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Lipid peroxidation of aerated multilamellar liposomes composed of egg yolk phosphatidylcholine (EYPC) and cholesterol
(CHOL) at molar ratios CHOL:EYPC ¼ 0, 0.1, 0.2, 0.3, 0.4, 0.6 and 1.0 was studied during autooxidation and during
Fe2+/H2O2-induced peroxidation by following the formation of conjugated diene and thiobarbituric acid reactive sub-
stances. The presence of cholesterol in the fluid lipid bilayers has an inhibiting effect on the EYPC peroxidation in the
propagation phase of both the autooxidation and Fe2+-induced peroxidation free radical chain reactions. This inhibiting
effect increases with the increase in CHOL : EYPC molar ratio. The inhibition of EYPC peroxidation by cholesterol
probably originates a) from the increased lateral separation of polyunsaturated EYPC acyl chains caused by insertion of
cholesterol between EYPC molecules, b) from the increased molecular packing of both the bilayer polar and hydrophobic
regions due to the reduced bilayer hydration, and c) from the antioxidant properties of cholesterol.

1. Introduction

Phospholipid liposomes are widely studied because of
their pharmaceutical, cosmetic and industrial applications
[1–3]. Cholesterol is used in liposomal formulations to in-
crease their stability and to reduce leakage of various so-
lutes through the lipid bilayer in a fluid-like state [3, 4].
During liposome preparation and storage the polyunsatu-
rated phospholipid fatty acyl chains may become peroxi-
dized. Peroxidation of liposomes destabilizes the bilayer
structure [5] and increases the rate of solute leakage [6,
7]. Cholesterol has been reported to have no effect, to
increase or to decrease the rate of peroxidation depending
on the liposome composition and bilayer physical proper-
ties [6–17].
Phospholipids and cholesterol are also among the main
constituents of biological membranes [18]. Phospholipid
bilayers in liposomes are thus useful as experimental mod-
els of lipid part of biological membranes. They are fre-
quently used to test the antioxidant properties of various
synthetic drugs [19-22], extracts [23–27] and medicines
[28]. The experimental model should resemble the biologi-
cal membrane as closely as possible. A convenient model
is the liposome composed of egg yolk phosphatidylcho-
line (EYPC) and cholesterol. EYPC is a naturally occur-
ring and readily available phospholipid with a high pro-
portion of polyunsaturated acyl chains [17, 29, 30]. It is in
the physiologically relevant fluid state with highly disor-
dered acyl chains due to their trans-gauche isomerisation
and laterally diffusing molecules within the bilayer over
broad temperature and hydration ranges [31–35]. In the
fluid bilayer, cholesterol intercalates between lipid mole-
cules and reduces the acyl chain disorder [36–38] without
influencing lipid lateral mobility [34].
In EYPC liposomes, it has been observed that cholesterol
has no effect on Fe2+-induced peroxidation (detected using
the thiobarbituric acid reactive substances test – TBARS
test) at a cholesterol : EYPC ¼ 1 : 1 molar ratio [8], while
it increases the yield of autoperoxidation products
(TBARS test) at cholesterol : EYPC ¼ 1 : 5 molar ratio
during the liposome storage for up to one year [7], and
decreases the amount of oxidized lipid polyunsaturated
acyl chains (estimated by following changes in acyl chain

composition using gas chromatography) after 3 and 6
months autoperoxidation at a cholesterol : EYPC ¼ 1 : 10
molar ratio [17]. These inconclusive results prompted us
to investigate in the present communication the autoperox-
idation and Fe2+-induced peroxidation of EYPC as a func-
tion of cholesterol : EYPC molar ratio up to 1 : 1 which is
physiologically relevant [18].

