, a random animal effect was

included. Because we have a mixed linear model with hetero-

geneous variances and unbalanced data, we used the restricted

maximum likelihood method for variance component estimation

and the Kenward–Roger method to calculate the standard errors

and degrees of freedom (Kenward & Roger 1997; Spilke et al.

2005). To control the type I statistical error on a per experiment

basis, we used the Tukey–Kramer test for least square means

comparison (Dufner et al. 2002). For analysis of correlation, the

Pearson product moment correlation coefficient was calculated

using the Minitab statistical software (Release 13; Minitab Inc.,

State College, PA, USA).

Results

Growth performance of the broilers

Initial and final body weights, feed intake and body weight gains

did not differ between the nine groups of broilers. The initial body

weights of the broilers were (means, n 144) 38 (SE 1) g, average

daily feed intake was 56 (SE 1) g, average daily body weight gain

was 39·6 (SE 0·4) g, and the final body weights of the broilers at

day 35 were 1425 (SE 13) g.

Fatty acid composition of breast and thigh muscle total lipids

The fatty acid composition of the total lipids from the breast and

thigh muscles was dependent on the dietary fat but independent of

the dietary vitamin E concentration. Breast and thigh muscles

from broilers fed palm oil had higher amounts of saturated fatty

acids and MUFA but lower amounts of PUFA in total lipids

than did muscles from broilers fed soyabean or linseed oil. The

breast and thigh muscles from broilers fed soyabean oil had

higher amounts of n-6 PUFA (18 : 2, 20 : 4 and 22 : 4) and lower

amounts of n-3 PUFA (18 : 3, 20 : 5, 22 : 5 and 22 : 6) than the
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breast muscle from broilers fed linseed oil (data not shown). The

unsaturation index of the fatty acids in both muscles was highest

in broilers fed linseed oil and lowest in broilers fed palm oil

(breast muscle: palm oil 1·08^0·01, soyabean oil 1·38^0·01, lin-

seed oil 1·46^0·01; thigh muscle: palm oil 0·91^0·01, soyabean

oil 1·25^0·02, linseed oil 1·41^0·01).

Concentrations of total tocopherols in breast and thigh muscle

Concentrations of total tocopherols were determined in raw

muscles (Table 3). There were significant effects of dietary fat,

vitamin E and muscle on the concentration of total tocopherols.

Thigh muscle had higher concentrations of total tocopherols

than breast muscle (least squares (LS) means, n 72; 211 (SE 4)

v. 110 (SE 3) nmol/g DM), in average of dietary treatment (fat

and vitamin E). Tocopherol concentrations in muscles increased

with increasing vitamin E concentrations of the diets. Tocopherol

concentrations in broilers fed diets with 20, 40 and 200 mg vita-

min E/kg were (LS means, n 48; 38 (SE 1), 105 (SE 3) and 339

(SE 6) nmol/g DM, respectively.

There were significant interactions between dietary vitamin E

and fat and muscle. Increasing the dietary vitamin E concentration

from 20 to 200 mg/kg increased the tocopherol concentrations in

broilers fed palm oil to a greater extent than in broilers fed linseed

or soyabean oil. Moreover, increasing the dietary vitamin E

concentration from 20 to 200 mg/kg increased the tocopherol con-

centrations in thigh muscle to a greater extent than in breast

muscle. On average for both muscles and dietary vitamin E

concentrations, tocopherol concentrations were highest in broilers

fed palm oil and lowest in broilers fed linseed oil (LS means, n 48;

palm oil 185 (SE 4), soyabean oil 161 (SE 4) and linseed oil 135

(SE 4) nmol/g dry matter, respectively).

