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Abstract 

As a detrimental element, aluminium poses a threat to human health at two levels of 
contamination: (i) environmental (dietary) levels, due mainly to the release of natural stores 
by acid rains but also to industrial contamination (chronic intoxication), and (ii) therapeutic 
levels, which affect patients receiving high doses of Al-containing drugs (acute intoxication). 
In both cases, the bioavailability of aluminium conditions its degree of potential toxicity. 
Aluminium bioavailability directly depends on the chemistry of the A13+ ion in vivo. In 
particular, the high charge-to-radius ratio of Al’+, which determines its specific affinity for 
oxygen donors, is at the origin of its detrimental effects on macromolecular biological struc- 
tures. In this context, a better understanding of the metabolism of aluminium and of its 
influence on physiological processes requires a knowledge of its distribution in the main 
biofluids. This is the raison d’Ctre of speciation, either directly through experimental analysis 
of biological samples, or indirectly via calculations based on conditional constant analysis or 
computer simulation models. To realize the importance of speciation with respect to the 
challenge posed by aluminium toxicity, it is important to have a knowledge of all the biological 
implications of Al-ligand interactions in vivo. For this reason, this article begins with a review 
of the roles of Al-ligand interactions in aluminium metabolism and toxicity. Contributions 
of speciation to the understanding of the relevant problems are then treated in perspective 
with this background, including experimental speciation and computer-aided speciation. In 
spite of numerous attempts to build reliable simulation models of the distribution of aluminium 
in the main biofluids (e.g. blood plasma), no definitive results have yet been reached, and the 
few data available in this field have been established mainly on a conditional constant basis. 
In general, there is a sharp contrast between the recent advances made by physiologists and 
toxicologists and the paucity of data obtained by coordination chemists likely to interpret the 
corresponding phenomena. 

Keywords: Aluminium speciation; Plasma aluminium; Al-ligand interactions; Computer simu- 
lation model 

1. Introduction 

In an exhaustive review published in 1974 on aluminium in the environment and 
human health, Sorenson et al. concluded that “there (was) still no need for concern 
by the public or producers of aluminium or its products concerning hazards to 
human health derived from well established and extensively used products” Cl]. 
Twenty years later, several hundreds of articles have been published and increasing 
numbers appear annually on aluminium toxicity referring to its potential threat in 
terms of public health. In the meantime, the therapeutic administration of high 
amounts of aluminium has revealed the existence of a variety of symptoms specific 
to aluminium intoxication. In particular, the advent of long-term hemodialysis ther- 
apy in the seventies led to the discovery of the toxic effects caused by the accumulation 
of aluminium in patients with renal insufficiency treated by this technique. The 
syndrome characteristic of these patients (mainly “dialysis encephalopathy” [2], 
vitamin D-resistant osteomalacia [ 31, and microcytic anemia (see Ref. [4])) was first 
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attributed to direct contamination by the aluminium contained in the tap water of 
the dialysates [S]. Later, however, the persistence of these symptoms in spite of the 
purification of dialysis water, as well as their appearance in patients not undergoing 
dialysis, designated Al-containing phosphate binders orally administered to all uremic 
patients as the main cause of the intoxication [ 6-91. This brought to light the notion 
of a significant gastrointestinal (g.i.) absorption of aluminium [ 5, lo], earlier evidence 
for which in normal man [lo] had been somewhat overlooked. Extensive research 
was then undertaken by toxicologists to identify all possible sources of aluminium 
contamination: pharmaceutical preparations (mainly Al-containing antacids 
[ 10-161, but also intravenous drugs, nutrients [ 17-201 and blood products [211], 
vaccines and toxoids [22,23], etc.), milk formulae [ 19,241, foods and drinks (e.g. tea 
[25]), including their additives or contaminants (e.g. coffee percolators [26-301). A 
decisive incentive for this upsurge of activity regarding aluminium toxicity has been 
the potential implication of aluminium in Alzheimer’s disease (AD), a neurodegenera- 
tive disorder affecting increased fractions of population with age, the debate about 
which is revived every year [31-371. In parallel, attempts have been made by 
chemists [38-441 to devise effective sequestering agents capable of decorporating 
iatrogenic loads of aluminium with more specificity, fewer side-effects [45-491 and 
at a lower cost than desferrioxamine (DFO), the iron-specific ligand introduced in 
clinics against aluminium in 1979 [SO] and which is still the treatment of choice in 
aluminium intoxications [ 401. 

Thus, aluminium is now universally considered a “toxic” metal ion [51-531. The 
notion of metal toxicity, however, is often misinterpreted, and needs to be put in 
perspective with the evolutionary context. Generally speaking, a metalloelement can 
be classified as: (i) “essential”, if in its absence an organism cannot live; (ii) “benefi- 
cial”, if in its absence an organism can survive but without optimized health; (iii) 
“neutral”, if it is present at benign levels in an organism without apparent beneficial 
or toxic effects; (iv) “detrimental”, if it is exclusively toxic [54,55]. The status of an 
element in this classification is not definitive: a species living in its usual environment 
into which an outer element is suddenly introduced will initially “regard” this new 
element as detrimental, but its surviving generations will progressively elaborate 
protection mechanisms which will render it neutral; then, if the element remains at 
a constant environmental level, the species will finally take advantage of its presence 
and make it beneficial, before it becomes ultimately essential (see Ref. [ 551). In short, 
the influence of an element on life depends on its ecological age, provided that its 
environmental level remains constant. Above this usual level, its role will depend on 
the concentration it can reach in vivo (see Fig. l), and all elements, be they essential, 
become toxic beyond a certain limit. As far as aluminium is concerned, it has 
obviously not become detrimental since 1974 [l] simply because of the discovery 
of toxicity symptoms characterised at (therapeutic or iatrogenic) in vivo levels well 
above those induced by environmental contamination. Left aside by Nature because 
of its extremely low bioavailability (despite its abundance and ubiquity), aluminium 
was probably classifiable as neutral before man started changing the conditions of 
his own environment. Nowadays, however, not only because of its generalised use 
in food processing or conditioning [ 29,561, but above all because of acid rains which 



244 G. Berthonlcoordination Chemistry Reviews 149 (1996) 241-280 

HEALTH 

I 

- Essential or beneficial element 
Neutral or detrimental element 

CONCENTRATION 

Fig. 1. The effects of increasing metal concentration upon health (from Christie and Williams [SS]). 

release it from soils and introduce it into the food chain [57,58], aluminium can no 
longer be considered neutral. What makes aluminium detrimental now is the chal- 
lenge posed by the aggravation of its overall bioavailability’ with respect to the 
capacity of adaptation of the human kind [55]. 

