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The effect of vitamin E supplementation on fatty acid composition during storage of lamb meat packed
in a high-oxygen modified atmosphere was studied. Lambs were fed with diets supplemented with
four levels of vitamin E (0, 250, 500, and 1000 mg acetate-R-tocopherol/kg feed). Slices of M.
longissimus dorsi were packed in a high-oxygen modified atmosphere (70% O2:30% CO2) and stored
at 2 ( 1 °C in the dark for 14, 21, and 28 days. The nonsupplemented group (E0) showed an increase
in saturated fatty acids (SFA) and monounsaturated fatty acids and a reduction in polyunsaturated
fatty acids (PUFA) in total fatty acids. The proportion of SFA and PUFA was unchanged in the
supplemented groups (E250, E500, and E1000). The supplementation with 250 mg acetate-R-
tocopherol/kg feed prevented the oxidation of PUFA in the total lipids and in the polar lipids fraction,
while 500 mg acetate-R-tocopherol/kg feed was necessary to prevent the oxidation of PUFA in free
fatty acids. Supplementing vitamin E not only inhibited lipid oxidation but also maintained nutritional
value [essential fatty acids, linoleic acid (C18:2n-6) and linolenic acid (C18:3n-3), and beneficial fatty
acids, eicosapentaenoic acid (C20:5n-3) and docosahexaenoic acid (C22:6n-3)] throughout the storage
period.
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INTRODUCTION

Fresh lamb meat is generally sold chilled to a temperature
of 4 °C. The shelf life of refrigerated lamb meat does not exceed
10 days (1), after which spoilage can be evident. To provide
longer storage times, meat is stored in modified atmosphere
packaging. Modified atmosphere retail packaging with a high
level of oxygen (70-80%) preserves the bright red color of
fresh meat (2). In addition, high-oxygen modified atmosphere
packaging prevents microbial growth (3). However, high
concentrations of oxygen may increase levels of lipid oxidation
in meat, giving rise to oxidative rancidity and discoloration.
As a result, lipid oxidation is one of the major causes of quality
deterioration in meat packed at a high-oxygen concentration.
Lipid oxidation can alter flavor, color, and texture (4) and reduce
nutritional value and safety of meat.

Some authors (5, 6) have demonstrated that the fatty acid
profile of meat could be modified during storage by hydrolytic
and oxidative processes. The oxidative stability of lipid fractions
is associated with their fatty acid composition. Polar lipids have
a high content of unsaturated fatty acids and are therefore more
susceptible to oxidation than triglycerides, rich in saturated fatty
acids (SFA) (7). Because the susceptibility of unsaturated fatty
acids to oxidation is related to the degree and the content of
unsaturation, polyunsaturated fatty acids (PUFA) are more prone
to be oxidized than monounsaturated fatty acids (MUFA) (8).
In this way, lipid oxidation could reduce PUFA essential fatty
acids (C18:2n-6 and C18:3n-3) and long-chain PUFA (C20:
5n-3 and C22:6n-3). Long-chain PUFA play an important role
in the development of cerebral and retinal tissues and in the
prevention of heart diseases and some cancers (9).

Furthermore, the process of lipid oxidation leads to vitamin
losses, such as vitamin A, carotenoids, vitamin C, and vitamin
E (VE), due to the free radicals generated by the process that
co-oxidizes these vitamins (10). On the other hand, oxidation
of muscle lipids results in the production of oxidation products,
such as aldehydes and oxysterols, which could have an adverse
effect on human health (11).
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Deterioration caused by lipid oxidation may be reduced by
incorporating natural antioxidants. Antioxidants delay or inhibit
the process of oxidation, even at low concentrations. VE, a
natural antioxidant, functions as a lipid-soluble antioxidant in
cell membranes. Many studies have shown that VE supplemen-
tation improves the stability of lipids and color in beef (12),
pork (13), and lamb (14). The concentration of muscle VE via
dietary supplementation depends on the level of supplementa-
tion, the muscle evaluated, and the active form of the VE
supplemented (12).

The aforementioned studies of lamb meat have described the
oxidation changes through the evaluation of the thiobarbituric
acid reactive substances (TBARS), but until now, no studies
have appeared on fatty acid composition during storage and the
possible effect of VE.

Part of this research was published in a previous paper by
Lauzurica et al. (15). That paper (15) described the effect of
dietary VE supplementation on R-tocopherol deposition and
TBARS, color, and bacterial load of lamb meat packed under
a modified atmosphere. The objective of the present study was
to report the modifications in fatty acid composition of lamb
meat during storage in high-oxygen modified atmosphere
packaging, in relation to different levels of dietary VE supple-
mentation. To carry out more precise examination on unsaturated
fatty acids, which are mainly concentrated in the polar lipid
fraction, the fatty acid compositions of the neutral and polar
lipids and the free fatty acid fractions were evaluated.