Concentrations of thiobarbituric acid-reactive substances in

broiler muscles

Concentrations of TBARS in broiler muscles are shown in

Table 4. There were significant effects of dietary fat, vitamin E,

treatment and muscle on concentrations of TBARS. Thigh

muscle had higher concentrations of TBARS than breast

muscle (LS means, n 7277; SE 4) v. 25 (SE 1) nmol/g DM), on

average of dietary treatment (fat and vitamin E) and treatment

of muscles. Moreover, TBARS concentrations were highest in

heated muscles and lowest in raw muscles (LS means, n 48;

raw 38 (SE 4), heated 67 (SE 4), frozen-stored 49 (SE 2) nmol/

g DM). On average of both muscles, dietary fat and treatment

of muscles, TBARS concentrations in muscles decreased with

increasing vitamin E concentrations of the diets. TBARS concen-

tration in broilers fed diets with 20, 40 and 200 mg vitamin E/kg

were (LS means, n 48; 94 (SE 5), 42 (SE 3) and 18 (SE 1) nmol/g

DM, respectively).

There were significant interactions between dietary vitamin E

and dietary fat, treatment and muscle. The effect of vitamin E

on the concentration of TBARS was strongest in broilers fed

linseed oil and weakest in broilers fed palm oil. The effect of

dietary vitamin E on TBARS concentrations was stronger in

heated muscles than in raw or frozen-stored muscles. Finally,

increasing the dietary vitamin E concentration decreased

TBARS concentrations in thigh muscle to a greater extent

than in breast muscle. On average of both muscles, all three

treatments and all three dietary vitamin E concentrations,

TBARS concentrations were highest in broilers fed linseed oil

and lowest in broilers fed palm oil (LS means, n 48; palm oil

21 (SE 3), soyabean oil 35 (SE 3), linseed oil 97 (SE 3) nmol/

g DM, respectively).

Significant interactions were noted between dietary fat and

vitamin E and muscle. The effect of dietary fat on TBARS con-

centrations was strongest at the lowest vitamin E concentration

(20 mg/kg). At the highest vitamin E concentration (200 mg/kg),

no differences were observed in TBARS concentration between

broilers fed linseed oil and those fed palm oil or soyabean oil.

Moreover, the effect of the dietary fat on TBARS concentration

was stronger in thigh muscle than in breast muscle. The absence

of an interaction between dietary fat and treatment of muscle

shows that the effect of dietary fat on TBARS concentration

was similar in raw, heated or frozen-stored muscles.

Table 3. Concentrations of total tocopherols (nmol/g DM) in raw breast and thigh muscle of broilers fed diets contain-

ing either palm oil, soyabean oil or linseed oil with various vitamin E concentrations*

(Least squares (LS) mean values with their standard erros for eight broilers per group)

Breast muscle Thigh muscle

Dietary fat

Dietary

Vitamin E (mg/kg) LS means SE LS means SE

Palm oil 20 33d 2 61d 3

Palm oil 40 78c 5 146c 8

Palm oil 200 280a 12 512a 16

Soyabean oil 20 34d 2 80d 3

Soyabean oil 40 79c 5 153c 8

Soyabean oil 200 213b 12 409b 16

Linseed oil 20 5e 2 13d 3

Linseed oil 40 58c 5 115c 8

Linseed oil 200 211b 12 409b 16

Test of fixed effects (P )

Main effects Interactions

Fat ,0·001 Fat £ vitamin E ,0·001

Vitamin E ,0·001 Fat £ muscle NS

Muscle ,0·001 Vitamin E £ muscle ,0·001

Fat £ vitamin E £ muscle NS

a,b,c,d,eMean values within a column with unlike superscript letters were significantly different (P,0·05).

* For details of diets and procedure, see p. 634.
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There was also a significant interaction between treatment

(heated v. raw v. frozen-stored) and type of muscle. The

effect of treatment on TBARS concentration was greater in

thigh muscle than in breast muscle. Significant three-way inter-

actions were also recorded between fat, vitamin E and treat-

ment, between fat, vitamin E and muscle, and between

vitamin E, treatment and muscle on the concentrations of

TBARS.