As Fig. 1 suggests, aluminium now constitutes a potential threat for: (i) the whole 
earth population, which will have to cope with constantly increasing levels of bioavai- 
lable aluminium from the environment, and (ii) more specifically, patients who are 
administered Al-containing drugs, especially those with renal insufficiency or peptic 
ulcer disease who receive high doses of metal in the long run. For all cases, the exact 
evaluation of the risks is directly related to a correct assessment of aluminium 
bioavailability. In this respect, the g.i. tract was long considered a “formidable barrier 
to the entry of aluminium” [lo]. Being not an essential (or beneficial) metal, however, 
aluminium is not expected to benefit from any homeostatic process evolved to 
regulate its metabolism. In particular, its g.i. absorption occurs mainly by passive 
diffusion whenever chemical conditions in the intestinal fluid are favorable to its 
solubilisation and, presumably, formation of neutral complexes [59,60]. In normal 
individuals given a standardized diet, for example, the increase from 74% to 96% 
in the percentage of metal excreted in the feces when the dose of aluminium is raised 
from 5 mg day-’ to 125 mg day-’ [61] may be taken as a sign of some regulatory 
process, but percentages are misleading as the absolute amounts of metal actually 
absorbed in these circumstances are 1.3 mg day-’ and 5 mg day-l, respectively, and 
higher figures would still be expected in the presence of dietary components known 
to favour aluminium absorption, e.g. citrate [62]. Also, even though the kidney 
appears to be able to excrete all of the absorbed aluminium in healthy people under 
ordinary conditions [63], it is difficult to quantitate the exact limit above which its 
elimination capacity is exceeded. In the above study, for example, a virtual zero 
aluminium balance is observed in the subjects given 125 mg day-’ of metal, but 
their serum aluminium is increased to 7 ,ug 1-l compared with 4 pg 1-l in controls 
[61], which may not be negligible in terms of metal retention. In this respect, it is 
worth recalling that even “low normal levels of serum aluminium imply potential 
toxicity” [64]. The above example also illustrates the limitations of the balance 
technique for the study of aluminium metabolism in healthy humans. Whereas 
applications of this technique to evaluations relative to high aluminium intakes are 

1 For a definition of bioavailability, see Ref. [ 1331. 
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generally conclusive (see e.g. Refs. [65-67]), data referring to intakes within the 
range to which Europeans and Americans are normally exposed [l] are more open 
to discussion. More generally, almost all in vivo observations suffer from the same 
disadvantage: their global macroscopic data cannot provide any quantitative infor- 
mation to account for the complex processes that underlie them at the molecular 
level. Unravelling this complexity to describe the distribution of the involved reac- 
tants into all the species they form in the main biological compartments relevant to 
metal metabolism falls within the field of speciation. 

By definition, speciation studies can operate at two levels: first, it is usually possible 
to discriminate between high-molar-mass (h.m.m.) and low-molar-mass (1.m.m.) frac- 
tions, and generally among the different components of the h.m.m. fraction of a given 
element, by means of separation techniques (see recent reviews in Ref. [68]). In 
contrast, the identification of the (innumerable) 1.m.m. species constituting the 
ultrafiltrable fraction of the element is most of the time beyond direct experimental 
reach (see e.g. Refs. [69,70]). Speciation of this ultrafiltrable fraction can be achieved 
indirectly, through computer simulation, provided all total or free concentrations of 
the constituents of a given solution as well as the formation and solubility product 
constants which relate these total and free concentrations to the individual concen- 
trations of all the complex species into which they are distributed have been deter- 
mined beforehand. The main difficulty in applying this technique lies in the fact that 
the reactant concentration ranges that are imposed to obtain reliable constants do 
not always encompass those occurring in vivo. 

Knowledge in science accrues only when there is agreement between experimental 
observations and theoretical hypotheses, and the advances recently made regarding 
aluminium in life sciences and chemistry cannot be dissociated. The present article 
thus begins with the main physiological observations involving Al-ligand interactions 
in vivo, especially those relative to its metabolism. It then gives a short account of 
the results obtained from direct experimental speciation techniques. Finally, recent 
progress in indirect speciation studies is described, including examples of the difficult 
determination of reliable formation constants for aluminium complexes as well as 
recent contributions of simulation studies to a better comprehension of the bioinor- 
ganic chemistry of aluminium in vivo. 

2. Aluminium-ligand interactions and aluminium metabolism 

2.1, Aluminium-ligand interactions and aluminium gastrointestinal absorption 

As outlined above, the fact that aluminium has not been attributed any physiologi- 
cal function in the course of evolution a priori implies that its metabolism cannot 
benefit from any homeostatic regulatory process. In particular, its g.i. absorption is 
not expected to be based on a specific active transport system, and should thus 
depend in the first place on the solution chemistry of the A13+ ion in the g.i. tract, 
i.e.: (i) solubility of the ingested salts within the g.i. pH interval; (ii) complex formation 
with the anionic forms of these salts, which not only induces A13+ solubilisation but 
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may also facilitate the absorption process. In addition, aluminium may also share 
some absorption pathways with essential substances for which it may substitute or 
with which it may combine [60,71,72]. 

2.1.1. Extent of aluminium absorption 
The average fraction of aluminium absorbed from a given dose is estimated to be 

very low [60,73,74], whole animal techniques indicating a percentage of about 1% 
[73]. Variations in this fraction are usually large: 0.06-27% in animals and 
O.OOl-24% in humans [75]. They depend on the aluminium intake [73]. For 
example, aluminium absorption was found to be lo- to loo-fold greater when humans 
or animals were fed small amounts of metal (i.e. 5 mg) rather than pharmaceutical 
doses (i.e. l-3 g per day for humans) [73]. Regarding this compensating effect, 
however, it must be borne in mind that it relates to percentages and does not equalize 
the absolute amounts absorbed: it may be missed that 26% of 5 mg is less than 4% 
of 125 mg [61] (see Introduction; see also Fig. 1 for a perspective of environmental 
and therapeutical concentrations). The second point of importance is that for a given 
dose of metal, dietary cofactors are determining [ 741. These will be examined later. 

2.1.2. Site of aluminium absorption 
Definitive evidence that normal man can absorb measurable amounts of ingested 

aluminium was obtained by Kaehny et al. [lo] with their observation of increased 
plasma and urine aluminium levels in healthy adults receiving Al-containing antacids. 
Comparatively to the other three compounds investigated, aluminium phosphate 
induced no significant change. As the aluminium phosphate gel was virtually insolu- 
ble at acidic pH (4.1~ pH < 6.2) while slightly more soluble than aluminium hydrox- 
ide under alkaline conditions (7.5 <pH < f&O), it was suggested that “aluminium 
absorption (occurred) largely in the acidic milieu of the proximal duodenum or 
stomach and minimally, if at all, in the rest of the g.i. tract” [lo]. Subsequently it 
was generally accepted that most ingested forms of aluminium are solubilised in Lhe 
acidic stomach and that, on reaching the milder conditions of the duodenum, soluble 
hydrated A13’ ions (re-)precipitate as the hydroxide or hydroxyphosphate [76] and 
become unavailable for absorption [74,76]. Such precipitation has recently been 
considered unlikely [74] because the interaction of aluminium with ligands present 
in intestinal secretions, and the mucus, would maintain A13+ ions in solution. While 
the actual influence of secretory ligands may seem doubtful [76],2 that of dietary 
ligands, effectively found of determining importance [76-78-J, may largely extend 
the fraction of the g.i. tract over which aluminium can be absorbed. In fact, various 
parts of the intestine (duodenum, jejunum, ileum) have a potential for aluminium 
absorption [60], depending on the conditions that prevail in each case. In humans 
on aluminium hydroxide therapy for example, the acidity of the luminal contents in 
the upper part of the g.i. tract is certainly the key factor for aluminium absorption 

