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Abstract

The transport mechanism of aluminum in lysosomes extracted from rat liver has been investigated in this paper. The experi-
mental evidence supports the hypothesis that aluminum is transported inside lysosomes in the form of an AI(OH); electroneutral
compound, the driving force being the internal acidic pH. This mechanism could help to explain the presence of aluminum in cells in

many illnesses.
© 2004 Elsevier Inc. All rights reserved.
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The toxicity of aluminum and, in particular, its neu-
rotoxicity has already been widely documented in both
humans and animals [1-7]. In order to study the mo-
lecular mechanism responsible for the toxic effects of
this metal on whole organisms, many “in vitro” inves-
tigations have already been carried out [8-12].

The results indicate that aluminum has been found
inside the cell in many illnesses. Many models and
transport mechanisms have already been proposed in an
attempt to explain the transport mechanism which al-
lows the aluminum to permeate the cell. It has been
proposed that, in some cases, the aluminum binds to
certain natural carriers such as the catecholamines
[13,14], transferrin [15] or, simply, to the aminoacids
[16]. In this paper, we have examined the transport
mechanism of aluminum in lysosomes extracted from
rat liver, as this mechanism is a crucial starting point
regarding the study of the molecular toxicity mecha-
nism. The results indicate that aluminum enters the
matrix as an AI(OH); electroneutral compound. The
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behaviour displayed in this case is similar to that dis-
played by the weak permeant bases.

In non-energized lysosomes, the pH in the matrix is
about 5.2, resulting from the presence of a Donnan ef-
fect [19]. The addition of ATP to the resuspending me-
dium produces a further acidification as a consequence
of the presence of an ATP-driven proton pump (Fig. 1)
[20-23]. However, since the lysosomal membrane is not
permeant to the protons, and since the influx of protons
gives rise to a positive-inside potential, the acidification
is not significant, i.e. the positive-inside potential is an
opposing force, which does not allow for an acidificat-
ion of less than pH 5. In the presence of the Cl~ ions in
the resuspending medium, a selective CI~ channel allows
for the transport of the Cl~ into the matrix, and the
subsequent uptake of the Cl~ partially neutralizes the
positive-inside potential. Under these conditions the pH
reaches a value of about 4.2 [20-23]. The pH is measured
using the acridine orange (AO) dye. AO is a weak base
which, following the uptake mechanism of weak per-
meant bases accumulates in the matrix if the pH is acidic
[21,24]. This accumulation is accompanied by a chemical
shift [23] probably due to a metachromatic effect [25].
Therefore, by operating at 492 nm, which is the
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Fig. 1. Acidification in lysosomes. In the presence of ATP, the ATP-
driven proton pump pumps the protons into the matrix and the pH
decreases to a level of 4.2, providing the influx of chloride ions by
means of a selective channel (or the K™ efflux, in the presence of Va-
linomycin (Val), in a chloride-free medium).

maximum absorbance of AO in water, a decrease in the
absorbance indicates the accumulation of AO in the
matrix, and is a measure of the internal pH, since the pH
is the driving force for the accumulation of weak per-
meant bases. A typical experiment in which the internal
pH is measured by means of the AO signal is illustrated
in Fig. 2. Before the addition of the ATP, the value of
the absorbance in a steady state is correlated with the
internal pH, which is about 5.2, as above mentioned.
After the ATP addition, a slow acidification occurs and,
after some minutes, the new steady state corresponds to
an internal pH of about 4.2. Under these conditions, the
addition of Al (as Al(lactate);) induces a rapid internal
alkalinization (Fig. 2).
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Fig. 2. The acidification of lysosomes measured using the acridine
orange (AO) dye. The lysosomes were prepared from rat liver, purified
by means of the usual procedures [17], and resuspended in a medium
containing the following: 125 mM KCl, 10 mM Hepes-Mops pH 7.4,
10 mM MgCl,, 5 uM AO. After the addition of the Lysosomes (final
concentration 0.2 mg/ml) to the medium, the instrument was adjusted
to zero absorbance. The concentration of Lysosomes was monitored
by using the Lowry procedure [18]. The absorbance decrease at 492 nm
is a measure of the internal pH (5.2) before ATP (2 mM) addition.
Successive additions of 80 pM Al (final concentration of aluminum, in
the form of lactate, in the resuspending medium) in a steady state,
after the ATP addition, induce a rapid alkalinization in the lysosomes,
while the external pH (7.4), was not modified. The slope of the dashed
line indicates the rate of alkalinization induced by the aluminum.