Concentrations of hydroperoxides in broiler muscles

The concentrations of hydroperoxides in broiler muscles are

shown in Table 5. The concentrations of hydroperoxides in

breast and thigh muscle, on average of dietary treatment (fat

and vitamin E) and treatment of muscles, did not differ (LS

means, n 72; breast muscle 484 (SE 15), thigh muscle 504 (SE

29) nmol/g DM). Heated muscles had higher concentrations of

hydroperoxides than raw or frozen-stored muscles (LS means, n

48; raw 344 (SE 8), heated 783 (SE 47), frozen-stored 357 (SE

11) nmol/g DM). Moreover, the muscles of broilers fed diets

with 20 mg vitamin E/kg had the highest concentrations of hydro-

peroxides, and those of broilers fed diets with 200 mg vitamin E/

kg had the lowest concentrations. Hydroperoxide concentration in

broilers fed diets with 20, 40 and 200 mg vitamin E/kg (LS

means, n 48) were 814 (SE 36), 400 (SE 31) and 269 (SE 10)

nmol/g DM, respectively.

Significant interactions were noted between dietary vitamin E

and fat, treatment and muscle. The effect of vitamin E on the

concentration of hydroperoxides was strongest in broilers fed lin-

seed oil and weakest in broilers fed palm oil. The effect of diet-

ary vitamin E on the concentration of hydroperoxides was also

stronger in heated muscles than in raw or frozen-stored muscles.

Finally, an increase in dietary vitamin E concentration from 20

to 40 or 200 mg/kg decreased the concentration of hydroperox-

ides in thigh muscle to a greater extent than in breast muscle.

On average of both muscles, all three treatments and all three

dietary vitamin E concentrations, concentrations of hydroperox-

ides were highest in broilers fed linseed oil and lowest in

those fed palm oil (LS means, n 8; palm oil 281 (SE 29), soya-

bean oil 387 (SE 28), linseed oil 816 (SE 28) nmol/g DM,

respectively).

There were significant interactions between dietary fat and

vitamin E, muscle and treatment of muscle. The effect of dietary

fat on the concentration of hydroperoxides in muscles was stron-

gest at the lowest vitamin E concentration (20 mg/kg) and weak-

est at the highest vitamin E concentration. At the highest vitamin

E concentration (200 mg/kg), the muscles of broilers fed linseed

oil did not differ in their concentrations of hydroperoxides from

the muscles of broilers fed palm oil or soyabean oil. The effect

of the dietary fat on hydroperoxide concentration was stronger

for thigh muscle than for breast muscle. Moreover, the dietary

fat had a stronger effect for heated muscles than for raw or

frozen-stored muscles. There was no interaction between treat-

ment (raw v. heated v. frozen-stored) and type of muscle,

which means that the effect of the treatment on the concentration

of hydroperoxides was similar in both muscles. There were

significant three-way interactions between fat, vitamin E and

treatment, between fat, vitamin E and muscle, and between

vitamin E, treatment and muscle on the concentrations of

hydroperoxides, and there was even an interaction between the

four factors.

Concentrations of cholesterol oxidation products in broiler

muscles

In raw and frozen-stored breast and thigh muscles, 7b-hydroxy-

cholesterol and 7-ketocholesterol were the only COP that could

be detected. In heat-processed meat, b-epoxycholesterol and cho-

lestantriol were additionally detected. The sum of the concen-

trations of these COP (‘total COP’) in raw, heat-processed and

frozen-stored breast and thigh muscles is shown in Table 6. The

concentration of total COP on average of dietary treatment (fat

and vitamin E) and treatment of muscles was higher in thigh

muscle than in breast muscle (LS means, n 72; 28·7 (SE 3·6) v.

9·0 (SE 0·4) nmol/g DM). Heated muscles had much higher con-

centrations of total cop than raw or frozen-stored muscles (LS

means, n 48; raw 4·0 (SE 0·4), heated 49·5 (SE 5·4), frozen-

stored 3·0 (SE 0·2) nmol/g DM). Moreover, the muscles of broilers

fed diets with 20 mg vitamin E/kg had higher concentrations of

total COP than the muscles of broilers fed diets with 40 or

200 mg vitamin E/kg. Concentrations of total COP in the muscles

of broilers fed diets with 20, 40 and 200 mg vitamin E/kg were

(LS means, n 48) 36·5 (SE 5·2), 14·1 (SE 1·2) and 5·9 (SE 0·3)

nmol/g DM, respectively.