MATERIALS AND METHODS

Feeding Experiments. Thirty-six weaned male Manchego breed
lambs were assigned to four treatment groups of nine animals each.
Four levels of VE (0, 250, 500, and 1000 mg acetate-R-tocopherol/kg
feed) were added to a basal diet containing 20 mg VE/kg feed. Thus,
four experimental diets were obtained as follows: E0, E250, E500, and
E1000. The basal diet contained (g/kg feed) the following: barley, 281.9;
corn meal, 200; soybean meal, 171.5; corn (whole shelled), 127.7;
wheat, 120; oats, 50; fat, 23; limestone, 15.9; salt, 6; sodium
bicarbonate, 2; and mineral and vitamin premix, 2. Feed, water, and
barley straw were offered ad libitum throughout the fattening period.
The lambs were individually penned (1 m2). The fattening period lasted
an average of 37 ( 1.5 days, from an initial weight of 13.2 ( 0.5 kg
to a slaughter weight of 26.2 ( 0.3 kg, a usual commercial slaughter
weight in Spain. Lambs were slaughtered in a commercial abattoir in
accordance with commercial practices.

Samples. After the carcasses were chilled for 24 h at 4 °C, M.
longissimus dorsi from the right half of the carcasses was dissected
and cut into four slices randomly assigned to one of four storage periods
(SPs): 0, 14, 21, and 28 days. Muscle slices for 0 days of storage were
vacuum-packed in metallic pouches and then frozen at -20 °C for
subsequent analyses. Muscle slices for 14, 21, and 28 days were packed
in a modified atmosphere (MAP) using BB41 pouches (150 µm,
polyamide/polyethylene, 50/100, Cryovac) with low gas permeability
(7 cc/m2/24 h O2 at 4 °C and 80% relative humidity, 150 cc/m2/24 h
O2 at 23 °C and 75% relative humidity) and low water vapor
transmission rate (1.5 g/m2/24 h at 38 °C and 100% relative humidity)
and flushed with 70% O2 and 30% CO2 (EAP 20, Carburos Metálicos,
S.A.) with a 2:1 gas volume to meat ratio in each pack. Samples were
kept in the darkness at 2 ( 1 °C. After the SP, slices were vacuum-
packed in metallic pouches and frozen at -20 °C for subsequent fatty
acid composition analyses.

Lipid Extraction. Intramuscular fat was extracted from the muscle
samples according to Hanson and Olley (16). Total lipids extracts were
dried in a rotatory evaporator. The fat obtained was used for fatty acid
composition of total lipids and for lipid fractionation.

Lipid Extracts Fractionation. For further fatty acid composition
characterization, total lipid extracts were fractionated into neutral lipids,
polar lipids, and free fatty acids (17). An aliquot of the total lipid extract
was applied to amino-propylsilica minicolumn (Isolute NH2, 500 mg,

10 mL) to separate neutral lipids (10 mL of chloroform:2-propanol
2:1), free fatty acids (10 mL of 2% acetic acid in diethyl ether), and
polar lipids (10 mL of 2% HCL-methanol in 0.5 N methanol).

Fatty Acid Composition. Fatty acid methyl esters (FAMEs) of the
total lipids and lipid fractions were formed in accordance with the
Morrison and Smith method (18), using 14% boric trifluoride in
methanol. Chromatographic analysis of FAMEs was performed using
a Perkin-Elmer gas chromatograph (Perkin-Elmer, United States)
equipped with a split-splitless injector and a flame ionization detector
(FID) and a fused silica capillary column (0.32 mm internal diameter
and 30 m long). The mobile phase consisted of helium C-50 at a flow
of 9 psig. Fatty acids were identified using reference standards. Data
regarding fatty acid composition were expressed in percentages by
weight of the total of FAMEs identified.

Statistical Analysis. All data were analyzed using the Statistical
Analysis System (SAS) package (19). A split-plot design was used in
which dietary VE supplementation level was examined as a main plot
effect, and SP, a repeated measurement, was examined as a subplot
effect. The lowest Bayesian Information Criterion was used to choose
the matrix of the error structure among the following structures:
compound symmetry, first-order autoregressive, first-order heteroge-
neous autoregressive, and unstructured. When main effects (VE or SP)
or interaction were significant, planned comparisons of means were
performed using the Dunn-Šidák method (20) (comparing dietary
supplementation levels for each SP and SPs for each dietary supple-
mentation level, p e 0.05).

RESULTS AND DISCUSSION

The concentration of R-tocopherol in meat increased as VE
supplementation in diet increased (15). Thus, the R-tocopherol
concentration in E0 was 0.95 mg/kg meat, whereas in E250
and E500, it was over two times greater (2.17 and 2.67 mg/kg
meat, respectively). In E1000 samples, the R-tocopherol con-
centration was more than 3.75 times greater (3.57 mg/kg meat)
E0 (15).

Total Fatty Acids. Table 1 shows the fatty acid proportions
of intramuscular fat expressed as a percentage of the total of
FAMEs identified.