‘Secretory ligands seem not sufficiently concentrated to significantly affect the solubility of high 
therapeutic doses of aluminium in an empty stomach, whereas lower levels of aluminium ingested in food 
will mainly interact with ligands of dietary origin. 
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[79] because of the greater solubilisation of the aluminium salt ingested. In the 
presence of citrate, in contrast, the role of the ligand becomes predominant, and the 
maximum serum concentration of aluminium is observed 4 h after administration, 
suggesting relatively distal small bowel absorption [SO]. (Comparatively, the peak 
plasma concentration of aluminium in rats was observed near 40 min following 
gavage with aluminium citrate [76,81,82], the absorption being assigned to duode- 
num and proximal jejunum in that case [82].) Thus, even though proximal small 
bowel seems to be the site most commonly involved in aluminium absorption. 
physiological conditions actually determine which regions of the g.i. tract are used 
c721. 

2.1.3. Mechanisms of aluminium absorption 
Kinetically, transport mechanisms of chemical substances in vivo may involve 

passive transfer (simple diffusion or filtration) or specialised transport (active trans- 
port, facilitated diffusion or pinocytosis). Physiologically, intestinal absorption may 
be transcellular (successively through the brush-border (mucosal) membrane, the 
cytoplasm, and the basolateral (serosal) membrane of the enterocyte) or extracellular. 
Transcellular routes include lipid and aqueous routes for non-ionic and water-soluble 
solutes respectively, and a carrier route for hydrophilic substances too large for the 
aqueous route [ 831. They may involve passive, facilitated and active processes [ 721. 
The principal extracellular route is the paracellular route via the “leaky” junctions 
between the cells [83] (see Fig. 2). Often classified as passive diffusion [60,72], the 
paracellular route is rather characteristic of a solvent drag phenomenon [ 833. 

According to Powell and Thompson [74], many of the experimental studies 
carried out on aluminium absorption have been flawed, in particular because of 
overlooked aluminium precipitation in solutions at physiological pH, or because of 
the inappropriate use of buffers (e.g. phosphate). Also, few authors [60,71,72] have 
considered the implications of the status of aluminium as a detrimental element for 
its absorption mode (see above). It is generally recognised that there is a large uptake 
of aluminium by the gut but then little absorption, much of the metal being retained 
in the mucosa [ 74). Adsorption of aluminium by the overlying insoluble mucus and 
precipitation of its salts in the lumen thus combine to limit its absorption [74]. In 
kinetic terms, the absorption phenomenon may be perceived as a biphasic process, 
consisting of a rather fast mucosal uptake of the metal followed by its gradual release 
into the blood [60]. The aluminium compound absorbed is usually not the com- 
pound ingested, and concentration dependence may be confused with species depen- 
dence. As pointed out by van der Voet [72], the main problem in most studies is 
the lack of knowledge of the complex species formed, hence a lack of basis for any 
useful comparison and extrapolation to the human situation. The diversity of the 
suggested mechanisms as reported in the recent reviews by this author [60,72] 
largely reflects this: in the duodenum, a non-saturable mechanism and a vitamin 
D-dependent saturable mechanism for which aluminium may compete with calcium 
[ 841; in the duodenum (at pH 8.5!), an energy-dependent transport, calcium channels 
possibly providing an additional entry site [ 851; in the jejunum, an energy-dependent, 
carrier-mediated mechanism [86]; in the jejunum, interaction with the energy- 
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Fig. 2. Gastrointestinal absorption of aluminium (from Lote and Saunders [91]). 

dependent calcium-transporting system [ 871; in the jejunum, an energy-independent, 
sodium-dependent, paracellular pathway mediated process [SS]; in the small intes- 
tine, an energy-independent diffusion for aluminium administered as chloride and 
an energy-dependent active transcellular transfer for aluminium citrate [ 71,891; in 
the proximal bowel, paracellular pathway for aluminium citrate [82]. All this led 
van der Voet to conclude that each aluminium species most probably has its own 
absorption mechanism [72], an assertion which illustrates the need for speciation 
data relevant to the g.i. tract. 

As detrimental metals may at least partially share absorption pathways with 
chemically similar essential metals [71,60], investigating potential interactions of 
aluminium with such essential metals may shed some light on the possible mecha- 
nisms of its own absorption. This has been done for calcium and iron, aluminium 
intestinal absorption apparently depending on the status of the absorbing organism 
in these two metals [60]. In particular, tests relative to calcium performed in different 
sections of the small intestine and involving vitamin D [84] and parathyroid hor- 
mone (PTH) [90] (see Refs. [60,72,91] and references therein) led to the suggestion 
that aluminium interacts with the calcium-transporting system. In addition, the 
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calcium level in the intestine is thought to be absolutely critical for protection against 
aluminium [92], and it may not be fortuitous that the increase in aluminium 
absorption in AD patients is paralleled by reduced calcium absorption [93]. 
Similarly, evidence has been provided for a common route of absorption of alumin- 
ium and iron in rats [94], iron depletion markedly increasing absorption and cellular 
uptake of aluminium. This result confirmed the negative relationship previously 
established between aluminium and iron absorption [95]. Recently, however, these 
conclusions have been questioned on the argument that the small size of the A13+ 
ion [96] will not favour substitution for the larger Ca2+ ion nor for the Fe2+ ion, 
as it is Fe2+ (and not Fe3+) which was shown to reduce aluminium absorption 
[74,95]. As constantly stressed by Martin [58,59,96,97], the A13+ ion does indeed 
bear a greater resemblance to Mg2+ than to Ca2+ (or Fe’+). Interestingly, the serosa- 
to-mucosa Mg 2+ flux in all segments of the small intestine is purely passive and 
probably restricted to the paracellular pathway [98] via a solvent drag mechanism 
[83]. The fact that aluminium was found to reduce the flux of water across the 
intestinal membrane in a concentration-dependent manner in vitro [99] may be 
indicative of a similar mechanism. The investigation of a possible interaction of 
aluminium with magnesium absorption is warranted. 

2.1.4. EfSects of dietary components 
Aluminium absorption may depend on the intraluminal presence of essential 

metals, but also on that of ligands like citrate [ 721. Since its discovery by Slanina 
et al. [62], the role of citrate as an enhancer of aluminium absorption has been 
repeatedly confirmed in many circumstances [76,77,80,81,100-1121. The origin of 
this effect was long thought to lie in the formation of the neutral species [Al-Cta]’ 
in the 1 <pH <4 interval [ 59,62,113,114]. The real situation seems to be more 
complex. Recently, Froment et al. [ 821 have shown that enhanced aluminium absorp- 
tion following administration of aluminium citrate occurs in the proximal bowel via 
a paracellular pathway due to the opening of cellular junctions subsequent to 
complexation of free calcium by citrate. A priori citrate may thus favour aluminium 
absorption through three mechanisms: (i) by maintaining the A13+ ion in solution, 
but other dietary acids can do so [76,78,82] which do not produce the same effect; 
(ii) by neutralising the charge of the A13+ ion in the 1 < pH < 4 interval, but absorption 
in the stomach is unlikely; (iii) by chelating endogenous mucosal calcium, which 
renders the paracellular pathway of the bowel more accessible by opening the “leaky” 
junctions between enterocytes. This last mechanism currently seems the most likely 
[74,106]. 

