
Lipid peroxidation is generally thought to be a major mechanism of cell injury in aerobic organisms sub-
jected to oxidative stress. All cellular membranes are especially vulnerable to oxidation due to their high
concentration of polyunsaturated fatty acids. However, birds have special adaptations for preventing
membrane damage caused by reactive oxygen species. This study examines fatty acid profiles and sus-
ceptibility to lipid peroxidation in liver and heart mitochondria obtained from Adelie penguin (Pygoscelis

adeliae). The saturated fatty acids in these organelles represent approximately 40–50% of total fatty acids
whereas the polyunsaturated fatty acid composition was highly distinctive, characterized by almost equal
amounts of 18:2 n-6; 20:4 n-6 and 22:6 n-3 in liver mitochondria, and a higher proportion of 18:2 n-6
compared to 20:4 n-6 and 22:6 n-3 in heart mitochondria. The concentration of total unsaturated fatty
acids of liver and heart mitochondria was approximately 50% and 60%, respectively, with a prevalence
of oleic acid C18:1 n9. The rate C20:4 n6 / C18:2 n6 and the unsaturation index was similar in liver and
heart mitochondria; 104.33 ± 6.73 and 100.09 ± 3.07, respectively. Light emission originating from these
organelles showed no statistically significant differences and the polyunsaturated fatty acid profiles did
not change during the lipid peroxidation process. 
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INTRODUCTION

The polyunsaturated fatty acids (PUFAs) present in biological membranes exhibit the
highest sensitivity to oxidative damage. It is accepted that their sensitivity increases
as a power function of the number of double bonds per fatty acid molecule [2]. As
both oxygen consumption and oxygen free radical production occurs in mitochond-
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rial membranes, a low degree of fatty acid unsaturation in these membranes would
be advantageous, in terms of oxidative stress because it would decrease the sensitiv-
ity to lipid peroxidation [16]. Non-enzymatic lipid peroxidation and formation of
lipid peroxides can be initiated by adding ascorbate in the presence of oxygen and
either Fe+3 or Fe+2 ions to various tissue preparations such as homogenates, liver
mitochondria, hepatic microsomal suspensions and nuclei [1].

Lipid peroxidation proceeds by a chain reaction that includes initiation, propaga-
tion and termination. Initiation occurs when an oxidant gives rise to an initiating lipid
peroxyl radical (LOO⋅) by reaction with either a lipid (LH) or pre-existing lipid
hydroperoxide (LOOH). Propagation is cycled through rounds of LOO⋅ abstraction
of the bis-methylene hydrogen atoms of a polyunsaturated fatty acyl chain to gener-
ate additional LOO⋅ (after O2 addition) which results in the net conversion of lipids
to LOOHs. Lipid peroxidation termination involves the reaction of LOO⋅ to form
non-radical products or the reaction of one LOO⋅ with another terminating radical to
generate non-propagating radical species; the first reaction is particularly interesting
as it is accompanied by emission of chemiluminescence [19]. The requirement of
iron in lipid peroxidation has been demonstrated by Minotti and Aust [12].

The damage to mitochondrial membranes increased, since they are rich in polyun-
saturated fatty acids, mainly arachidonic (C20:4 n6) and docosahexaenoic (22:6 n3)
acids, that are highly susceptible to lipid peroxidation [8]. Thus measurement of
lipid peroxidation is one of the most commonly used assays for radical induced dam-
age [13]. The consequence of peroxidation of unsaturated fatty acids is severe: dam-
age of membrane function, enzymatic inactivation, toxic effects on cellular division,
etc. [14]. In the cells, there are efficient defense systems that control lipid peroxida-
tion and make sure the maintenance of cellular integrity and, therefore, an adequate
metabolic and functional activity.

Previous studies have shown that the degree of unsaturation of fatty acids and the
sensitivity to lipid peroxidation of liver and heart mitochondria from birds are lower
when compared with mammals [7, 15]. Therefore it has been shown that the heart
lipids of canaries and parakeets have lower fatty acid double-bond content than those
of mice [15]. The Adelie penguin (Pygoscelis adeliae) inhabits the Antarctic region
and breeds during the summer in large colonies on remotes islands. The adults feed
exclusively at sea and their diet during the breeding season consist almost entirely of
krill (Euphausia superba and E. crystalorophias) [3].