Initially (day 0), the profile of fatty acids in intramuscular
fat was similar in the four experimental groups, with mean
proportions of 41.55% for SFA, 41.11% for MUFA, and 17.34%
for PUFA. The meat fatty acid composition is mainly affected
by the fatty acid composition of animal diet (21). The
experimental diets in the present study were carried out with
the same raw materials, and composition only varied in the
content of VE [data shown in Lauzurica et al.(15)]. Salvatori et
al.(22) studied the effect of the VE supplementation on the fatty
acid composition of lamb meat and found no differences
between the supplementation groups.

A significant interaction was observed between the level of
supplementation and SP for SFA proportion (p ) 0.003) and
the major SFA, palmitic acid (C16:0)(p ) 0.019); MUFA
proportion (p ) 0.007) and the major MUFA, oleic acid (C18:
1) (p ) 0.014); and PUFA proportion (p ) 0.0002) and all
PUFA individually, except for docosapentaenoic acid (C22:5n-
3). The fatty acid proportions changed in different ways during
the SP in the experimental groups. Thus, in the nonsupplemented
group (E0), the SFA proportion increased from 0 to 28 days,
mainly due to the increase in C16:0. The MUFA proportion
also increased from 0 to 14 days, mainly due to the increase in
C18:1. After 14 days of storage, a reduction of the PUFA
proportion was observed in E0 due to the reduction of all PUFA
individually, except C22:5n-3. Because of PUFA reduction, SFA
and MUFA increased since they are expressed as proportions.
The reduction in the proportion of PUFA could be related to
oxidative reactions. Monin et al.(6) obtained an increase in SFA
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and MUFA proportions and a reduction in the PUFA proportion
in pork meat stored under aerobic conditions for 9 days, and

they suggested that this decrease in PUFA was the result of
lipid oxidation.

Table 1. Effect of VE Supplementation on Fatty Acid Composition (Grams Per 100 g of FAMEs) during the SP of Meat Packed in MAP (LS Means (
Standard Errors)a

VE

n ) 9 p

fatty acid SP (days) E0 E250 E500 E1000 VE SP VE × SP

SFA 0 41.7 ( 0.71 x 42.2 ( 0.86 41.4 ( 0.68 40.9 ( 0.68 0.0017 0.0011 0.0029
14 42.6 ( 0.75 x 43.3 ( 0.86 39.9 ( 0.74 39.9 ( 0.70
21 43.5 ( 0.78 a,xy 43.3 ( 0.81 ab 39.6 ( 0.77 b 40.7 ( 0.68 ab
28 46.0 ( 0.83 a,y 42.4 ( 0.86 ab 41.6 ( 0.70 b 42.0 ( 0.70 b

C14:0 0 2.69 ( 0.15 2.81 ( 0.17 2.75 ( 0.14 2.71 ( 0.14 0.7380 0.2268 0.8479
14 2.60 ( 0.15 2.71 ( 0.17 2.52 ( 0.15 2.55 ( 0.14
21 2.66 ( 0.16 2.79 ( 0.17 2.47 ( 0.15 2.56 ( 0.14
28 2.82 ( 0.17 2.70 ( 0.17 2.59 ( 0.14 2.63 ( 0.14

C16:0 0 23.6 ( 0.45 x 23.9 ( 0.53 23.5 ( 0.43 22.7 ( 0.43 0.0095 0.0001 0.0192
14 24.5 ( 0.46 xy 24.4 ( 0.53 23.3 ( 0.45 22.8 ( 0.44
21 25.1 ( 0.48 yz 24.6 ( 0.51 23.2 ( 0.47 23.1 ( 0.43
28 26.2 ( 0.50 a,z 24.5 ( 0.53 ab 23.9 ( 0.44 b 23.9 ( 0.44 b

C18:0 0 11.8 ( 0.42 11.9 ( 0.49 11.7 ( 0.40 11.9 ( 0.40 0.2714 0.0001 0.1772
14 12.9 ( 0.43 13.1 ( 0.51 11.8 ( 0.42 12.1 ( 0.41
21 13.1 ( 0.44 13.4 ( 0.47 11.7 ( 0.43 12.5 ( 0.41
28 13.8 ( 0.48 13.1 ( 0.49 12.6 ( 0.41 12.8 ( 0.41

MUFA 0 40.6 ( 0.84 x 41.4 ( 0.97 x 40.4 ( 0.79 x 42.1 ( 0.79 x 0.4300 0.0001 0.0074
14 43.8 ( 0.85 y 43.8 ( 0.97 y 41.9 ( 0.82 xy 43.9 ( 0.81 y
21 44.6 ( 0.87 y 42.6 ( 0.95 xy 42.3 ( 0.83 y 43.5 ( 0.79 xy
28 43.4 ( 0.89 y 43.2 ( 0.97 xy 41.5 ( 0.81 xy 42.5 ( 0.81 xy