In general, this alkalinization process can occur by
means of four different mechanisms:

o [nhibition of the proton pump. Fig. 3 shows the results
of experiments performed in order to verify if the pro-
ton pump (or vacuolar ATPase) is inhibited by alumi-
num. The graphic shows that aluminum really
induces an inhibition of the ATP hydrolysis rate.
Analogously, the effect of the inhibition of the pump
can be followed measuring the alkalinization rate in
lysosomes as consequence of the addition of Bafilo-
mycin a potent ATPase inhibitor, in energized lyso-
somes (Fig. 4) [26]. A comparison between the two
alkalinization rates obtained with the addition of alu-
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Fig. 3. Aluminum inhibits the proton pump. The inhibition of the
ATPase has been followed in a low buffered medium following the pH
change induced by ATP hydrolysis: ATP — ADP + phosphate + H™
medium composition: 125 mM KCl, 50 uM Hepes-Mops pH 7.4, 10
mM MgCl,. To the medium (4 ml) were added (under stirring) Oli-
gomycin 2 y, FCCP 100 nM, the lysosomes (final concentration 0.2 mg/
ml) and ATP 1 mM. The acidification rate induced by ATP is mea-
sured in the presence of increasing amounts of aluminum. The hy-
drolysis rates are reported in the graphic as percentage of inhibition
between the two extreme rates: in the absence of aluminum (100%) and
in the presence of bafilomycin (rate 0%).
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Fig. 4. Bafilomycin induces inhibition of the lysosomal pump. Both the
medium used and the conditions were the same as those in Fig. 2. 50
nM bafilomycin were added in steady state (a). The rate of alkalin-
ization induced by bafilomycin is represented by the slope of the da-
shed line. The addition of 80 uM aluminum (in the form of lactate)
gives rise to a further increase of the alkalinization rate (b). The rate of
alkalinization with bafilomycin depends on the proton leak in lyso-
somes. This value of this rate can depend on the preparation of the
lysosomes and on their aging, but in all cases, the addition of alumi-
num induces a fast increase of the alkalinization rate.
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minum (Fig. 2) or using bafilomycin (Fig. 4), makes it
clear that aluminum, if added in energized conditions,
even if it inhibits the ATPase (Fig. 3), acts differently
from a pure inhibitor of the ATPase (bafilomycin).
This interpretation is supported by means of the ad-
dition of aluminum after Bafilomycin (Fig. 4). Under
this condition (i.e. inhibition of the proton pump by
means of bafilomycin), the addition of aluminum
causes a further enhancement of the alkalinization
rate, thus indicating that the effect of aluminum is dif-
ferent from the one induced by means of bafilomycin
and that the rapid alkalinization rate observed in
Fig. 2 is not the consequence of the inhibition of
the ATPase by aluminum.

o [nhibition of the chloride channel. As a means of inves-
tigating this possibility, the alkalinization of the lyso-
somes was performed using a chloride-free medium.
For the purposes of this experiment (Fig. 5), the me-
dium contained 80 mM K,SO,. The internal acidifi-
cation which took place after the ATP addition was
not a consequence of the C1™ influx, but of the K™ ef-
flux coming from the lysosomal matrix (in the pres-
ence of valinomycin, the potassium carrier), as the
matrix contains 0.1 M K* [20,21,27]. The efflux of
the K*positive ion is equivalent to the influx of the
negative one (Cl™) since, in both situations, the posi-
tive-inside potential diminishes, and an acidification
of up to a pH of 4.2 occurs. In this condition, and
in steady state (pH 4.2), the addition of the aluminum
induces the same rapid alkalinization as that obtained
using a chloride medium, thus demonstrating that the
presence of the chloride channel is of no significance.

o Uncoupling effect. An uncoupler is a particular type of
chemical compound which enhances proton perme-
ability. The uncoupler must be a weak acid (or a
weak base), such as, for example, 2,4 dinitrophenol
(DNP), which is the most common uncoupler. The
DNP permeates the lysosomes as a phenate ion and
the driving force is the positive-inside potential [20].
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Fig. 5. Acidification of lysosomes in a chloride-free medium. Medium
composition: 80 mM K,SO4, 10 mM Hepes-Mops pH 7.4, 10 mM
MgSOy. Lysosomes: 0.2 mg/ml. When indicated, Valinomycin (Val) 10
uM, ATP, 2 mM and successive additions of 80 uM Al (in the form of
lactate) were added.

Once inside, the DNP is extruded in the form of an
electroneutral, undissociated DNP compound, as
the pH is acid inside. During this cyclic mechanism
[28], each cycle gives rise to a proton extrusion.
Fig. 6(a) shows the effect induced by the DNP, which
is similar to that obtained by the addition of alumi-
num (Fig. 2). The experiment in Fig. 6(a) seems to in-
dicate that aluminum behaves as an uncoupler, and
that a possible uncoupling mechanism could be the
uptake of AI(OH); (since the pH is acid inside) and
the extrusion of AI(OH); (since the potential is posi-
tive inside).

o Weak base effect. Weak permeant bases induce alka-
linization in lysosomes (Fig. 6(b)). In this regard, the
interpretative mechanism is that the weak base enters
the lysosomes as an electroneutral compound, and is
accumulated in the matrix, since the pH is acid inside.
This accumulation is not followed by an extrusion in
the form of a charged ion, as occurs in the case of un-
couplers (weak base uncouplers). Therefore, as the
mechanism is not cyclic, the dose of weak bases nec-
essary to induce alkalinization is higher than that
needed to obtain the same effect with the addition
of uncouplers [23]. In the case of DNP, the dose nec-
essary to induce a rapid alkalinization is about 100
puM, in that of ammonia, the concentration required
is 10 mM.