2. Investigations, results and discussion

The UV-VIS absorption spectrum of EYPC displays a
marked absorption band in the 200–220 nm region charac-
teristic for the absorption of carbonyl groups of EYPC
[39]. The intensity of the absorption in this peak does not
change during EYPC autoperoxidation nor during Fe2+-in-
duced EYPC peroxidation. During both autoperoxidation
and Fe2+-induced peroxidation, an absorption peak appears
in the EYPC spectra with a maximum around 234 nm. Its
intensity increases with the time of incubation. Light ab-
sorption at this wavelength is typical of conjugated dienes
[39, 40]. The structure of conjugated dienes is inherent for
such products of lipoperoxidation as lipohydroperoxides.
To characterize the degree of lipid oxidation, the oxidation
index a ¼ A233/A215 is used where A233 and A215 are the
absorbances of the EYPC solution at the wavelengths
233 nm and 215 nm, respectively. Fig.1 shows the time
dependence of the oxidation index during autoperoxida-
tion (curve A, symbols *, t in hours) and Fe2+-induced
oxidation (curve B, symbols ^, t in minutes) of EYPC
liposomes. During autoperoxidation, three phases typical
for chain reaction can be seen in the a vs. time curve –
induction or lag phase, propagation and termination phase.
In Fe2+-induced EYPC peroxidation, the oxidation index
increases with no visible lag phase and the reaction pro-
ceeds at a significantly higher rate. For example, the oxi-
dation index a ¼ 0.6 is reached in 60 h in the autoperox-
idation reaction, but in only 60 min in the Fe2+-induced
reaction (Fig. 1). The amount of thiobarbituric acid reac-
tive substances (TBARS) in the multilamellar liposomes is
proportional to the absorbance A533 measured at 533 nm
after adding 2-thiobarbituric acid, trichloroacetic acid and
2,6-di-tert-butyl-p-cresol (butylhydroxytoluene) to the re-
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action mixture. In the semi-logarithmic plot in Fig. 2, one
can see a small (�5 min) lag phase in Fe2+-induced oxida-
tion when using this parameter to characterize EYPC per-
oxidation. In the autoperoxidation reaction, the lag phase
is clearly visible. Compared with the data in Fig. 1, it is
seen that the relative experimental uncertainty of the oxi-
dation index is significantly smaller than that of the absor-
bance A533 used in the TBARS test. Since the oxidation
index and TBARS test are used to estimate different pro-
ducts of EYPC oxidation, it is interesting to compare
them. Fig. 3 shows a linear correlation between a and
A533 during the Fe2+-induced EYPC oxidation
(r2 ¼ 0.982). A linear correlation has also been observed
between a and A533 during EYPC autooxidation (not
shown).
The presence of cholesterol in bilayers of multilamellar
EYPC liposomes has an inhibiting effect on both EYPC

autooxidation and Fe2+-induced EYPC oxidation (Figs. 4–
6). For example, an oxidation index of a ¼ 0.47 was ob-
served in multilamellar EYPC liposomes in the absence
of cholesterol after 48 h of autooxidation. If cholesterol
was added to EYPC at a molar ratio of cholester-
ol : EYPC ¼ 0.4 : 1, the oxidation index was reduced to
a ¼ 0.32 after 48 h of autooxidation, i.e. to 68% of the
control value. Similarly, the presence of cholesterol in
the lipid bilayers at a molar ratio of cholester-
ol : EYPC ¼ 0.4 : 1 reduced the yield of TBARS to 69%
of the control value (without cholesterol) after 42 h of
autooxidation. The extent and the time course of EYPC
oxidation were slightly dependent on the source of the
EYPC. Using another batch of EYPC, we observed
a ¼ 0.47 and a ¼ 0.35 in the absence and in the presence
of cholesterol (cholesterol : EYPC ¼ 0.4 : 1 mol/mol), re-
spectively, after 48 h of autooxidation (Fig. 6). Cholesterol
also inhibits Fe2+-induced EYPC oxidation. For example,
at a cholesterol : EYPC ¼ 0.4 : 1 molar ratio, the oxidation
index is reduced to 85% and the TBARS concentration to
86% of the control without cholesterol after 2 h of oxida-
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Fig. 1: Dependence of the EYPC oxidation index a on the duration t of
autooxidation (curve A, symbols •, t in hours) and Fe2+-induced
oxidation (curve B, symbols ^, t in minutes). Vertical lines – error
bars

Fig. 2: Dependence of the TBARS concentration (A533) on the duration t
of Fe2+-induced EYPC oxidation (curve A, symbols ^) and auto-
oxidation (curve B, symbols •)

Fig. 3: Correlation between the oxidation index a and the TBARS concen-
tration (A533) during the Fe2+-induced EYPC oxidation