C16:1 0 1.65 ( 0.07 1.70 ( 0.08 1.56 ( 0.07 1.60 ( 0.07 0.4137 0.9308 0.8489
14 1.65 ( 0.07 1.71 ( 0.08 1.52 ( 0.07 1.59 ( 0.07
21 1.70 ( 0.07 1.63 ( 0.08 1.54 ( 0.07 1.59 ( 0.07
28 1.65 ( 0.08 1.70 ( 0.08 1.55 ( 0.07 1.55 ( 0.07

C18:1 0 38.0 ( 0.78 x 38.9 ( 0.90 x 38.0 ( 0.74 x 39.7 ( 0.74 x 0.4520 0.0001 0.0141
14 41.2 ( 0.79 y 41.1 ( 0.89 y 39.6 ( 0.75 y 41.3 ( 0.74 y
21 42.0 ( 0.80 y 40.1 ( 0.88 xy 39.9 ( 0.76 y 41.1 ( 0.74 xy
28 41.0 ( 0.84 y 40.5 ( 0.90 xy 39.2 ( 0.75 xy 40.0 ( 0.75 xy

PUFA 0 17.7 ( 1.05 x 16.5 ( 1.23 18.2 ( 0.99 17.0 ( 0.99 0.0085 0.0001 0.0002
14 13.7 ( 1.08 y 13.0 ( 1.23 18.3 ( 1.05 16.3 ( 1.02
21 11.9 ( 1.12 a,y 14.1 ( 1.19 ab 18.1 ( 1.09 b 15.8 ( 0.99 ab
28 10.6 ( 1.17 a,y 14.3 ( 1.23 ab 16.9 ( 1.02 b 15.5 ( 1.02 ab

C18:2n-6 0 9.60 ( 0.61 x 8.87 ( 0.71 x 10.40 ( 0.58 8.42 ( 0.58 0.0119 0.0001 0.0005
14 8.10 ( 0.62 ab,y 7.23 ( 0.7 a,y 10.53 ( 0.60 b 8.10 ( 0.59 ab
21 7.34 ( 0.63 a,y 7.83 ( 0.70 ab,xy 10.44 ( 0.61 b 8.04 ( 0.58 ab
28 6.91 ( 0.65 a,y 8.00 ( 0.71 ab,xy 9.88 ( 0.59 b 8.06 ( 0.59 ab

C18:3n-3 0 0.50 ( 0.05 x 0.48 ( 0.05 0.45 ( 0.04 x 0.43 ( 0.04 0.6983 0.0030 0.0001
14 0.47 ( 0.04 x 0.47 ( 0.05 0.54 ( 0.04 y 0.48 ( 0.04
21 0.46 ( 0.06 x 0.48 ( 0.06 0.51 ( 0.04 xy 0.47 ( 0.05
28 0.35 ( 0.05 y 0.49 ( 0.05 0.51 ( 0.04 xy 0.41 ( 0.04

C20:3n-6 0 0.55 ( 0.04 x 0.38 ( 0.05 0.44 ( 0.04 0.48 ( 0.04 0.0175 0.0004 0.0036
14 0.36 ( 0.04 y 0.32 ( 0.05 0.42 ( 0.04 0.49 ( 0.04
21 0.30 ( 0.04 y 0.32 ( 0.05 0.42 ( 0.04 0.46 ( 0.04
28 0.25 ( 0.05 y 0.31 ( 0.05 0.46 ( 0.04 0.36 ( 0.04

C20:4n-6 0 4.77 ( 0.37 x 4.94 ( 0.42 x 5.17 ( 0.34 5.47 ( 0.34 0.0001 0.0001 0.0012
14 3.19 ( 0.37 a,y 3.41 ( 0.42 ab,y 5.00 ( 0.36 b 5.19 ( 0.35 b
21 2.56 ( 0.39 a,y 3.78 ( 0.40 ab,xy 5.00 ( 0.38 b 4.92 ( 0.34 b
28 1.92 ( 0.41 a,y 3.96 ( 0.42 b,xy 4.43 ( 0.35 b 4.74 ( 0.35 b

C20:5n-3 0 0.61 ( 0.11 x 0.64 ( 0.10 x 0.41 ( 0.08 0.44 ( 0.09 0.6542 0.0001 0.0156
14 0.31 ( 0.05 xy 0.28 ( 0.06 y 0.35 ( 0.05 0.42 ( 0.05
21 0.24 ( 0.05 y 0.31 ( 0.06 y 0.35 ( 0.05 0.38 ( 0.05
28 0.20 ( 0.07 y 0.35 ( 0.07 xy 0.32 ( 0.05 0.45 ( 0.05

C22:5n-3 0 0.47 ( 0.14 0.59 ( 0.16 0.75 ( 0.13 0.64 ( 0.13 0.0036 0.0368 0.1571
14 0.63 ( 0.07 0.63 ( 0.08 0.83 ( 0.06 0.85 ( 0.06
21 0.51 ( 0.08 0.70 ( 0.09 0.79 ( 0.08 0.82 ( 0.08
28 0.36 ( 0.08 0.70 ( 0.09 0.76 ( 0.07 0.78 ( 0.07