In addition to citrate, other compounds such as ascorbate, gluconate, lactate, 
malate, oxalate and tartrate have been shown to elevate the pH of precipitation of 
the aqueous A13+ ion from the usual value of 4.5 to above 8 in vitro [76]. All of 
these dietary constituents are thus a priori capable of enhancing the absorption of 
aluminium by solubilising more of its salts. This has been experimentally confirmed 
in rats: in healthy animals [ 1093, aluminium retention was significantly increased in 
most tissues, with ascorbate and citrate showing the highest rate of metal accumula- 
tion; in uremic animals, ascorbate, citrate and lactate significantly raised the elimina- 
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tion of aluminium into urine, presumably because of enhanced g.i. absorption of the 
element [ 1101. The administration of lactate also increased the g.i. absorption of 
aluminium in mice [115]. A systematic investigation of the influence of common 
dietary constituents (lactate, tartrate, gluconate, malate, succinate, ascorbate, citrate 
and oxalate) on the absorption (and retention) of aluminium from drinking water 
and diet was recently carried out with mice [ 1081: all these compounds significantly 
increased the aluminium levels in bone, aluminium concentrations also being raised 
in brain by lactate, gluconate, malate, citrate and oxalate, in spleen by gluconate 
and ascorbate, and in the kidney by gluconate and oxalate. 

Among substances that can associate with the aqueous A13+ ion, silicic acid would 
play a particular role with regard to aluminium absorption. Based on the geographic 
relation observed between AD and aluminium in drinking water [ 1161, it has been 
proposed that the interaction of aluminium with silicic acid restricts the absorption 
of the metal in the g.i. tract [117-1191 and that the classification of silicon as an 
essential trace element might only be due to its capacity to limit the bioavailability 
of aluminium [ 1201. These points are developed in Birchall’s chapter in this 
special issue. 

2.2. Aluminium-ligand interactions and aluminium excretion 

Because of the complex relationship between concentration and protein binding 
of aluminium in plasma3, it is difficult to assess quantitatively the role of the kidney 
in the excretion of the metal [91]. Aluminium renal clearance decreases with increas- 
ing aluminium plasma level. However, since this level in healthy subjects is low 
(10 pg 1-l or less), it seems likely that the kidneys play an important role in 
aluminium excretion [91]. Calcium metabolism would be involved in this process 
through calcium-regulating factors such as PTH and vitamin D [60]. 

Ligands capable of significantly binding aluminium in plasma are expected to 
interact with its renal excretion. For example, citrate and ascorbate have been shown 
to enhance aluminium urinary excretion in rabbits [ 1031, as does ascorbate in man 
Cl211 and also ascorbate, citrate and lactate in uremic rats [ 1101 (see above). In 
line with this, dietary citrate increased retention of metal in rats fed aluminium, but 
increasing citrate did not enhance aluminium accumulation linearly (i.e. citrate 
favoured aluminium excretion) [ 1221. To avoid the complications of altered g.i. 
absorption, Lote et al. [ 1231 investigated the effect of citrate on aluminium excretion 
in rats using intravenous administration of both metal and citrate: (i) plasma alumin- 
ium concentrations were higher in the groups given aluminium chloride than in 
those receiving aluminium citrate, this indicating a higher volume of distribution for 
the citrate form (i.e. a greater capacity to leave the plasma); (ii) the ultrafiltrability 
of plasma aluminium following administration of aluminium chloride was about 1% 
whereas it reached nearly 80% with aluminium citrate, values which compare well 
with the ultrafilterability of the same salts in aqueous solutions (1% and 97%, 

3 In an absolute sense, the Al-protein binding in plasma increases with increased plasma aluminium 
concentration, but, at least up to about 200 ng ml-‘, the corresponding fraction decreases [123]. 
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respectively)4; (iii) urinary aluminium excretion in vivo was found to be much greater 
for aluminium citrate than for aluminium chloride. Similarly, citrate (unlike maltol) 
coadministered with aluminium to rats intraperitoneally led to lower aluminium 
serum levels than aluminium alone [ 1241. This result was also interpreted as being 
due to the capacity of citrate to enlarge the ultrafiltrable fraction of aluminium in 
serum. A more recent study in which aluminium was injected intraperitoneally into 
mice with in turn citrate, malate, tartrate and isocitrate reached a similar conclusion 
[ 1251. Hepatic and renal aluminium concentrations were found to be low for the 
Al-citrate mixture while hepatic aluminium concentrations were considerably higher 
for the other three organic acids. Compared with the sole administration of metal, 
urinary excretion of aluminium was at a high level with all organic acids. As 
aluminium citrate added to control serum in vitro was present only as 1.m.m. fraction 
whereas the metal occurred as both 1.m.m. and h.m.m. fractions when added with 
other acids, it was suggested that the aluminium 1.m.m. fraction was excreted into 
the urine, a significant part of the h.m.m. fraction being transferred to the liver [ 1251. 

The above consensus on the role of citrate as a mobiliser of aluminium into its 
1.m.m. (ultrafiltrable) fraction has lately been questioned. In rats previously loaded 
with aluminium, perfusion of citrate increased the aluminium excretion rate above 
the basal state, this increase being directly related to that of the citrate excretion 
rate [ 1261. However, as aluminium excretion rose more slowly than the plasma 
citrate level and as there was no significant change in plasma aluminium fractions 
with citrate infusion, it has been suggested that the increased excretion of aluminium 
is independent of the aluminium filtered load and may be the result of changes in 
the handling of the metal within the kidney. A possible alternative explanation may 
be that the significant changes that are visible in urine may result from insignificant 
changes affecting the stationary states pertaining to plasma. In other words, the 
additional 1.m.m. aluminium mobilised by citrate would be excreted as it is formed. 

2.3. Aluminium-ligand interactions and aluminium distribution in vivo 

The aluminium which reaches the systemic blood circulation and is not excreted 
through urine accumulates into tissues where it is strongly bound. Accordingly, the 
concentration of aluminium in blood reflects recent exposure rather than the total 
body burden of the metal [ 62,127]. Animal experiments have shown that the increase 
in blood concentrations after a lo-week administration of various aluminium com- 
pounds was invariably accompanied by a retention of the metal in brain and bone 
tissues [ 1281. In addition, a positive aluminium balance has been reported in non- 
uremic patients who showed a moderate increase in plasma aluminium after treat- 
ment with Al-containing antacids [ 1291. Aluminium-ligand interactions play a 
determining role in the processes involved. A microdialysis study of the aluminium 
distribution into brain and liver of rats and rabbits following intravenous aluminium 
lactate or citrate at 500 pmol Al kg-’ (13.5 mg Al kg-‘) was done by Yokel et al. 

