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We report here an investigation of the influence of
aluminium on iron-induced peroxidation in brain
model membranes. Laurdan fluorescence emission
spectra and generalised polarisation measurements
have been used to investigate how ferrous and alu-
minium ions can affect the phase components of phos-
pholipid membranes. An increase in the generalised
polarisation of oxidised liposomes with respect to con-
trols has been observed, which reveals the presence of a
less polar environment surrounding the probe that
changes the properties of the bilayer.

Aluminium has been shown to facilitate iron-medi-
ated oxidation as detected from emission fluorescence
spectra. However, no quantitative influence has been
calculated relative to general polarisation and derived
phase state determinations. The structural influence of
aluminium on membranes may therefore be less signifi-
cantly marked than initially expected.

Keywords: Aluminium, membranes, oxidation, Laurdan,
fluorescence, spectra, generalised polarisation

INTRODUCTION

Membrane degeneration resulting from oxygen
radical-mediated lipid peroxidation is associated
with a variety of pathological events.!!! Iron is
known to act as an effective catalyst in this
process. In particular, iron is considered as the
most probable agent responsible for lipid perox-
idative damage in the brain.2?

It is well documented that oxidative damage
caused by free radicals is at the origin of changes
in the central nervous system that are associated
with aging.!! In this context, it has been sug-
gested that Alzheimer’s disease (AD) may repre-
sent a specific brain vulnerability to age-related
oxidation.! Free radicals are effectively involved
in the neurodegeneration of ADM—oxidative
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stress being associated with several carbonyl-
related modifications characteristic of the dis-
easel®’l—and a possible disruption of brain iron
homeostasis in AD has been evoked.[®! More
specifically, it has been demonstrated that iron-
catalysed free radical attack can induce aggrega-
tion of the B-amyloid peptide (BA4) which is
considered the major neuropathological hall-
mark of the disease,*”! and that BA4 neurotoxic-
ity is both related to the aggregation process!'”!
and mediated by free radicals.!*!

Aluminium also has been attributed a possi-
ble contributory role in the pathogenesis of
Alzheimer’s disease!!''® a controversial hypo-
thesis that recent epidemiological studies rather
tend to confirm.!' Interestingly, aluminium
equally promotes PBA4 aggregation in solu-
tion!">1® through conformational changes due
to AP** binding to the peptide.'’2%! Moreover,
aluminium has been shown to stimulate iron-
induced lipid peroxidation in mouse brain
homogenates'?!! via changes in the arrangement
of membrane lipids.l*?! The prooxidant effect of
the AI** ion is correlated with its capacity to pro-
mote liposome aggregation, permeability and
fusion, as well as fatty acids chain packing.[*” In
a recent study on this effect,**! aluminium facil-
itation of Fe-mediated lipid peroxidation has
been shown to be dependent on substrate, pH,
and Al and Fe concentrations, with bovine
brain-derived phosphatidylserine being the
most susceptible substrate among the lipids
tested.”! The dependence of iron-catalysed
lipid peroxidation on the surface charges of
membranes has lately been confirmed.?

Finally, it has also been shown in a recent work
from our group that aluminium interactions
with citrate—a strong ligand of APP* and Fe®
whose concentration in the cerebrospinal fluid is
double that in blood plasma—can aggravate
Fe(IT)-induced peroxidation in brain model mem-
branes.?! The reason for this effect is the competi-
tion of AI’* ions with Fe** jons normally bound to
citrate, whose release tends to favour the oxida-
tion process.

With a view to obtain more information on the
mechanism through which iron-mediated lipid
peroxidation is facilitated by aluminium, the pres-
ent work reports an investigation of the effect of
APP* jons on the structural organisation of phos-
pholipids submitted to oxidation using Laurdan
fluorescence emission spectroscopy.?”} Advantage
is taken of the fluorescence properties of the
Laurdan molecule to be sensitive to the polarity of
the microenvironment where it is located. It is
shown that the fluorescence properties of Laurdan
are effectively sensitive to the presence of Fe?*
(and AI**) ions on liposomes.