C22:6n-3 0 0.29 ( 0.03 x 0.22 ( 0.04 0.23 ( 0.03 0.26 ( 0.03 0.1390 0.0638 0.0002
14 0.21 ( 0.03 y 0.20 ( 0.03 0.27 ( 0.03 0.31 ( 0.03
21 0.15 ( 0.03 y 0.22 ( 0.03 0.27 ( 0.03 0.26 ( 0.03
28 0.11 ( 0.03 y 0.25 ( 0.03 0.23 ( 0.03 0.23 ( 0.03

PUFA/SFA 0 0.43 ( 0.03 x 0.40 ( 0.04 0.44 ( 0.03 0.42 ( 0.03 0.0034 0.0001 0.0011
14 0.32 ( 0.03 ab,y 0.30 ( 0.04 a 0.46 ( 0.03 b 0.41 ( 0.03 ab
21 0.27 ( 0.03 a,y 0.33 ( 0.03 ab 0.46 ( 0.03 b 0.39 ( 0.03 ab
28 0.23 ( 0.03 a,y 0.34 ( 0.04 ab 0.41 ( 0.03 b 0.37 ( 0.03 ab

a a,b: Different letters within the same row indicate significant difference (p e 0.05). x,y,z: Different letters within the same column indicate significant difference (p e
0.05).
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The reduction (around 60%) in long chain PUFA (C20:4n-6,
C20:5n-3, and C22:6n-3) was higher than the reduction (around
30%) in medium chain PUFA with a lower degree of unsat-
uration (C18:2n-6 and C18:3n-3). As expected, the fatty acids
most prone to be oxidized were those with longer chains and
with a higher degree of unsaturation (23).

Meat is refrigerated to increase its shelf life and reduce
microbial spoilage. However, even when meat is stored at low
temperatures, biochemical changes, lipolysis, and lipid oxidation
develop after slaughtering in muscle lipids, limiting meat shelf
life (24). In our study, the use of packaging at a high-oxygen
concentration could have accelerated the lipid oxidation of the
intramuscular fat during storage (25), particularly when the
concentration of antioxidant, VE, in meat was low (group E0).

In the supplemented groups (E250, E500, and E1000), the
proportion of SFA and PUFA did not change during the SP,
whereas the proportion of MUFA showed a slight increase from
0 to 14 days in E250 and E1000 and from 0 to 21 days in E500.
Thus, the increase in the concentration of R-tocopherol in meat
via dietary supplementation protected against the oxidation of
PUFA, starting at a level of supplementation of 250 mg/kg feed.
Previous papers (15, 26) have shown that VE is effective in the
reduction of the oxidation processes measured by TBARS
values. Meat and meat products from animals supplemented with
VE had lower TBARS values than nonsupplemented animals.
Nevertheless, these papers have not evaluated changes in fatty
acid composition.

Within the PUFA, C18:2n-6 and C18:3n-3 are considered
essential fatty acids for humans (27), and C20:5n-3 and C22:
6n-3 fatty acids have beneficial effects on health (9). Thus, a
reduction in the proportion of these fatty acids could be
considered a reduction in the nutritional value of the meat.
According to our results, supplementation with 500 and 1000
mg acetate-R-tocopherol/kg feed kept the nutritional value of
meat stable throughout the SP, while without supplementation,
the nutritional value of the meat decreased.

In addition, the changes occurring in the fatty acid profile
produced a modification in PUFA/SFA ratio (Table 1) during
storage. Thus, the PUFA/SFA ratio decreased in the nonsupple-
mented group from an initial value of 0.43 to 0.23 after 28 days
of storage. The PUFA/SFA ratio is an indicator of the nutritional
quality of the lipids in a food (28, 29). The PUFA/SFA ratio
must be near 0.45 (28), and lower values indicated less
nutritional quality of the lipids. Therefore, the meat from
nonsupplemented lambs was less healthy after a period of
storage than the meat at the beginning of the storage.

Fatty Acids Proportion in the Lipid Fractions. Table 2
shows the changes of fatty acid proportions of neutral lipids,
polar lipids, and free fatty acids fractions.

Initially, 62% of the total fatty acids of intramuscular fat was
in the neutral lipids fraction. The neutral lipids were 90%
triglycerides, and the rest were cholesterol esters, cholesterol,
monoglycerides, and diglycerides (17). On the other hand, 36%
of the total fatty acids was in the polar lipids fraction. This
fraction is mainly composed of phospholipids (30). Less than
1.5% of the total fatty acids was free fatty acids at the beginning
of storage, since fatty acids are predominantly part of more
complex lipid structures and are hardly ever free (31).

VE supplementation showed a significant effect on the
proportion of fatty acids in the neutral (p ) 0.037) and polar
lipids (p ) 0.045) fractions (Table 2). The proportion of fatty
acids in neutral lipids decreased as the level of VE supplemen-
tation increased from 66.0 ( 1.83% for E0 to 59.3 ( 1.63%
for E1000 (data not shown in the table), whereas the proportion
of fatty acids in polar lipids increased as supplementation
increased (from 31.5 ( 1.74% for E0 to 37.7 ( 1.55% for
E1000, data not shown in the table).