There were also significant interactions between dietary vita-

min E and fat, treatment and muscle. The effect of vitamin E

on concentration of total COP was strongest in broilers fed linseed

oil and weakest in broilers fed palm oil. The effect of dietary vita-

min E on concentrations of total COP was also stronger in heated

muscles than in raw or frozen-stored muscles. The effect of diet-

ary vitamin E on COP concentration was also greater in thigh

muscle than in breast muscle. On average of dietary treatment

(fat, vitamin E) and both muscles, concentrations of total COP

were higher in broilers fed linseed oil than in broilers fed palm

oil or soyabean oil (LS means, n 48; palm oil 10·3 (SE 3·5), soya-

bean oil 13·6 (SE 3·0), linseed oil 32·6 (SE 2·8) nmol/g DM,

respectively).

There were significant interactions between dietary fat and vita-

min E, muscle and treatment of muscle. The effect of dietary fat

on the concentration of total COP in muscles was strongest for the

lowest vitamin E concentration (20 mg/kg) and weakest for the

highest vitamin E concentration. At the lowest vitamin E concen-

tration, broilers fed linseed oil had higher concentrations of total

oxysterols than those fed palm oil or soyabean oil. At the highest

vitamin E concentration (200 mg/kg), concentrations of total COP

in muscles did not differ between broilers fed linseed oil and

those fed soyabean oil or palm oil. The effect of the dietary fat

on the concentration of total COP was stronger in thigh muscle

than in breast muscle. Moreover, dietary fat had a stronger

effect in heated muscles than in raw or frozen-stored muscles.

There was also a significant interaction between treatment

(heated v. raw v. frozen-stored) and type of muscle. The effect

of treatment on COP concentration was greater in thigh muscle

than in breast muscle.

In addition, there were significant three-way interactions between

fat, vitamin E and treatment, between fat, vitamin E and muscle,

between vitamin E, treatment and muscle, and between fat, treat-

ment and muscle on the concentrations of total cop, and there was

also an interaction between the four factors.

The concentrations of individual COP in broiler muscles

responded in a similar way to total COP concentration to the

experimental factors dietary fat and dietary vitamin E. Data for

the individual COP are therefore not shown.
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Correlation between concentrations of oxidation products of

PUFA (thiobarbituric acid-reactive substances, hydroperoxides)

and concentrations of cholesterol oxidation products

There were significant linear correlations between the concen-

trations of TBARS or hydroperoxides and those of individual

and total COP in raw, heated and frozen-stored breast and thigh

muscle (Table 7).

Discussion

The aim of the present study was to explore interactions between

dietary fats and vitamin E on the concentrations of COP in the

muscle of broilers. We therefore determined the concentrations of

various COP in raw, heated and frozen-stored breast and thigh

muscles of broilers fed diets varying in their type of fat and vitamin

E concentration. Oxidation can occur in the A and B cholesterol

rings and also in the cholesterol side chain (Smith, 1987). We

found that B-ring cholesterol oxides, i.e. 7b-hydroxycholesterol,

7-ketocholesterol, b-epoxycholesterol and cholestantriol, were

quantitatively the most important oxysterols in broiler meat. This

finding is in agreement with studies by Maraschiello et al. (1998)

and Lee et al. (2001), which identified 7a-hydroxycholesterol,

7b-hydroxycholesterol, 7-ketocholesterol and b-epoxycholesterol

as the principal oxysterols in chicken meat. In the study of Grau

et al. (2001), very small concentrations of 25-hydroxycholesterol

were additionally found in raw and cooked chicken meat.

Recent studies have already shown that dietary vitamin E

reduces the formation of COP in meat of broilers (Li et al.

1996; Galvin et al. 1997; Lopez-Bote et al. 1998; Grau et al.