MATERIALS AND METHODS

Liposome Preparation

Phospholipid unilamellar liposomes composed of
L-o-phosphatidylcholine and L-o-phosphatidyl-
serine from brain (60:40, molar ratio) were pre-
pared by evaporating a chloroform solution of
phospholipids (Sigma Chemical Co., St. Louis,
MO, USA) under a nitrogen stream, resuspending
the dried film in 100 mM acetate buffered solution
(pH 5.5), vortexing for 1 min, incubating the sam-
ples at 45°C for 10 minutes. Then, the mixture was
sonicated three times 15 minutes as described by
Oteiza.”! Final phospholipid concentration was
0.5 mg/ml.

Evaluation of Lipid Peroxidation

For these experiments, liposomes were agitated
for 90 min in a shaking incubator at 37°C with
metal salts (25 uM Fe?* or 25 uM Fe?* and
100 uM APP* as their sulfates) in the presence of
50 UM citrate.

Lipid peroxidation was evaluated at the end of
the incubation as 2-thiobarbituric acid-reactive
substances (TBARS) production as described by
Oteiza.®! Incubations were stopped by the addi-
tion of 0.1 ml of 4% (w/v) butylated hydroxy-
toluene in ethanol. Sodium dodecyl sulfate
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(0.25 ml of 3% (w/v)) was added to the incubation
mixtures (0.5 ml) and, after mixing, 0.5ml of 1%
(w/v) 2-thiobarbituric acid and 0.5ml of 25% (v /v)
HCl were added. Samples were vortexed and
heated for 15 min at 95°C, and TBARS were
extracted in 2.5 ml of butan-1-ol. After centrifuga-
tion at 1000 g for 10 min, the butanolic phase was
measured at 535 nm. The malondialdehyde stan-
dard was made from 1.1.3.3-tetramethoxypropane
in HCL

Fluorescence Measurements:
Labelling with Laurdan

For fluorescence experiments, incubations were
stopped by congelation in dry ice. The fluo-
rescent probe 2-dimethylamino-6-lauroylnaph-
talen (Laurdan) (Molecular Probes, Eugene, OR,
USA) was stored in ethanol at the concentration
of 10°M and stored at —40°C."?¥! Labelling of lipo-
somes with the probe was performed by incubat-
ing control or oxidised liposomes?® with a
labelling buffer freshly prepared by adding an
aliquot of the stock solution in saline buffer.
The final concentration of the probe used was
10°M, with the ratio of probe to liposome being
1:1000. As the fluorescence intensity of Laurdan
is negligible in aqueous buffer, the increase in
fluorescence intensity was used to follow the
incorporation of the probe into liposome lipids.
The fluorescence spectra of Laurdan were carried
out by means of a Perkin-Elmer spectrofluorime-
ter using 340 nm and 390 nm as excitation wave-
lengths. (Phospholipids in gel phase absorb in the
390 nm region whereas phospholipids in liquid-
crystalline phase absorb in the 340 nm region.)?”!
Samples were incubated for 30 min, then trans-
ferred into the cuvette and allowed to equilibrate
at 20°C or 37°C in the cell holder compartment of
the fluorimeter for 10 min prior measurement.
The generalised polarisation (GP) value of
Laurdan was calculated as defined by Parasassi
et al P GP = (Ta5 — Ligo) / (Tizs + Luso), where I35 and
I49q are the emission intensities at 435 and 490 nm,
respectively. Generalised polarisation measure-

ments of Laurdan fluorescence were determined
in control liposomes and in liposomes oxidised by
the addition of ferrous salts or ferrous and alu-
minium salts. Moreover the fractional intensity of
the gel phase was quantified as described by
Parasassi et al.,'””) the GP values being used to
assess the two phases (gel and liquid-crystalline)
in membranes following the equation:

GP=x. GP, +(1-x) GP, (1)

where x is the fractional intensity of the gel
phase. Experiments have been carried out in
duplicate.

RESULTS AND DISCUSSION

Formation of TBARS

The prooxidant effect of aluminium on phos-
phatidylcholine : phosphatidylserine, 60:40, lipo-
somes i#n vitro has been confirmed by comparing
the effect of iron-induced peroxidation in the
absence and presence of aluminium (Table I).
Clearly, aluminium stimulates iron-induced free
radical formation as reported previously.?53-1 (It
was checked that Al had no prooxidant effect
by itself.)