Therefore, it can be said that both types of behaviour,
that is, the uncoupling and the weak base effect, are
possible in the case of aluminum, with regard to the
rapid alkalinization process. However, as the concen-
tration of aluminum is in the order of magnitude of
micromolar, it would seem, judging from the results of
the latest experiments, that aluminum is a protonophor
or uncoupler, rather than a weak base.
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Fig. 6. The uncoupler, DNP and the weak base, ammonia, induce a
rapid alkalinization in lysosomes. Both the medium used and condi-
tions were the same as in Fig. 2. The addition of 100 pM DNP (a) or 10
mM ammonia (in the form of ammonium chloride) (b) in steady state
induce a rapid alkalinization in energized lysosomes. The addition of
ammonia does not change the pH in the resuspending medium. Doses
of ammonia below millimolar do not induce alkalinization (not
shown).
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Fig. 7. The effects of the uncouplers DNP, aluminum or of the weak
base, ammonia, in non-energized lysosomes. Both the medium used
and the conditions were the same as in Fig. 2 before the ATP addition.
In steady state, the addition of DNP does not induce alkalinization (a),
while repeated addition of 80 uM Al(lactate); does induce alkaliniza-
tion (b) as is also true in the case of the addition of ammonia (am-
monium chloride) 10 mM (c).

Some experiments using non-energized lyso-
somes were performed, in order to clarify the above
observations.

The internal pH in lysosomes, before ATP addition,
is 5.2, as already mentioned [19]. The addition of an
uncoupler under these conditions does not induce any
alkalinization (Fig. 7(a)), since the action of an uncou-
pler requires the presence of a membrane potential,
while the addition of aluminum induces a rapid alka-
linization (Fig. 7(b)) similar to that produced after the
addition of ammonia (Fig. 7(c)). This type of behaviour
(which is not ATPase-dependent as the lysosomes are
not energized) should exclude the possibility that alu-
minum is an uncoupler. Therefore, the only possible
deduction that can be made is that aluminum enters the
lysosomes in the form of an Al(OH); compound.

However, in the experiments of Fig. 7 (non-energized
lysosomes), the potential is absent. This fact cannot
exclude the possibility that in the presence of a potential
(energized lysosomes) AI(OH); is extruded, thus giving
rise to a cyclic (uncoupling) mechanism. At the present
time, therefore, both mechanisms are possible, since,
whereas it is evident that AI(OH); enters like a weak
base, the driving force being the internal acidic pH, this
cannot exclude the possibility (even if not demon-
strated), that, once inside, the cation AI(OH); is ex-
truded. In this case it results to be an uncoupling
mechanism.

This last mechanism, being cyclic, can explain why
the dose of aluminum necessary for the alkalinization
process is more than an order of magnitude lower than
that needed for a weak base such as ammonia.

Both interpretations are different from the one pro-
posed by Zatta et al. [12] which asserts that the inhibi-
tion of the alkalinization induced by aluminum is due to
an inhibition of the ATPase. This inhibition has been

verified (Fig. 3), but it is not the cause of the rapid al-
kalinization rate observed after addition of aluminum.
The interpretation of Zatta et al. [12], could be explained
by the fact that the addition of aluminum before ATP
does not allow to distinguish among the various possible
mechanisms.

Another point to explain is why the addition of alu-
minum induces a more marked alkalinization than it
does in the case of ammonia. A possible explanation is
that AI(OH); penetrates the lysosomes and once inside,
A" binds closely to internal ligands, thus favouring a
further uptake of AI(OH); and a consequent alkalin-
ization. A possible target for internal binding are the
phosphate groups, since the affinity of AI** is about
three orders of magnitude higher than that of Mg™+ [29]
which strongly binds the phosphate groups in the
membranes.

The above experiments suggest that the permeation
properties of AI(OH)s; which were evidenced by means
of the alkalinization experiments performed on non-
energized lysosomes, relate to the fact that this com-
pound behaves as a weak (permeant) base. Like the
weak bases, the undissociated AI(OH); compound,
even if present in small amounts, is a permeant com-
pound, which crosses the membrane and binds to the
internal ligands in the lysosomes. This uptake mecha-
nism does not exclude the possibility that aluminum, in
energized lysosomes, once inside, is extruded as
monovalent cation AI(OH)] from the positive poten-
tial, thus giving rise to a cyclic mechanism similar to
that of uncouplers.

The crucial point, however, is that the electroneutral
Al(OH)3; compound, even if present in small concen-
trations, crosses the biological membranes. This be-
haviour can explain the presence of aluminum inside the
cells without postulating the utilization of carrier
transport systems.
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