4 Even though the phosphate buffer used in these latter determinations may have interfered with the 
results, citrate clearly maintains aluminium in an ultrafiltrable form. 
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[ 1303. Tissue/blood dialysable aluminium ratios (TBR) for liver were found near 
unity, suggesting unhindered diffusion of aluminium between blood and liver. In 
contrast, brain TBRs were less than unity, demonstrating a partial blood-brain 
barrier (BBB) to aluminium. The brain TBR relative to aluminium lactate was 
superior to that for aluminium citrate, thus predicting a shorter transit time in brain 
extracellular fluid for aluminium lactate than for aluminium citrate: aluminium 
lactate would more rapidly cross membranes than aluminium citrate, enabling it to 
more rapidly leave the blood and pass through the extracellular space. These results 
show that the chemical form of aluminium may have an extremely important role 
beyond the issue of its oral bioavailability. For example, malt01 is a strong enhancer 
of aluminium accumulation in serum, brain and bone, in a dose-dependent manner 
[124]. Glutamate has also been suggested as a possible carrier for aluminium 
deposition in brain [ 1311. 

In connection with aluminium tissue distribution, it has been suggested that 
transferrin (Tf) is an important mediator of aluminium uptake by cells through the 
receptor-mediated endocytic process responsible for iron uptake, while citrate, 
although important in enhancing g.i. absorption of aluminium, is largely irrelevant 
to cellular uptake or transcellular transport at physiological pH [ 1321. 

3. Aluminium-ligand interactions and aluminium toxicity 

3.1. Aluminium-ligand interactions and neurodegenerative disorders 

A general theme in aluminium toxicity is accelerated cell death. Mechanisms have 
been described to account for this phenomenon from both acute and chronic alumin- 
ium challenges in which aluminium associations with both extracellular surfaces and 
intracellular ligands are implicated [133]. Most concern about aluminium toxicity 
refers to its derived neurodegenerative disorders, with a special mention to the 
potential implication of aluminium in the pathogenesis of AD [37]. 

3.1 .l. Aluminium and its access to brain 
Throughout the central nervous system (CNS), the function of the BBB is depen- 

dent on the integrity of a continuous layer of cell membranes that substances can 
cross primarily in one of two ways: (i) by transmembrane diffusion, depending mainly 
on the lipophilicity of the substance; (ii) by specific saturable transport systems (e.g. 
glucose) [ 1343. Although it does not disrupt the integrity of the membranes, alumin- 
ium may directly alter the BBB function. It is known to bind to BBB endothelial 
cells and to be deposited around the blood vessels in patients with dementia. 
Aluminium also increases the passage of many compounds thought to cross the BBB 
by transmembrane diffusion. In particular, it enhances the transport of many peptides 
in the blood-to-brain direction. This enhancement is not explained by a direct 
Al-peptide interaction, however, and would be due to an effect of aluminium on the 
very diffusion process. A similar effect could account for the transport of aluminium 
glutamate to brain evidenced in rats [ 1313. Aluminium also selectively affects satura- 
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ble transport systems (e.g. it inhibits the transport of enkephalins from brain to 
blood). 

A most significant work in respect of the access of aluminium to brain refers to 
Tf and its receptor [ 1353. Cells in the brain possess a specific high-affinity receptor 
for Tf that is independent of the metal being transported. This Tf-TfR system is 
postulated to be the route whereby the brain can access iron from the general 
circulation. It has been demonstrated Cl353 that a metal ion other than iron is 
capable not only of binding to Tf but also of utilising this interaction to gain access 
to cells in the brain via the Tf-TfB system. Thus, aluminium may be capable 01 
interfering with normal cellular iron homeostasis and could disrupt iron-dependent 
cellular processes (e.g. oxidative phosphorylation) in the CNS. Interestingly, ferritin 
isolated from the brains of AD subjects has a 6-fold higher aluminium content than 
normal age-matched controls [ 1361, which further suggests that aluminium is acces- 
sing the same cellular regulatory routes as iron. Even the levels of aluminium found 
associated with brain ferritin in vivo may adversely affect ferritin function [ 1371. As 
iron is a well established inducer of ferritin synthesis, aluminium may overload the 
tissue with ferritin by indirect stimulation. Brain is a highly aerobic tissue and in the 
presence of oxygen iron from ferritin produces hazardous free radicals [ 1381. 
Colocalisation of aluminium and iron in the brain would thus favour oxidative 
damage (see later). 

3.1.2. Aluminium and Alzheimer ‘s disease 
Alzheimer’s disease is characterised by the presence of large numbers of senile 

plaques and neurofibrillary tangles (NFTs) in the brain [ 1391. Neither neuritic 
plaques nor NFTs, however, are unique to AD, being present to varying degrees in 
normal ageing and other neurological diseases [ 1401. Both structures may contain 
a fibrous protein-carbohydrate complex known as amyloid, whose principal compo- 
nent is a peptide known as /I-amyloid (or A4 amyloid). It is likely that /I-amyloid 
results from the proteolytic cleavage of the amyloid precursor protein (APP) pro- 
duced by neurones and encoded by a gene on chromosome 21. It seems that abnormal 
APP metabolism is fundamental to the disease [ 1411, and the ability of the peptide 
to aggregate and form fibrils is critical [ 1421. Senile plaques, which have a filamen- 
tous structure, comprise both neuronal and non-neuronal elements. The neuronal 
components consist of degenerative and regenerative neurites. The non-neuronal 
components consist of amyloid protein and extracellular deposits such as aluminosili- 
cates [ 1431. Diffuse deposits of /&amyloid in the extracellular neuronal space are 
considered as precursors of the senile plaques [27,140]. Neurofibrillary tangles 
(NFTs) are primarily located intracellularly, consisting of paired helical filaments 
(PHFs) in the neuronal axon. As they persist in the brain even after the neurone has 
died, extra-neuronal NFTs can be seen in severely affected areas of the AD brain, 
marking the site of the original neurone. Abnormally phosphorylated 7, a protein 
normally associated with microtubules and rapid axonal transport, is the main 
component of PHFs [ 1443. Intracellular NFTs do not contain demonstrable amy- 
loid, but amyloid is deposited onto the extracellular NFTs, which do not contain z 
protein (possibly stripped away during neurone degeneration). Brain deposits of 
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aluminium have been identified in patients with AD, located within the senile plaques 
[ 1431 and NFT-containing neurones [ 1451 characteristic of the disease. 

Aluminium directly causes aggregation of P-amyloid, the major component of 
senile plaques [146]. Although the mechanism of this process is still unclear, it has 
been shown that aluminium binds directly to the peptide and changes its conforma- 
tion [ 1471, and that silicate can reverse both binding and conformation [ 1481. The 
capacity of aluminium to form polynuclear species acting as crosslinkers may play 
a role [ 1491. Interestingly, this aggregation was also induced by a radical generation 
system involving metal-induced oxidation of histidine, tyrosine and methionine resi- 
dues [150,151]. 