Excitation and Emission Spectra of
Laurdan Liposomes

The fluorescence intensity of the probe in buffer in
the absence of liposomes was confirmed to be
negligible. Following the addition of liposomes

TABLE [ Iron-induced peroxidation of phosphatidyl-
choline : phosphatidylserine, 60: 40, liposomes in the absence
and presence of Al

Untreated liposomes 0.8+0.6
Fe-treated liposomes 109x31
Fe/Al-treated liposomes 18.8+3.9

Concentrations are Fe?* ; 25uM; AP*: 100uM (ALSO,: 50uM);
citrate : 50uM. Results are expressed as pM of MDA. Mean * SD
of 6 separate experiments.
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(control or treated), there was an increase in the
fluorescence intensity and, after a few minutes
at 20°C, a well structured emission spectrum
appeared, which was characterised by a maxi-
mum at about 440 nm (Figure 1).

Normalised excitation and emission spectra of
Laurdan incorporated in control liposomes (phos-
phatidylcholine/phosphatidylserine, 60:40) and
in oxidised liposomes are shown in Figures 1
and 2. In the excitation spectrum relative to
untreated liposomes, the intensity of the peak at
350 nm is higher than that of the peak at 380 nm
(Figure 1A). This result can be expected from the

composition of the liposomes used in this study in
which unsaturated fatty acids in PC and PS
represent 43.2% of total fatty acids. Indeed,
previous studies have shown that the Laurdan
excitation spectrum in the liquid-crystalline
phase is characterised by a decrease in intensity at
longer wavelengths with respect to the
excitation spectrum observed in the gel phase.
These peculiar features of Laurdan excitation
spectra have been widely reported in model
membranes and have been used to study phase
coexistence and interconversion in mixed phos-
pholipid vesicles.?!
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FIGURE1 Normalised excitation and emission spectra of Laurdan incorporated in control liposomes (A) and in liposomes oxidised
in the presence of Fe?* (B) or Fe?* plus A** (C) at 20°C (A, = 340 nm). (INT is given for fluorescence intensity.)
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The position of the maximum emission of
Laurdan in untreated liposomes was found near
440 nm with a shoulder at about 480 nm at 20°C
(Figure 1A), the position of maximum emission
being centered at 480 nm at 37°C (Figure 2A).
This red-shifted position at 37°C indicates an
increase in polarity with respect to 20°C.

In oxidised liposomes, the Laurdan excitation
spectra show a decrease in intensity of the blue
band at 350 nm and a parallel increase in the
intensity of the peak at 380 nm with respect to
untreated liposomes (Figures 1B and 1C). These
results indicate the occurrence of modifications in
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the physical properties of the microenvironment
of the probe.

Modifications are also observed in the emission
spectrum relative to oxidised liposomes with the
disappearance of the shoulder at 480 nm (Figures
1B and 1C). This result is characteristic of a lower
polarity in oxidised liposomes with respect to
untreated liposomes. This is in part due to the dis-
appearance of unsaturated fatty acids in the
membrane consecutive to oxidative stress (data
not shown). Small variations in emission intensity
are also observed to be induced by the presence of
aluminjum: the maximum recorded near 440 nm
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FIGURE 2 Temperature-related modifications of the position of the maximum emission of Laurdan in untreated liposomes
(A) and in liposomes oxidised by Fe?* (B) and by Fe?* plus AP (C) (A, =340 nmy; . . . ... at 20°C; ------ at 37°C). (INT is given for

fluorescence intensity.)
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in Figure 1B is shifted to the red by some 10 nm in
Figure 1C—the rest of the spectrum remaining
qualitatively identical—which is the sign of an
aggravation of oxidation.

Moreover, no temperature-related modifica-
tions of the position of the maximum has been
observed in liposomes oxidised by ferrous ions
(Figure 2B), but a small difference appears to be
due to the presence of aluminium (Figure 2C):
the order of maximum intensities observed for
control liposomes is slightly reversed, this being
also indicative of a more important oxidation.