2001). The present study shows for the first time that the effects

of vitamin E on COP concentrations depend largely on the dietary

fat, treatment of muscle and type of muscle. Vitamin E exerted a

stronger effect in broilers fed linseed oil than in broilers fed soya-

bean or palm oil; moreover, it had a stronger effect on

COP concentrations in heated muscle than in raw or frozen-

stored muscle, and it had a stronger effect on thigh muscle than

on breast muscle. The finding of significant linear correlations

between the concentrations of autoxidation products of PUFA

(TBARS and hydroperoxides) and the concentrations of all the

COP identified (7b-hydroxycholesterol, 7-ketocholesterol,

b-epoxycholesterol and cholestantriol) indicates that the for-

mation of all of these COP was closely linked to the oxidation

of PUFA. De Vore (1988) also observed a linear relationship

between TBARS and 7-ketocholesterol concentrations in beef,

and Monahan et al. (1992) reported a similar relationship between

total COP and fatty acid oxidation in pork. It has been suggested

that cholesterol oxidation in meat is initiated by fatty acid acyl

radicals of neighbouring fatty acids in the phospholipid mem-

brane (Park & Addis, 1987). This hypothesis is supported by

the close relationship between the oxidation of PUFA and the oxi-

dation of cholesterol in broiler muscle observed in this study.

The present study shows that dietary fats rich in PUFA such as

linseed oil cause a dramatic increase in COP concentration in

broiler muscle, particularly during heating, if the dietary vitamin

E concentration is low. The effect of linseed oil in this respect

might be due to the incorporation of (n-3) PUFA into membrane

phospholipids, which makes them more susceptible to oxidation,

particularly if tissue vitamin E concentrations are low. It was

shown, however, that a dietary vitamin E concentration of

40 mg/kg is sufficient to completely suppress COP formation by

linseed oil in raw or frozen-stored muscle. If palm oil or soyabean

oil was used as the dietary fat, even a low dietary vitamin E con-

centration of 20 mg/kg was sufficient to prevent the formation of

COP in raw or frozen-stored muscles. The finding that such low

vitamin E concentrations were sufficient to suppress the oxidation

of cholesterol might result from a low rate of PUFA oxidation in

raw or frozen-stored muscles.

Recent studies have already found that heating broiler muscle

increases its concentrations of COP (Maraschiello et al. 1998;

Grau et al. 2001). An increase in COP production during heating

is probably the consequence of accelerated lipid peroxidation

(Engeseth & Gray, 1994). Furthermore, the present study shows

for the first time that the formation of COP in broiler muscle

during heating is strongly dependent on the dietary fat and the

dietary vitamin E concentration. At a low dietary vitamin E con-

centration, heating increased the COP concentration in the muscle

of broilers fed linseed oil to a greater extent than in the muscle of

broilers fed soyabean or palm oil. At a high dietary vitamin E

concentration, the COP concentration increased much less

during heating than at a low vitamin E concentration; the increase

was similar in broilers fed all three types of fat. This means that a

Table 7. Correlation between concentrations of thiobarbituric acid-reactive substances (TBARS) or hydroperoxides and those

of cholesterol oxidation products in raw, heated or frozen-stored breast and thigh muscle of broilers†

Breast muscle Thigh muscle

Raw Heated Frozen-stored Raw Heated Frozen-stored

TBARS v.

7b-Hydroxycholesterol 0·76*** 0·85*** 0·92*** 0·66*** 0·68*** 0·89***

7-Ketocholesterol 0·69*** 0·82*** 0·87*** 0·56*** 0·69*** 0·76***

b-Epoxycholesterol – 0·80*** – – 0·67*** –

Cholestantriol – 0·73*** – – 0·65*** –

Total cholesterol oxidation products 0·73*** 0·82*** 0·89*** 0·60*** 0·70*** 0·82***

Hydroperoxides v.