The SP (Table 2) did not significantly affect the proportion
of fatty acids in neutral and polar lipids. However, the proportion
of free fatty acids increased during storage (p ) 0.0001), from
1.30 ( 0.07% at day 0 to 2.88 ( 0.10% at 14 days and to 3.51
( 0.16% at 28 days (data not shown in the table). Previous
studies showed an increase in free fatty acids during refrigerated
storage of fresh pork (6), rabbit (32), and chicken (33) meat
and during the ham curing process (34). Some specific enzymes
of the adipose tissue and muscle fibers (lipases, sterases,
phospholipases, and lysophospholipases) are involved in the
hydrolytic processes of muscle lipids during refrigeration (35)
that release free fatty acids from both neutral and polar
lipids (32, 33). Thus, the increase in free fatty acids in meat
shows the degree of lipolysis during storage (31).

In our study, the contribution of neutral and polar lipids to
the increase in free fatty acids during storage is not clear.
Alasnier et al.(33), in studies on refrigerated fresh chicken meat,
found that neutral and polar lipids contributed to the increase
in free fatty acids, although the contribution of phospholipids,
the main components of polar lipids, was higher than triglyc-
erides, the main components of neutral lipids. Buscailhon et
al.(34) in dry-cured hams observed that phospholipids varied
to a great extent during processing, whereas neutral lipids
experienced little change throughout the curing process.

Table 2. Effect of VE Supplementation on Fatty Acids (Grams Per 100 g of Total FAMEs) in the Lipid Fractions during the SP of Meat Packed in MAP (LS
Means ( Standard Errors)

VE

n ) 9 p

fatty acids in SP (days) E0 E250 E500 E1000 VE SP VE × SP

neutral lipids 0 63.3 ( 2.32 62.7 ( 2.88 61.4 ( 2.07 60.7 ( 2.19 0.0369 0.6847 0.7531
14 64.6 ( 2.45 64.0 ( 3.16 60.5 ( 2.57 57.7 ( 2.29
21 66.7 ( 3.11 66.4 ( 2.89 59.1 ( 2.78 58.7 ( 2.29
28 69.3 ( 3.11 64.0 ( 3.17 61.1 ( 2.28 59.8 ( 2.58

polar lipids 0 35.4 ( 2.23 36.1 ( 2.77 37.3 ( 2.00 37.9 ( 2.10 0.0449 0.0863 0.8060
14 32.7 ( 2.36 31.0 ( 3.05 36.7 ( 2.48 39.2 ( 2.21
21 30.2 ( 3.00 30.5 ( 2.78 37.5 ( 2.69 37.7 ( 2.21
28 27.8 ( 2.30 32.9 ( 3.06 35.1 ( 2.19 36.1 ( 2.49

free fatty acids 0 1.33 ( 0.13 1.26 ( 0.17 1.23 ( 0.12 1.37 ( 0.13 0.0662 0.0001 0.4074
14 2.64 ( 0.17 3.04 ( 0.23 2.78 ( 0.19 3.08 ( 0.16
21 3.10 ( 0.43 3.05 ( 0.39 3.46 ( 0.38 3.56 ( 0.31
28 3.05 ( 0.37 3.07 ( 0.37 3.81 ( 0.26 4.13 ( 0.30
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Fatty Acid Composition of Neutral Lipid, Polar Lipid and
Free Fatty Acids. Tables 3-5 show the proportion of SFA,
MUFA, and PUFA of neutral lipids, polar lipids, and free fatty
acids fractions during storage. The fatty acids of neutral lipids
were mainly short chain fatty acids, saturated (47%) and
monounsaturated (47%), and only 6% were polyunsaturated.
The polar lipids fraction was initially 37% PUFA, 30% SFA,

and 31% MUFA, with no differences between the experimental
groups. Aurousseau et al.(36) found a lipid profile in the
triglycerides similar to that of our study in concentrate-fed lambs
weighing 35 kg at slaughter. The lipid profile of the free fatty
acids fraction was initially 45% SFA, 40% MUFA, and 14%
PUFA, without significant differences between the experimental
groups. As commented above, this fraction came from the

Table 3. Effect of VE Supplementation on the Proportion of SFA, MUFA, and PUFA (g Per 100 g of FAMEs in Neutral Lipids) of the Neutral Lipids Fraction
during the SP of Meat Packed in MAP (LS Means ( Standard Errors)a

VE

n ) 9 p

fatty acids SP (days) E0 E250 E500 E1000 VE SP VE × SP

SFA 0 46.9 ( 0.80 48.0 ( 0.94 46.5 ( 0.76 45.8 ( 0.76 0.0517 0.0096 0.6000
14 47.2 ( 0.83 48.8 ( 0.94 45.8 ( 0.78 45.8 ( 0.76
21 47.4 ( 0.82 49.6 ( 0.90 45.9 ( 0.81 46.6 ( 0.76
28 48.6 ( 0.86 49.0 ( 0.90 47.7 ( 0.78 46.7 ( 0.78