The present study aims to compare fatty acid profiles and nonenzymatic lipid per-
oxidation of mitochondria obtained from liver and heart of Adelie penguin. There-
fore, the potential relationships between the fatty acid composition of the food and
any changes in those of the tissues were examined. Liver was selected because of its
ability of high production of free radicals and heart due to its high oxygen partial
pressure.



MATERIALS AND METHODS

Animals

The samples were obtained from three adult Adelie penguins from Hope Bay,
Antarctica Peninsula. The organs were removed and the stomach contents were col-
lected and transferred to our laboratory maintained at –20 °C. Liver and heart were
analyzed, and the rest of the organs were distributed in different laboratories for other
studies. The mean body weight of the birds was 4,500 g.

Preparation of liver and heart mitochondria

Mitochondria were prepared as described by Schneider and Hogeboom [17]. The
organs were cut into small pieces and washed extensively with 0.15 M NaCl.
A homogenate of the tissue was prepared in solution containing 0.25 M sucrose, 10
mM Tris-HCl pH 7.4, phenyl-methyl-sulfonyl fluoride (PMSF) 0.1 mM, 3 ml of
solution per g of tissue, using the Potter-Elvejhem homogeneizer. The homogenate
was spun at 1,000 × g, pellet was discarded and the supernatant was spun at
20,000 × g for 10 min to obtain mitochondria. All operations were performed at 4 °C.
Mitochondria was stored at –83 °C and used within a week of its preparation, after
one cycle of freezing and thawing.

Non-enzymatic lipid peroxidation of mitochondria

Chemiluminescence and lipid peroxidation were initiated by adding ascorbate-Fe++

to mitochondrial preparations [20]. Mitochondria (1 mg of protein) were incubated
at 37 °C with 0.01 M phosphate buffer (pH 7.4), 0.4 mM ascorbate, final volume
1 ml. Phosphate buffer is contaminated with sufficient iron to provide the necessary
ferrous or ferric iron for lipid peroxidation (final concentration in the incubation mix-
ture was 2.15 μM) [18]. Mitochondrial preparations which lacked ascorbate-Fe++

(control) were prepared simultaneously. Chemiluminescence was measured as counts
per min in a liquid scintillation analyzer Packard 1900 TR. Membrane light emission
was determined over 120 min period, and recorded as cpm every 10 min and the sum
total of chemiluminescence was used to calculate cpm/mg protein.

Measurement of fatty acid composition

Mitochondrial lipids from samples peroxidized in the presence or in the absence of
ascorbic acid and aliquots of stomach content were extracted with chloro-
form/methanol (2:1 v/v) containing 0.01% butylated hydroxytoluene (BHT) as
antioxidant [5]. Fatty acids were transmethylated with 10% F3B in methanol at 60 °C
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Table 1

Fatty acid composition (area %) of total lipids from liver and heart mitochondria of Adelie penguin

Liver mitochondria Heart mitochondria
Fatty acid

Native Control Ascorbate-Fe++ Native Control Ascorbate-Fe++

C16:0 30.91 ± 6.02 29.28 ± 4.78 30.84 ± 6.58 18.21 ± 3.18 22.60 ± 3.22 20.51 ± 5.78
C18:0 17.52 ± 1.56 18.41 ± 1.05 18.55 ± 1.80 19.83 ± 2.03 22.89 ± 3.67 20.33 ± 3.41
C18:1 n9 38.39 ± 7.96 36.61 ± 6.17 36.78 ± 6.32 37.84 ± 4.04 35.69 ± 1.65 38.40 ± 8.18
C18:2 n6 5.46 ± 0.80 5.46 ± 0.98 5.44 ± 0.81 15.67 ± 3.84 16.27 ± 1.47 14.33 ± 1.50
C18:3 n3 – – – 1.54 ± 0.13 2.48 ± 1.11 1.48 ± 0.55
C20:4 n6 4.72 ± 1.72 5.12 ± 1.83 4.70 ± 1.85 4.56 ± 0.87 3.77 ± 0.65 3.91 ± 0.68
C22:6 n3 6.02 ± 1.26 6.06 ± 2.24 6.77 ± 2.28 1.34 ± 0.78 1.02 ± 0.34 1.04 ± 0.62