Generalised Polarisation (GP) and Values
of the Fractional Intensity of the Gel Phase
in Untreated and in Oxidised Liposomes

The value of GP calculated in untreated
liposomes was 0.066 at 20°C, decreasing to —0.037
at 37°C. The changes observed in the spectra and
these GP values suggest that temperature-related
modifications of the phase state occur in the lipid
environment of the probe in untreated liposomes,
which is in line with the findings of previous
studies in model membranes.*’!

The aforementioned modifications of the spec-
tral properties of Laurdan in oxidised liposomes
are associated with a significant increase in the
GP value of liposomes oxidised either in the pres-
ence of Fe?* or Fe** and AIP* (Table II). In addi-
tion, the effects of oxidation on GP are positively
correlated with the extent of oxidation
(r=+0.87, p<0.02).

In a previous study, characteristic GP values in
phospholipid vesicles have been determined to be
about 0.6 (GPy) and - 0.2 (GP)) for the gel and the
liquid-crystalline phase, respectively, and inde-
pendent of the phospholipid composition and the
pH.?! Combining these previous data with the
GP values obtained in the present study the two
phases (gel and liquid-crystalline) in control lipo-
somes and in liposomes oxidised by Fe** and Fe?*
with AI** have been quantified (Figure 3).

For both wavelengths reported in Figure 3, the
gel phase in untreated liposomes at 20°C is about

TABLE I Generalised Polarisation (GP) of Laurdan incorpo-
rated in untreated liposomes and oxidized liposomes

A—Excitation wavelength 340nm

Temperature 20°C 37°C
Untreated liposomes 0.066 -0.037
Fe-treated liposomes 0.229 0.210
Fe/Al-treated liposomes 0.234 0.247

B—Excitation wavelength 390nm

Temperature 20°C 37°C
Untreated liposomes 0.054 -0.078
Fe-treated liposomes 0.241 0.200
Fe/Al-treated liposomes 0.219 0.220

double that observed at 37°C (33 and 31.75% with
respect to 20 and 15%). Also, the fractional inten-
sity of the gel phase relative to oxidised liposomes
is about double that of untreated liposomes at
20°C and triple at 37°C. This reflects the fact that
temperature-related modifications of spectral
properties of Laurdan are observed only in
control, untreated liposomes, whereas there are no
temperature-related modifications of phase state
in oxidised liposomes. In total, oxidised liposomes
display similar values of the position of the maxi-
mum emission, of GP and of the fractional inten-
sity of the gel phase at 20°C and 37°C.

In contrast with the GP value of control lipo-
somes which is logically negative at 37°C due to
the high proportion of unsaturated fatty acids in
the phospholipid, the GP value observed for oxi-
dised liposomes (Fe** and Fe*/ Al**) is relatively
high. Thus, an increase in GP values is observed
when liposomes are submitted to oxidative stress
(ferrous ions and ferrous ions plus aluminium
ions). Laurdan is an amphiphilic molecule that
has been reported to be incorporated at the
hydrophilic-hydrophobic interface of model
membranes®! and used to study modifications
induced by ozonation. Its spectral sensitivity to
the phospholipid phase state has been demon-
strated in model membranes.®® The present
study shows that ferrous (and aluminium) ions
induce modifications of the polarity in the
microenvironment of the probe, as revealed by
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FIGURE 3 Fractional intensity of gel phase (x %) of untreated and oxidised liposomes, at 20°C (1) and 37°C (2).

the significant increase in the GP value with
respect to control liposomes.

In a previous ESR study by Oteiza,*® alu-
minium was shown to increase the packing of
membrane lipids in the presence of Fe*" by facili-
tating the propagation of oxidation, even though
the order parameter and the hyperfine interaction
constant did not vary with the Al concentration.
In line with this, Mc Lean and Hagaman!®! have
advanced the hypothesis that an increase in the

packing density of the acyl chains of lipids in lipo-
somes promotes lipid peroxidation and favors
phase separation.

The present results tend to corroborate these
previous findings in that the presence of AI** jons
has been shown to induce slight variations in
emission fluorescence spectra, indicating aggra-
vated oxidation. However, no significant influ-
ence of aluminium has been observed on GP
values, nor on derived phase state determina-
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tions. Dynamic fluorescence studies involving
time-resolved experiments will be necessary to
further elucidate the specific effect of AI** ions on
membrane structures. These are currently in
progress in our laboratories.
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