Fig. 4: Effect of liposomal composition on the oxidation index a (full curves
A and B) and TBARS concentration (dashed curves C and D) after
14 (^), 42 (*), 48 (•) and 72 (^) hours of autooxidation



tion. The inhibiting effect of cholesterol on oxidation is
concentration-dependent – both the oxidation index and
the TBARS concentration decrease with an increase of the
cholesterol : EYPC molar ratio. However, the dependence
of both the oxidation index and TBARS concentration on
the cholesterol : EYPC molar ratio is non-linear. The abso-
lute values of the slopes of these dependencies are maxi-
mal at low cholesterol concentrations up to a 0.3–0.4 : 1
molar ratio and then decrease at higher concentrations
(Figs. 4 and 5). In EYPC autooxidation, the duration of
the reaction is a very important factor. For example, com-
paring the oxidation index in the control and at a choles-
terol : EYPC ¼ 0.4 : 1 molar ratio, it is seen that the oxida-
tion index is lower in the presence of cholesterol only
after �30 h of autooxidation (Fig. 6). In Fe2+-induced
EYPC oxidation, the induction phase was too short to ob-
serve any reproducible effect of cholesterol on the oxida-
tion index and TBARS concentration during its duration.
Cholesterol could also have some effect on the total yield

of both EYPC autooxidation and Fe2+-induced EYPC oxi-
dation in the termination phase of these chain reactions.
This will be a subject of our future experiments.
The inhibiting effect of cholesterol on the propagation
phase of EYPC oxidation could be purely physical. In the
induction phase, a hydrogen atom is abstracted from the
polyunsaturated EYPC acyl chain

RH ! R� þ H� ð1Þ
and the lipid free radical R� with conjugated double bonds
is formed. The lipid free radical then interacts with mole-
cular oxygen and the reaction results in the lipoperoxyl
free radical:

R� þ O2 ! ROO� ð2Þ
In the propagation phase, the lipoperoxyl free radical in-
teracts with another phospholipid acyl chain RH:

ROO� þ RH ! ROOH þ R� ð3Þ
resulting in the hydroperoxide ROOH with a conjugated
diene structure and the new lipid free radical R�. The hy-
droperoxide decomposes forming new free radicals which
can initiate subsequent chain reactions:

ROOH ! RO� þ HO� ð4Þ

2 ROOH ! RO� þ ROO� þ H2O ð5Þ

RO� þ RH ! R� þ ROH ð6Þ

HO� þ RH ! R� þ H2O ð7Þ
The R� and ROO� free radicals then initiate new reactions
2 and 3, respectively. Since the cholesterol molecules in-
tercalate between phospholipid molecules in the lipid bi-
layer and thus expand the bilayer laterally, the mean dis-
tance between phospholipid molecules is increased and
the frequency of their encounters is decreased. This
should decrease the rates of reactions 3, 5 and 6 above
thus decreasing the overall rates of oxidation product for-
mation in the propagation phase. The effect of cholesterol
on EYPC oxidation could also be connected also with its
effects on lipid bilayer hydration and increased packing in
the bilayer [14, 17]. Cholesterol is largely nonpolar. Ac-
cording to Huang and Feigenson [41], when cholesterol
molecules are intercalated into a phospholipid bilayer,
phospholipid headgroups provide ‘‘cover” to shield the
nonpolar part of cholesterol from exposure to water. The
bilayer polar region and the space under the headgroups
shared by acyl chains and cholesterols thus become tightly
packed. This tight packing decreases the depth of water
penetration into the bilayer [42], the hydration of the bi-
layer polar region [43, 44 and references therein], and the
oxygen concentration in the bilayer [14]. The increased
hydrophobicity of the bilayer could have an effect on reac-
tions 5 and 7. Low concentration of oxygen could influ-
ence the yield of reaction 2 above and the tight bilayer
packing could restrict the diffusion of HO� free radical
(reactions 4 and 7). The tight packing could also cause
steric hindrance to all reactions involving lipid acyl
chains.
However, the effect of cholesterol could be connected
with its antioxidant properties [45]. It has been observed
in multilamellar EYPC liposomes containing cholesterol,
that Fe2+ and L-ascorbic acid induced loss of polyunsatu-
rated EYPC acyl chains was accompanied by the epoxida-
tion and hydroperoxidation of cholesterol [46]. When the
same Fe2+ and L-ascorbic acid reaction took place in a
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Fig. 5: Effect of liposomal composition on the oxidation index a (full
curve A) and TBARS concentration (dashed curve B) after 2 hours
of Fe2+-induced EYPC oxidation