7b-Hydroxycholesterol 0·81*** 0·73*** 0·70*** 0·86*** 0·64*** 0·53***

7-Ketocholesterol 0·80*** 0·73*** 0·68*** 0·81*** 0·66*** 0·38**

b-Epoxycholesterol – 0·73*** – – 0·62*** –

Cholestantriol – 0·69*** – – 0·67*** –

Total cholesterol oxidation products 0·81*** 0·73*** 0·69*** 0·83*** 0·63*** 0·44***

* *P,0·01, ***P,0·001.

† Pearson product moment correlation coefficients.
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high dietary vitamin E supplementation completely suppressed

the adverse effect of linseed oil on COP formation during heating.

The effect of vitamin E might be mediated by its ability to sca-

venge fatty acyl peroxide radicals. Vitamin E is deposited in

membranes in positions adjacent to the PUFA moiety of the phos-

pholipids (Fukuzawa & Fujii, 1992). It is likely that the protection

of neighbouring fatty acids by vitamin E, and the subsequent

reduction in fatty acyl radical formation, in turn reduces the

extent of cholesterol oxidation. The lack of effect of vitamin E

in raw or frozen-stored muscles of broilers fed palm oil or linseed

oil was not unexpected due to the low rate of cholesterol

oxidation that had occurred.

It has been shown that broiler thigh muscle has higher concen-

trations of COP than broiler breast muscle (Galvin et al. 1997).

The present study, moreover, shows that COP concentrations in

thigh muscle are more strongly influenced by dietary fat, vitamin

E concentration and treatment of the muscle than COP concen-

trations in breast muscle. This might be mainly due to the fact

that lipids in thigh muscle are more susceptible to lipid oxidation

than are lipids in breast muscle, because of a higher content of

total lipids, phospholipids (and therefore unsaturated fatty acids)

and Fe. Moreover, thigh muscle has a higher concentration of

cholesterol than breast muscle (Galvin et al. 1997).

In conclusion, the present study shows that dietary fat and vita-

min E concentration influence COP concentrations in broiler

muscles. The effects of dietary fat and vitamin E in this respect

are, however, stronger in heated muscle than in raw or frozen-

stored muscle, and stronger in thigh muscle than in breast

muscle. At low dietary vitamin E concentrations, dietary PUFA

accelerated the formation of COP, particularly during heating.

This adverse effect of dietary PUFA could be completely avoided

by increasing the dietary vitamin E concentration. The protection

of COP formation in broiler muscle by the choice of a favourable

combination of dietary fat and vitamin E concentration is

undoubtedly beneficial because COP in human diets play a role

in the development of important diseases such as cancer or CHD.
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Aminosäuretabelle zur Geflügelfütterung. Stuttgart: Verlag Eugen

Ulmer.

Jensen C, Skibsted LH, Jakobsen K & Bertelsen G (1995) Supplemen-

tation of broiler diets with all-rac-a- or a mixture of natural source

RRR-a-g-d-tocopheryl acetate. 2. Effect on the oxidative stability of

raw and precooked broiler meat products. Poultry Sci 74,

2048–2056.

Kenward MG & Roger MG (1997) Small sample inference for fixed

effects from restricted maximum likelihood. Biometrics 53, 983–997.

Lee JI, Kang S, Ahn DU & Lee M (2001) Formation of cholesterol oxides

in irradiated raw and cooked chicken meat during storage. Poultry Sci

80, 105–108.

Li SX, Ahn DU, Cherian G, Chung TY & Sim JS (1996) Dietary oils and

tocopherol supplementation on cholesterol oxide formation in freeze-

dried chicken meat during storage. J Food Lipids 3, 27–42.

Linseisen J & Wolfram G (1998) Origin, metabolism and adverse health

effects of cholesterol oxidation products. Fett/Lipid 100, 211–218.

Lopez-Bote CJ, Gray JI, Gomaa EA & Flegal CJ (1998) Effect of dietary

oat administration on lipid stability in broiler meat. Br Poultry Sci 39,

57–61.