Evidence for the selective accumulation of aluminium within NFT-bearing neu- 
rones was obtained in subjects with AD [ 1521, the site of aluminium deposition 
being the NFT itself. Iron was also detected within NFTs, without any other metallic 
element being consistently present5. Aluminium induces NFTs in the perikaryon of 
neurones in vivo and in culture. In vitro, the binding of aluminium to neurofilament 
subunits causes a conformational change of the molecule (intrafilamentous reaction), 
and aluminium compounds strongly stimulate the interaction between neurofilaments 
(interfilamentous reaction) [ 1531. Maltol, whose aluminium complexes may penet- 
rate neuronal cells at neutral pH and low concentrations [33], promotes the effects 
of the metal [154]: the Al-malt01 mixture induced tangle formation in a dose- 
dependent manner, and the longer the treatment with a fixed dose, the greater the 
effects. The addition of citrate to the culture medium reduced tangle formation 
without affecting already formed tangles (see also Ref. [124]). 

AD-like changes in z protein processing have recently been found in the brain of 
renal dialysis patients following prolonged exposure to aluminium [ 1551, although 
none of the clinical features of dialysis encephalopathy was seen in that group. The 
most prominent biochemical change was the white matter accumulation of z protein 
endogenously truncated at Glu-391. Since truncation at Glu-391 is characteristic of 
z protein in the core of the PHF, white matter changes could be early events in 
PHF formation. More recently still, it has been shown that PHFz and AU, 
co-injected into rat brain form aggregates which persist longer than PHFz alone, 
and that neurones near the injection site acquire PHFz-like properties [156]. 
Aluminium would thus bind to PHFz, induce these proteins to aggregate and retard 
their proteolysis [ 1561. 

Aluminium at physiological concentrations may also alter the biological functions 
of DNA [157]. One important neurotoxic action of aluminium in AD-affected 
neocortex may be to increase the binding of histones, particularly Hl’, to DNA, 
which results in increased compaction of chromatin and reduced transcription 
[34,158,159]. Moreover, aluminium at physiological concentration has recently been 
shown to cause genetic malfunction through irreversibly unwinding supercoiled DNA 
pockets in the genome [157], this effect being prevented by EDTA. Aluminium is 

‘It was thus suggested that the beneficial effect of DFO on AD patients, which was attributed to 
chelation and removal of aluminium from the brain, might as well be due to iron sequestration as an 
inducer of oxygen free radicals (see above and later) [ 1521. 
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not the first metal to be able to uncoil the supercoiled DNA [ 1601, but it is the first 
to relax supercoiled DNA totally and immediately. Accumulation of aluminium in 
brain may also affect the regulation of RNA metabolism [ 1611. 

3.1.3. Aluminium and lipid peroxidation 
Aluminium has been shown to exert both oxidant and antioxidant effects in mouse 

brain membranes [ 1621. Its stimulatory effect on the peroxidation of brain homoge- 
nates, microsomes and myelin confirmed an earlier report that A13+ could increase 
Fe’+-induced peroxidation in liposomes and erythrocytes [ 1381. This prooxidant 
action was suggested to occur through interactions of the A13+ ion with membranes, 
subtle changes in the rearrangement of lipids increasing the availability of fatty acids 
to free radical attack or facilitating the propagation of lipid peroxidation. In particu- 
lar, membrane integrity was shown to be necessary for the manifestation of the effect. 
In contrast, A13+ . ions exerted an antioxidant action at much lower concentration, 
presumably through a replacement of iron at cellular binding sites. 

In a more recent study with liposomes [ 1631, the binding of A13+ to the membrane 
was confirmed as an important step in Al-mediated stimulation of Fe’+-induced 
lipid peroxidation. The aluminium prooxidant effect increased with decreasing pH 
and with increasing negative charge density of the liposomes, and was significantly 
correlated with the capacity of the A13+ ion to promote liposome aggregation, 
permeability and fusion. In addition, aluminium was demonstrated to cause fatty 
acid chain packing. Confirmation of these results was obtained by another group, 
who observed a marked stimulation of Fe2+ -induced liposomal peroxidation at 
pH 7.4, depending on the concentration of A13+ [ 1641. The lag phase of the reaction 
was shortened by the addition of aluminium in a dose-dependent fashion, this 
addition also resulting in a marked increase of the turbidity of the liposomal suspen- 
sion at pH 7.4 (but not at pH 5 nor at pH 7.4 in the absence of the liposomes). It 
was suggested that A13+ promotes the aggregation of the liposomes, and a good 
correlation was found between the stimulatory effect of A13+ and the turbidity change 
of the suspension [ 1641. 

3.2. Aluminium-ligand interactions and chelation therapy of aluminium intoxication 

For the last 15 years the only clinical treatment in use against aluminium intoxica- 
tion has been DFO [SO]. DFO is beneficial for the therapy of aluminium accumula- 
tion in the bone of patients with renal failure: bone histological studies before and 
after DFO infusion revealed differences similar to those observed between uremic 
patients with and without aluminium accumulation in bone [ 1651. DFO is capable 
of mobilising aluminium from tissue stores [ 1663: in patients on chronic hemodialy- 
sis, an intravenous infusion of 4 g DFO led not only to an elevation of total plasma 
aluminium levels but also to a marked increase in the ultrafiltrable fraction of 
aluminium (from 20% to 32%) [ 1661. A similar effect was observed following an 
intravenous administration of 100 mg per kg body weight DFO to patients on 
maintenance hemodialysis, whose total serum aluminium increased by more than 
2-fold while the proportion of ultrafiltrable aluminium increased by more than 4-fold 
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[ 1671 (Table 1). Reversal of osteomalacia and microcytic anemia and improvement 
of encephalopathy were reported in a child on continuous ambulatory peritoneal 
dialysis given intraperitoneal DFO (150 mg to each 750 ml dialysate) [168]. 
Improvement of anemia was also observed following DFO infusion in hemodialysis 
patients with Al-induced bone disease [ 1691. DFO therapy continues to remove 
aluminium for an extended period of time. Because of possible side effects, the end 
point to treatment in severely intoxicated patients (at maximum clinical improvement 
rather than after total aluminium removal) may be difficult to define. 

Potential substitutes for DFO have been experimentally investigated during the 
last ten years, sometimes with confusing results. For example, several potential 
antidotes (DFO, salicylate, citrate, EDTA, nitrilotriacetic acid (NTA), L-cysteine, N- 
acetyl+cysteine and dimercaptosuccinic acid (DMSA)) against acute aluminium 
intoxication have been tested in mice [170]. Citrate was found to be the most 
effective in reducing aluminium lethality, in increasing the urinary and fecal excretion 
of aluminium, and in reducing the concentration of metal found in most of the 
tissues studied [ 1701. A similar series of chelating agents (DFO, L-cysteine, salicylate, 
citrate, oxalate, malonate, succinate, malate and aurin tricarboxylate) was tested by 
the same group against acute aluminium toxicity in rats and mice [171]. Based on 
therapeutic index (LD,,/ED,,) and effectiveness (LD,, of treated mice/LD,, of 
controls) calculations, malate, succinate, oxalate and malonate showed the best 
results, especially malate and succinate. Salicylate, L-cysteine, but also, more surpris- 
ingly, DFO and citrate were found to be relatively less effective. In another study of 
the same group comparing the relative efficacy of citrate, malate, malonate, oxalate, 
succinate and DFO against the toxicity of aluminium in mice [172], malate and 
succinate were the most effective in terms of survival at 14 days, whereas the largest 
excretion of aluminium was induced by malate and DFO in urine and by citrate in 
the feces. Malonate, oxalate, and succinate had no overall beneficial effects, and 
citrate was said to be the most effective agent of those tested in the prevention of 
acute aluminium intoxication [ 114,172]. Intraperitoneal citrate, malate, succinate 
and DFO were also administered for 2 weeks to mice which had previously received 
intraperitoneal aluminium nitrate at a daily dose of 0.27 mmol kg-’ for 5 weeks 
[ 1731. All four chelating agents significantly increased the fecal and urinary excretion 