MUFA 0 47.0 ( 0.63 46.1 ( 0.75 47.2 ( 0.60 47.7 ( 0.60 0.3813 0.0006 0.6619
14 48.1 ( 0.65 46.6 ( 0.75 48.1 ( 0.62 48.4 ( 0.60
21 47.9 ( 0.65 46.4 ( 0.75 47.8 ( 0.67 48.0 ( 0.60
28 45.9 ( 0.68 46.5 ( 0.72 46.7 ( 0.62 46.9 ( 0.64

PUFA 0 5.56 ( 0.34 x 5.70 ( 0.39 x 5.56 ( 0.32 5.62 ( 0.32 0.0689 0.0001 0.0292
14 4.46 ( 0.34 xy 4.30 ( 0.39 y 5.68 ( 0.33 4.94 ( 0.31
21 4.32 ( 0.34 y 4.26 ( 0.37 y 5.61 ( 0.33 4.82 ( 0.32
28 4.47 ( 0.37 xy 4.42 ( 0.37 y 5.38 ( 0.32 5.55 ( 0.32

a x,y: Different letters within the same column indicate significant difference (p e 0.05).

Table 4. Effect of VE Supplementation on the Proportion of SFA, MUFA, and PUFA (g Per 100 g of FAMEs in Polar Lipids) of the Polar Lipids Fraction
during the SP of Meat Packed in MAP (LS Means ( Standard Errors)a

VE

n ) 9 p

fatty acids SP (days) E0 E250 E500 E1000 VE SP VE × SP

SFA 0 29.7 ( 0.68 x 29.8 ( 0.75 30.4 ( 0.59 29.5 ( 0.61 0.0001 0.0001 0.0006
14 32.5 ( 0.35 a,y 30.8 ( 0.40 ab 30.6 ( 0.32 b 30.4 ( 0.32 b
21 34.1 ( 0.47 a,z 31.0 ( 0.52 b 30.7 ( 0.46 b 30.8 ( 0.43 b
28 35.7 ( 0.57 a,z 30.8 ( 0.50 b 30.9 ( 0.47 b 31.2 ( 0.49 b

MUFA 0 30.8 ( 1.45 x 33.9 ( 1.62 30.4 ( 1.35 33.5 ( 1.35 x 0.1532 0.0001 0.0001
14 35.8 ( 1.43 y 35.7 ( 1.62 31.8 ( 1.35 36.1 ( 1.35 y
21 37.2 ( 1.42 y 36.3 ( 1.61 32.2 ( 1.36 36.3 ( 1.35 y
28 37.2 ( 1.46 y 36.9 ( 1.61 32.4 ( 1.35 34.6 ( 1.35 xy

PUFA 0 38.3 ( 1.60 x 36.0 ( 1.75 38.9 ( 1.46 35.2 ( 1.46 0.0329 0.0001 0.0001
14 31.7 ( 1.54 y 33.3 ( 1.75 37.6 ( 1.45 33.3 ( 1.45
21 28.7 ( 1.54 a,z 32.7 ( 1.73 ab 37.1 ( 1.47 b 32.9 ( 1.45 ab
28 26.8 ( 1.60 a,z 32.2 ( 1.73 ab 36.3 ( 1.45 b 33.7 ( 1.46 ab

a a,b: Different letters within the same row indicate significant difference (p e 0.05). x,y,z: Different letters within the same column indicate significant difference (p e
0.05).

Table 5. Effect of VE Supplementation on the Proportion of SFA, MUFA, and PUFA (g Per 100 g of FAMEs in Free Fatty Acids) of the Free Fatty Acids
during the SP of Meat Packed in MAP (LS Means ( Standard Errors)a

VE

n ) 9 p

fatty acids SP (days) E0 E250 E500 E1000 VE SP VE × SP

SFA 0 44.0 ( 1.23 xy 44.8 ( 1.73 44.7 ( 1.23 45.9 ( 1.80 x 0.0035 0.0016 0.0013
14 43.3 ( 0.72 x 43.8 ( 1.06 40.5 ( 0.75 40.3 ( 0.72 y
21 43.8 ( 0.80 x 42.4 ( 0.90 41.4 ( 0.71 41.1 ( 0.71 xy
28 47.6 ( 0.87 a,y 41.4 ( 1.16 b 40.2 ( 0.86 b 41.8 ( 0.87 b,xy

MUFA 0 38.3 ( 0.97 40.8 ( 1.34 42.5 ( 0.96 41.0 ( 1.01 0.9223 0.8306 0.0250
14 41.3 ( 1.00 41.2 ( 1.45 40.4 ( 1.04 40.7 ( 1.01
21 41.1 ( 1.16 40.1 ( 1.34 39.6 ( 1.04 40.7 ( 1.05
28 40.1 ( 1.00 41.9 ( 1.34 40.3 ( 1.00 39.3 ( 1.01