Saturated 48.43 ± 5.86 47.68 ± 5.23 49.39 ± 5.12 38.04 ± 1.32 45.49 ± 6.86 40.85 ± 8.87
Monounsaturated 38.39 ± 7.96 36.61 ± 6.17 36.78 ± 6.32 37.84 ± 4.04 35.69 ± 1.65 38.40 ± 8.18
Polyunsaturated 16.20 ± 1.51 16.63 ± 2.44 16.91 ± 1.76 23.11 ± 3.98 23.54 ± 0.51 20.75 ± 0.79
Total unsaturated 54.59 ± 6.57 53.24 ± 4.82 53.69 ± 5.73 60.95 ± 0.93 59.24 ± 1.57 59.16 ± 8.87
Saturated/unsaturated 0.90 ± 0.20 0.91 ± 0.19 0.93 ± 0.16 0.62 ± 0.03 0.77 ± 0.10 0.71 ± 0.24
UI 104.33 ± 6.73 104.32 ± 11.44 107.09 ± 10.32 100.09 ± 3.07 96.89 ± 4.00 93.36 ± 10.80

Data are given as the mean ± S.D. of three independent experiments.
UI = sum of the percentages of each fatty acid multiplied by the number of double bonds.



for 3 h. Fatty acid methyl esters were analyzed with a GC-14A gas chromatograph
(Shimadzu, Kyoto, Japan) equipped with a packed column (1.80 m × 4 mm i.d.) GP
10% DEGS-PS on 80/100 Supelcoport. Nitrogen was used as a carrier gas. The injec-
tor and detector temperatures were maintained at 250 °C, the column temperature
was held at 200 °C. Fatty acid methyl ester peaks were identified by comparison of
the retention times with those of standards. All compositions were expressed as % by
area of total fatty acids.

Unsaturation index (UI)

UI was calculated according to the formula, UI = sum (fatty acid percent) × (number
of double bonds) [9].

Protein determination

Proteins were determined by the method of Lowry et al. [10] using BSA as standard. 

Statistical analysis

Data were expressed as means ± S.D. Statistical analysis utilized was Student’s t-test.
Statistical criterion for significance was selected at different p values and indicated
in each case.

RESULTS

Fatty acid composition of liver and heart mitochondria

The saturated long-chain fatty acids present in native liver and heart mitochondria
obtained from Adelie penguin were mainly C16:0 and C18:0 in a percentage of
approximately 40–50%. The concentration of total unsaturated fatty acids of liver
and heart mitochondria was approximately 50% and 60%, respectively, with a preva-
lence of oleic acid C18:1 n9. In liver mitochondria the content of polyunsaturated
fatty acids decreased in the order C22:6 n3 > C20:4 n6 > C18:2 n6. Whereas in heart
mitochondria were in the order C18:2 n6 > C20:4 n6 > C22:6 n3. The rate C20:4
n6 / C18:2 n6 as well as the unsaturation index in native liver and heart mitochondria
was similar (Table 1).
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Comparison of unsaturation index of liver and heart mitochondria
with stomach content

The fatty acid composition of penguin stomach content is shown in Table 2. The fatty
acid profile is characterized by a high percentage of polyunsaturated fatty acids. The
unsaturation index (UI) which is an indication of the number of double bonds present
in lipids was similar in liver and heart mitochondria; 104.33 ± 6.73 and 100.09 ± 3.07,
respectively, whereas was 2.4 times higher in stomach content, 243.13 ± 7.62. The
main reason for this difference was the higher C20:4 n6 and C22:6 n3 percentages
found in the stomach content compared to mitochondria (Tables 1, 2).

Fatty acid profiles and chemiluminescence of liver and
heart mitochondria submitted to lipid peroxidation

Fatty acid profiles of liver and heart mitochondria incubated 120 min at 37 °C were
similar when control (without ascorbate) was compared with peroxidized (with
ascorbate-Fe++). The main peroxidable fatty acids C18:2 n6, C20:4 n6 and C22:6 n3
do no show significant decreases as expected when the lipid peroxidation process
occurs. Coincident with this results, light emission-chemiluminescence originating

Table 2

Fatty acid composition (area %) of total lipids
from stomach content of Adelie penguin

Fatty acid Area %

C16:0 23.83 ± 1.14
C16:1 n7 7.93 ± 0.12

C18:0 0.90 ± 0.10
C18:1 n9 20.53 ± 1.37
C18:2 n6 1.93 ± 0.05
C18:3 n3 0.63 ± 0.06
C20:4 n6 30.37 ± 0.47
C22:6 n3 14.58 ± 1.49

Saturated 24.73 ± 1.21
Monounsaturated 28.47 ± 1.42
Polyunsaturated 47.50 ± 1.55
Total unsaturated 75.96 ± 0.21
Saturated/unsaturated 0.33 ± 0.02
UI 243.13 ± 7.62

Data are given as the mean ± S.D. of three indepen-
dent experiments.