Table 1 
Aluminium ultrafiltration in control and dialysis patients (from Leung et al. [167]) 

Subject n Total Al @g/l) Al,,(%) 

Healthy controls 
Patients with normal renal function 
Renal-dialysis patients 

Pre-DFO 
Post-DFO 

10 7X+5.8 14.5*3 
24 14.Ok5.6 16.2+4 
20 

140 + 62” 19.7f7a 
311+117*‘s 85.8f9LBb 

Results are means f SD. Al,, = proportion of serum aluminium ultrafiltrated; n = number of subjects; 
a P 4 0.001 as compared with controls; b P < 0.01 as compared with pre-DFO values. 
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of aluminium and reduced its concentration in various organs and tissues, with 
citrate being the most effective. Citrate, malate and succinate were proposed as 
possible alternatives to DFO in aluminium toxicity [ 1731. More recently, the relative 
effectiveness of DFO, Ll, citrate and succinate in mobilising aluminium and promot- 
ing its excretion were compared in female uremic rats which had previously received 
aluminium nitrate [ 1741. Although the daily amounts of aluminium excreted into 
urine by Ll-treated rats were significantly higher than those of the controls, most 
animals died during the period of treatment. None of the compounds tested signifi- 
cantly altered the concentration of aluminium in bone, kidney and brain under the 
conditions of the study, whereas only DFO and succinate significantly reduced the 
levels of aluminium in spleen. Ll and citrate significantly reduced the liver alumin- 
ium burden. 

A series of potential Al-sequestering ligands have also been tested in terms of 
aluminium solubilisation, distribution in an octanol-aqueous system and mobilisa- 
tion of Tf-bound aluminium [ 391. When possible, the octanol-aqueous distribution 
coefficient of each Al-ligand complex was also determined to predict the likelihood 
of redistribution within or excretion from the intact animal. Aluminium complexes 
were usually more hydrophilic than their parent ligands. As a conclusion, 3-hydroxy- 
4-pyridinones and di- and trihydroxamic acids were proposed as promising com- 
pounds. In Yokel’s recent review on the topic [40], some carboxylic acids have been 
suggested as possible DFO substitutes; however, as these can increase aluminium 
absorption and the aluminium body burden, it was concluded that no satisfactory 
alternative to DFO has yet been shown. 

4. Experimental speciation of aluminium in vivo 

As is the case with all metals (see Ref. [68] for a review), the characterisation of 
the protein-bound fraction of aluminium in biofluids is relatively easy. In contrast, 
the identification of the ultrafiltrable species presents more difficulties [ 1751 and 
remains largely beyond direct experimental reach [ 69,701. First, the number of small 
ligands (especially with oxygen donors) capable of competing for aluminium in vivo 
is very large, the situation being further complicated by the possible formation of 
mixed-ligand complexes [ 1761. Second, aluminium complexes with these ligands are 
generally colourless, thus identification by spectrophotometric methods is not pos- 
sible. Third, separation of the individual complexes by conventional methods is 
tedious and time consuming, and, above all, there may be alteration of the species 
during the fractionation [ 1751. Therefore, most of the experimental data available 
on aluminium speciation in biofluids refer to the h.m.m. fraction. 

Despite the easy evaluation of the aluminium binding to protein, there are large 
variations in the values reported for its extent (8-98%) [91]. In general, the findings 
are based on ultrafiltration experiments, and the ultrafiltrability of aluminium in 
plasma depends on its concentration. Increasing the concentration of the metal is 
said sometimes to decrease its ultrafilterability (Ref. [91] and references therein), 
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sometimes to increase it [ 177,123]. This discrepancy may arise from the basis of 
comparison used (see footnote 3). 

Initially, Elliott et al. [4] proposed that 60 to 70% of aluminium in plasma was 
bound to h.m.m. proteins, 10 to 20% to albumin, the remaining 10 to 30% being 
ultrafiltrable, whereas Lundin et al. [178] estimated that about half the plasma 
aluminium was bound to a protein of a molar mass greater than 8 kg mol-’ and 
the rest was ultrafiltrable. King et al. [179] using gel filtration chromatography 
described aluminium binding in serum as being associated with large proteins (e.g. 
a,-macroglobulin), albumin, and possibly smaller proteins and inorganic anions. 
Combining gel filtration chromatography with UV difference spectroscopy, Trapp 
was the first to characterise the association between aluminium and Tf in addition 
to albumin [ 1801, and to indicate that at least one of the two specific iron sites was 
involved in the AI-Tf binding (CO2 requirement). By contrast with previous findings 
[ 1793, Gardiner et al. using gel permeation chromatography found no evidence of 
a fraction with a molar mass higher than 100 kg mol-’ in human blood serum 
[175], and concluded that (i) albumin and Tf were the major proteins to bind 
aluminium, (ii) a slow exchange of aluminium occurred between species, (iii) the 
1.m.m. aluminium fraction was made up of mainly inorganic complexes, (iv) the pH 
of the serum determined the level of this fraction (10% of the total aluminium 
at pH 7.4). 