PUFA 0 15.2 ( 1.08 13.6 ( 1.49 12.1 ( 1.08 x 12.9 ( 1.14 x 0.0920 0.0001 0.0001
14 14.9 ( 1.10 14.4 ( 1.54 18.9 ( 1.13 y 17.9 ( 1.12 y
21 14.9 ( 1.21 17.4 ( 1.46 18.7 ( 1.14 y 17.8 ( 1.15 y
28 12.4 ( 1.14 a 16.3 ( 1.50 ab 18.6 ( 1.13 b,y 19.2 ( 1.14 b,y

a a,b: Different letters within the same row indicate significant difference (p e 0.05). x,y: Different letters within the same column indicate significant difference (p e
0.05).
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lipolysis of neutral and polar lipids; therefore, its fatty acid
composition was intermediate between the neutral and the polar
lipid fractions.

SP had a significant effect on the proportion of SFA and
MUFA (p ) 0.010 and p ) 0.0006, respectively) in the neutral
lipid fraction. Thus, SFA increased throughout the SP (from
46.79 ( 0.41% at 0 days to 48.02 ( 0.42% at 28 days, data
not shown in the tables), while MUFA decreased slightly (47.01
( 0.32% at 0 days and 46.51 ( 0.33% at 28 days, data not
shown in the tables). There was a significant interaction between
VE supplementation and SP (VE × SP) for PUFA proportion
(p ) 0.029) in the neutral lipid fraction (Table 3). The PUFA
proportion decreased from 0 to 21 days in E0 and from 0 to 14
days in E250, while in E500 and E1000, it remained unchanged
during the SP. The fatty acid composition of neutral lipids
showed little change throughout the SP. Buscailhon et al. (34)
observed that the neutral lipids fraction showed great stability
throughout the process of curing in hams.

The interaction between VE supplementation and SP was
significant for the proportion of SFA (p ) 0.0006), MUFA (p
) 0.0001), and PUFA (p ) 0.0001) in the polar lipid fraction
(Table 4). The composition in fatty acids of the polar lipids
fraction in the nonsupplemented group (E0) showed substantial
changes during the SP. Thus, SFA and MUFA proportions
increased and PUFA decreased throughout the SP. However,
in the supplemented groups, SFA and PUFA proportions
remained unchanged during the SP. The reduction in the PUFA
proportion in the nonsupplemented group (E0) could indicate
that the degradation of polar lipids during storage was also a
consequence of oxidation changes. In this sense, Lauzurica et
al. (15) found the TBARS values in non-VE-supplemented lamb
meat increased significantly during SP. The highest susceptibility
of polar lipids to oxidation as compared with neutral lipids has
been demonstrated previously (37) and is mainly due to their
high content in PUFA, which are more susceptible to oxidation,
and due to their location in cell membranes, close to heme
pigments and other prooxidant systems (38). VE supplementa-
tion (E250, E500, and E1000) prevented to a large extent the
oxidation processes of polar lipids. When VE was supplemented
in the animal diets, it was deposited within muscle cell
membranes adjacent to polar lipids (39), protecting them from
oxidation. According to Mitsumoto et al. (40), the R-tocopherol
incorporated into muscle via dietary supplementation (endog-
enous origin) improved pigment and lipid stability much more
effectively than R-tocopherol added as a postmortem supplement
(exogenous origin).

In free fatty acids (Table 5), the interaction between VE
supplementation and SP was significant for SFA (p ) 0.0013),
MUFA (p ) 0.0250), and PUFA (p ) 0.0001) proportions.
Thus, in E0, the SFA proportion increased, while MUFA and
PUFA proportions were unchanged during storage. In the E250
group, no significant changes occurred in SFA, MUFA, and
PUFA proportions. In the E500 group, the proportions of SFA
and MUFA were unchanged, and the proportion of PUFA
increased from 0 to 14 days. However, in the group that received
the highest supplementation (E1000), a reduction of the SFA
proportion from 0 to 14 days and an increase in the PUFA
proportion during the first 14 days of storage were observed.
The increase in PUFA proportion in the groups E500 and E1000
indicated that the antioxidant effect of VE prevented oxidation
of PUFA released by the lipolysis of phospholipids. According
to Nawar (41), the fatty acids released by lipolysis are more
susceptible to lipid oxidation; therefore, they require higher

levels of VE supplementation (minimum of 500 mg acetate-R-
tocopherol/kg feed) to prevent oxidation.

In summary, supplementation with 250 mg acetate-R-toco-
pherol/kg feed prevented the oxidation of PUFA of the total
lipids and the polar lipids fraction of packaged meat conserved
for 28 days at a high-oxygen modified atmosphere. However,
500 mg acetate-R-tocopherol/kg feed was necessary to prevent
the oxidation of the PUFA of free fatty acids. Polar lipids and
free fatty acids were the lipid fractions that showed the greatest
changes during storage.
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