Fig. 6: Dependence of the EYPC oxidation index a on the duration t of
autooxidation in the absence of cholesterol (curve A, symbols *)
and in the presence of cholesterol (curve B, symbols +) at choles-
terol : EYPC ¼ 0.4 : 1 molar ratio



dispersion of dimyristoylphosphatidylcholine liposomes
containing cholesterol, little oxidation was observed in the
cholesterol fraction [46]. Cooxidation of polyunsaturated
fatty acyl chains and cholesterol has also been observed
during autooxidation in unilamellar liposomes containing
bovine liver phosphatidylcholine and cholesterol [47].
These results indicate that cholesterol oxidation depends
on peroxidation of polyunsaturated fatty acyl chains in li-
posomal phospholipids and that cholesterol can act as an
antioxidant in the propagation phase.
In conclusion, we have observed that cholesterol inhibits
EYPC autoxidation and Fe2+-induced EYPC oxidation in
multilamellar liposomes in the propagation phase of the
oxidation free radical chain reaction. There are several
possible mechanisms behind this effect of cholesterol. In-
hibition of lipoperoxidation in liposomes by cholesterol
can be used in various liposome formulations. Our results
also indicate that the role of cholesterol in biological
membranes is important not only in regulating of their
fluidity but also in their protection against oxidative da-
mage.

3. Experimental

3.1. Chemicals

Phosphatidylcholine from hen egg yolks (EYPC) was prepared, purified
and analyzed by TLC according to Singleton et al. [48]. The Silufol chro-
matographic plates were from Kavalier (Sázava, Czech Republic). Choles-
terol and tris(hydroxymethyl)aminomethane � HCl (TRIS � HCl) were ob-
tained from Serva (Heidelberg, Germany), 2-thiobarbituric acid (TBA) and
trichloroacetic acid (TCA) from Merck (Darmstadt, Germany) and butylhy-
droxytoluene (BHT) from Fluka (Buchs, Switzerland). The organic sol-
vents and the other chemicals were purchased from Lachema (Brno, Czech
Republic). For UV-VIS spectrophotometry, ethanol of spectral purity was
used, the other commercial chemicals were of analytical purity. Water and
the organic solvents except the ethanol of spectral purity were redistilled
before use.

3.2. Multilamellar liposome preparation

EYPC and cholesterol were mixed in a chloroform-methanol (2 : 1) solution
and then evaporated to dryness under a stream of pure gaseous nitrogen,
followed by evacuation in a vacuum chamber using an oil vacuum pump
and liquid nitrogen trap for evacuated traces of solvents. To the dry EYPC
and cholesterol mixture, aqueous buffer solution (0.1 M KCl, 1 mM TRIS,
pH 7.4) saturated with gaseous nitrogen was added. The glass tube with
this EYPC þ cholesterol dispersion was purged with pure gaseous nitrogen
and sealed with Parafilm M (American National Can, Greenwich, USA).
Multilamellar liposomes were prepared from this dispersion by vortexing
and sonication in a Tesla UC 405 BJ-1 bath sonicator (Vráble, Slovakia) at
4 	C. The final EYPC concentration in all samples was 10 mg/ml.

3.3. Lipid peroxidation

Autoperoxidation of EYPC liposomes was conducted in glass tubes im-
mersed in a shaking water bath thermostated at 45 	C. Immediately before
immersion and heating, the tubes were opened and the liposome dispersion
was aerated. At regular intervals during the reaction, the closed tubes were
vortexed, opened, and aerated and small volumes were taken for analysis.
Fe2+-induced peroxidation of aerated EYPC liposomes in glass tubes was
started by adding freshly prepared aqueous solutions of FeSO4 and H2O2

to give a final concentration of 0.2 mM Fe2+ and 0.1 mM H2O2 in the
sample. After vigorous mixing, the tubes were immersed in a shaking
water bath thermostated at 20 	C. Small volumes of the final dispersion
were taken for analysis at regular intervals.
The extent of EYPC peroxidation was measured by the estimation of con-
jugated dienes according to Klein [39] and of thiobarbituric acid reactive
substances (TBARS) according to Haenen and Bast [49]. The conjugated
dienes were quantified as the oxidation index a ¼ A233/A215 where A233

and A215 are the absorbances of the 0.25 g/l EYPC solution in ethanol at
the wavelengths 233 nm and 215 nm, respectively. For the TBARS deter-
mination, the sample of aqueous liposome dispersion containing 1 mg of
EYPC was mixed with 1.5 ml of aqueous TBA þTCA solution (4.21 g/
l TBA and 168 g/l TCA) and with 150 ml of an ethanol BHT solution
(1.5 g/l BHT). This mixture was heated at 80 	C for 20 min, than cooled
and centrifuged (15 min at 3000 rpm). The TBARS in the supernatant
were quantified by the absorbance A533 measured at 533 nm.

3.4. Data analysis

The experimental data were evaluated using the standard statistical meth-
ods described in [50] and the freeware PC program Nelireg [51].
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