UI = sum of the percentages of each fatty acid mul-
tiplied by the number of double bonds.



from liver and hearth mitochondria was not statistically significant when control and
peroxidized samples were compared. Figures 1 and 2 show the chemiluminescence
as a function of time measured in liver and heart mitochondria with and without 0.4
mM ascorbate. Total chemiluminescence produced by liver and heart mitochondria
obtained from Adelie penguin (Pygoscelis adeliae) is indicated in Figure 3.
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Fig. 1. Chemiluminescence as a function of time during lipid peroxidation of liver mitochondria. Results
are expressed as mean ± S.D. of three independent experiments

Fig. 2. Chemiluminescence as a function of time during lipid peroxidation of heart mitochondria. Results
are expressed as mean ± S.D. of three independent experiments
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The fatty acid profiles and unsaturation index of liver and heart mitochondria were
not modified after the lipid peroxidation process (Table 1; Figs 1, 2, 3).

DISCUSSION

In this study we describe for the first time the fatty acid profiles and non-enzymatic
lipid peroxidation of mitochondria obtained from liver and heart of Adelie penguin.
We demonstrated that although the total unsaturated fatty acids of liver and heart
mitochondria were similar in all tissues examined, the contribution of each fatty acid
was different. Liver mitochondria posses a lower content of PUFA n6 and a higher
content of PUFA n3 compared with heart mitochondria. These results indicate that
the level of unsaturated fatty acids is homeostatically regulated in both tissues [11].
The control of membrane fatty acid unsaturation has been attributed to negative feed-
back regulation of transcription of desaturase genes dependent on lipid composition
[11] and to the modulation of desaturases by the metabolic-hormonal status [6].

Many studies [7, 8, 15] have demonstrated that different birds species show a low
degree of unsaturation despite differences in their diet composition. Taking this
observation into account we considered that the low content of double bonds
observed in mitochondrial fatty acids in penguins would be independent of diet.

Previous comparative studies of fatty acid composition showed a strong progres-
sive decrease in the total number of double bonds of heart, skeletal muscle and kid-
ney phospholipids as body size increased in five mammals following the order:
mouse–rat–rabbit–man–whale [4].

Fig. 3. Total chemiluminescence produced by liver and heart mitochondria obtained from Adelie penguin
(Pygoscelis adeliae). � control; � peroxidized (in the presence of ascorbate-Fe++). Results are expressed

as mean ± S.D. of three independent experiments



To examine this question further, we measured fatty acid composition of liver and
heart mitochondria isolated from Adelie penguin. We observed a low content of
polyunsaturated fatty acids, the monounsaturated values were similar to those previ-
ously reported from birds with high body weight [7]. These findings help to reaffirm
the idea that birds possess fatty acids with low degree of unsaturation.

The king penguin is another species that inhabits the sub-Antarctic region and
breeds during the summer in large colonies on remote islands. The adults feed exclu-
sively at sea and their diet during the breeding season consists almost entirely of
myctophid fish [21, 22]. This diet is a very rich source of long chain n-3 polyunsat-
urated fatty acids such as 22:6 n-3 and eicosapentaenoic acid (20:5 n-3), and is also
characterized by high proportions of long chain monounsaturates including 20:1 n-9,
22:1 n-9, 22:1 n-11 and 24:1 n-9, whereas n-6 polyunsaturates are very minor con-
stituents [22, 23]. Monounsaturated and saturated fatty acids are much less reactive
and do not usually participate in lipid peroxidation. Thus, fatty acids with no double
bonds or with 1 double bond can undergo oxidation but not a chain lipid peroxida-
tion process; for example, oleic acid with 18 carbon atoms and 1 double bond
(C18:1 n9) cannot undergo the lipid peroxidation process. The amount of fatty acids
containing two or more double bonds in liver and heart mitochondria isolated from
Adelie penguin is very low to be affected by lipid peroxidation. Mitochondria from
both tissues were not sensitive to lipid peroxidation, showing the same pattern of
unsaturated fatty acids compared with control. In addition light emission in those
organelles did not show significant changes. Potential relationships between the fatty
acid composition of the food and any changes in the tissues examined will help to
understand how the process of lipid peroxidation affects the mitochondrial mem-
branes.
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