Maraschiello C, Esteve E & Garcia-Reguiero JA (1998) Cholesterol oxi-

dation in meat from chickens fed alpha-tocopherol and beta-carotene

supplemented diets with different unsaturation grades. Lipids 33,

705–713.

Monahan FJ, Gray JI, Booren AM, Miller ER, Buckley DJ, Morrissey PA

& Gomaa EA (1992) Influence of dietary treatment on lipid and choles-

terol oxidation in pork. J Agric Food Chem 40, 1310–1315.

Morel D & Lin CY (1996) Cellular biochemistry of oxysterols derived

from the diet or oxidation in vivo. J Nutr Biochem 7, 495–506.

Mori TA, Croft KD, Puddey IB & Beilin LJ (1996) Analysis of native

and oxidized low-density lipoprotein oxysterols using gas chromatog-

raphy-mass spectrometry with selective ion monitoring. Redox Rep 2,

25–34.

K. Eder et al.642

https://doi.org/10.1079/BJN
20051411  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN20051411


Morin RJ & Peng S-K (1992) Cholesterol oxidation and cancer. In Bio-

logical Effects of Cholesterol Oxides, pp. 191–202 [S-K Peng and RJ

Morin, editors]. Boca Raton, FL: CRC Press.

Nourooz-Zadeh J & Appelqvist L-A (1988) Cholesterol oxides in Swedish

food ingredients: milk powder products. J Food Sci 53, 74–79.

O’Neill L, Galvin K, Morrissey PA & Buckley DJ (1998) Comparison of

effects of dietary olive oil, tallow and vitamin E on the quality of broi-

ler meat and meat products. Br Poultry Sci 39, 365–371.

Paniangvait P, King AJ, Jones AD & German BG (1995) Cholesterol

oxides in foods of animal origin. J Food Sci 60, 1159–1174.

Park SW & Addis PB (1987) Cholesterol oxidation products in some

muscle foods. J Food Sci 50, 1437–1441.

Ruiz JA, Perez-Vendrell AM & Esteve-Garcia E (1999) Effect of b-caro-

tene and vitamin E on oxidative stability in leg meat of broilers fed

different supplemental fats. J Agric Food Chem 47, 448–454.

Sanz M, Flores A & Lopez-Bote CJ (1999) Effect of fatty acid

saturation in broiler diets on abdominal fat and breast muscle fatty

acid composition and susceptibility to lipid oxidation. Poultry Sci 78,

378–382.

Sevanian A & McLeod LL (1987) Cholesterol autoxidation in phospholi-

pid membrane bilayers. Lipids 22, 627–636.

Sidwell CG, Salwin H, Benca M & Mitchell JH Jr (1954) The use of thio-

barbituric acid as a measure of fat oxidation. J Am Oil Chem Soc 31,

603–606.

Smith LL (1987) Cholesterol autoxidation 1981–1986. Chem Phys Lipids

44, 87–125.

Smith LL (1996) Review of progress in sterol oxidations: 1987–1995.

Lipids 31, 453–487.

Spilke J, Piepho HP & Hu X (2005) A simulation study on tests of hypoth-

eses and confidence intervals for fixed effects in mixed models for

blocked experiments with missing data. J Agric Biol Environ Stat (In

the Press).

Stubbs CD & Smith AD (1984) The modification of mammalian mem-

brane polyunsaturated fatty acid composition in relation to membrane

fluidity and function. Biochim Biophys Acta 779, 89–137.

Terao J, Sugino K & Matsushita S (1985) Fe2þ and ascorbic acid induced

oxidation of cholesterol in phosphatidylcholine liposomes and its inhi-

bition by a-tocopherol. J Nutr Sci Vitaminol 31, 499–508.

Weiser H & Vecchi M (1982) Stereoisomers of alpha-tocopheryl acetate.

II. Biopotencies of all eight stereoisomers, individually or in mixtures,

as determined by rat resorption–gestation tests. Int J Vit Nutr Res 52,

351–370.

Cholesterol oxidation products in broiler meat 643

https://doi.org/10.1079/BJN
20051411  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN20051411