The notion of Tf as the predominant plasma Al-binding protein was introduced 
by Cochran et al. [ 1811 from gel filtration analysis of human post-dialysis plasma. 
Both albumin and Tf were distinguished by immuno-diffusion in the fractions con- 
taining aluminium, but whereas adjacent fractions showed a highly reproducible 
AI:Tf ratio, no consistent relationship was found between aluminium and albumin. 
Two Al-binding sites were characterised on Tf by spectrophotometric titration, and 
an affinity constant was estimated near 2.5 x lOi M-’ [ 1821. It was concluded that 
Tf was the major, and probably sole, protein carrier of aluminium in plasma, a small 
amount of metal probably being associated with phosphate and citrate. Transferrin 
was confirmed to be the major Al-binding protein in both normal subjects and 
uremic patients in a comparative study [ 1831 in which 46% of total serum aluminium 
was found to be ultrafiltrable (< 10 kg mol-‘) for 30 healthy individuals and 33% 
for 30 patients with chronic renal failure. The presence of an h.m.m. aluminium 
complex attributed to Tf was also confirmed in rat serum by gel filtration chromatog- 
raphy [177]; in addition, aluminium was shown to be associated with citrate, and 
Tf and citrate were suggested to interact in the binding of aluminium [ 1771. 
Contrasting with the above studies, competitive assays of aluminium binding to Tf 
in the presence of citrate and albumin at molar ratios corresponding to those found 
in normal plasma revealed that a considerable amount of aluminium was not bound 
to Tf [ 1841. Taking a concentration of 5 PM as a typical value observed for the 
plasma of patients on hemodialysis [185], the competitive binding assays indicated 
that -60% of it was bound to Tf, -34% to albumin and the remainder to citrate. 
It was therefore suggested that, although Tf at pH 7.4 is the major Al-binding 
component of plasma, an appreciable amount of aluminium present in patients on 
hemodialysis may be bound to albumin. 
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More recently, Favarato et al. [ 1861 using size exclusion chromatography resolved 
up to five h.m.m. aluminium complexes in the sera of hyperaluminemic individuals, 
against one to three in normal serum. In normal subjects, Tf (and possibly albumin) 
would thus be the major aluminium carrier(s). With aluminium concentrations above 
200 nM, other proteins such as cc,-macroglobulin, immunoglobulins, hepatoglobin 
and also a fraction provisionally designated as albindin are involved in aluminium 
binding and transport, with different affinities [ 18616. Incidentally, DFO treatment 
significantly decreased the proportion of aluminium bound to albumin-Tf but 
increased that bound by albindin [ 1871. From the kinetic point of view, a major 
problem of iron chelation therapy is the slow rate of the release of the Tf-bound 
iron [ 1881. The fact that the rate constants for the release of aluminium from A&T1 
are 2 to 4 orders of magnitude larger confirms that Tf-bound aluminium is effectively 
a possible target for sequestering ligands [ 1891. 

Comparatively to the aluminium protein fraction, experimental data relative to 
the ultrafiltrable pool of the metal are extremely limited. Evidence for an Al-citrate 
association in rat serum has been produced [ 1771, but attempts to investigate the 
speciation of the Al-citrate system in biological samples by HPLC proved unsuccess- 
ful [70]. The aluminium binding to citrate in plasma has recently been confirmed 
by proton NMR [ 1901. More interesting experimental data have been obtained 
relative to Al-citrate speciation in the g.i. tract. Partitioning studies in vitro between 
water and ethyl acetate revealed that uncomplexed aluminium exhibited maximum 
partitioning into the ethyl acetate phase at pH 2.5 [ 1061. When complexed with 
citrate, aluminium exhibited partitioning over a much broader pH range (2.5-8.0). 
In vivo rat gut perfusion studies carried out at pH 4, 6 and 8 have shown that citrate 
increases aluminium plasma levels as well as soluble aluminium in the perfusate at 
all three pH values [ 1063. These results, interpreted in terms of absorption of soluble 
aluminium species by passive diffusion (or rather solvent drag), confirm the mecha- 
nism by which citrate facilitates aluminium g.i. absorption (see above). 

5. Speciation calculations on aluminium distribution in vivo 

In the absence of direct experimental data, the analysis of the ultrafiltrable fraction 
of aluminium must be based on calculations. Regardless of the sophistication of the 
technique employed, these calculations must satisfy two criteria: relevance and reli- 
ability. The notion of relevance implies (i) the use of a correct mode of representation 
of one or several variables as a function of characteristic parameters, i.e. (mainly) 
the choice of an appropriate simulation program, and (ii) a realistic selection of the 
most important reactants present in the involved biofluid in relation to the problem 
being investigated and a correct estimation of their concentrations, i.e. the constitu- 
tion of a correct model. Once a relevant simulation model has been constituted, the 
reliability of the calculations run with it is a direct function of the thermodynamic 
data used. A rigourous selection, or, better, determination under appropriate condi- 

6 And also possibly an 8 kg mol-’ polypeptide [ 1861 
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tions, of stability and solubility product constants is thus required for all the com- 
plexes possibly formed between the reactants included in the model. This latter 
aspect carries a particular weight in the case of aluminium, because of the difficulty 
in studying its complexes. 

5.1. Modes of calculations and simulation models 

There are basically two modes of quantifying the influence of ligands on the 
distribution of a metal ion in a biofluid: (i) implicitly, by using effective [ 1911 (or 
conditional [ 1921) stability constants’ for a direct comparison between ligands (but 
these constants are difficult to evaluate properly), or by using simpler conditional 
pH-dependent constants for calculating equilibrium concentrations of the “free” 
(aquated) metal ion in the relevant medium; (ii) explicitly, by using a simulation 
model. It is to be noted that if the implicit mode allows an absolute classification of 
ligands by order of potential binding capacity (which, for example, may be sufficient 
to select an exogenous chelating agent), the use of a simulation model is necessary 
to estimate the relative importance of complexes from various endogenous ligands 
coexisting in vivo (for more details, see Ref. [193]). 

Gastrointestinal fluid and blood plasma are the two main biofluids for analyses 
relative to aluminium metabolism. The basic difficulty in studying the influence of a 
given ligand on the distribution of a metal ion in the g.i. fluid lies in the diversity of 
the nutrients ingested among individuals, which prevents any standardisation of the 
diet composition. Also, the variation of pH along the g.i. tract from about 2 to 8 
must be taken into account. Usually the distribution of the metal is therefore 
calculated in an empty stomach, its percentage in each complex being plotted as a 
function of pH. This simplified graphical representation is extendable to three dimen- 
sions, which makes it possible to analyse the influence of a third reactant on the 
interactions between metal and ligand [ 1941. 

From a computational point of view, blood plasma seems easier at first sight 
because its pH is fixed at 7.4. It is in fact a much more complicated problem, because 
most of its innumerable components occur at virtually constant concentrations 
within known limits and all must therefore be taken into account a priori. A first 
difficulty is thus to select the most important reactants for the question to be solved. 
Another important difficulty is to choose how to consider metal-protein equilibria 
in the calculations. Practical association constants calculated for metal-protein inter- 
actions (see below) are far from true thermodynamic data. Results of calculations 
directly including these must thus be regarded simply as indications of potential 
mobilising capacities [ 1951, as are “PM” values. Fortunately, a simulation program, 
ECCLES [196], exists in which free reactant concentrations may be used as input 
data and thus avoid this difficulty [197]. This is not an immediate advantage for 
aluminium, which, as a detrimental metal, suffers no regulation of its free concen- 

7 Which take into account not only the binding between the metal and ligand in question but also the 
ligand affinity for the proton and other metal ions as well as the metal affinity for other ligands present 
in the biological medium. 
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tration in plasma, but this problem has been circumvented [ 1981. Another advantage 
of ECCLES is the great number of species that can be accommodated simultaneously. 

5.2. Formation constant determinations 

Investigating aluminium complex formation in aqueous media is not an easy task. 
The first difficulty lies in the very strong tendency of the A13+ ion to hydrolyse. The 
fact that hydrolysis equilibria must be taken into account throughout virtually the 
whole pH range accessible to glass electrode potentiometry greatly complicates the 
calculations relative to complex formation with other ligands. The slow kinetics of 
the hydrolysis process is an additional problem from the experimental point of view, 
especially with ligands with a relatively low affinity for aluminium. It is thus particu- 
larly important (although often overlooked) that measurements relative to Al-ligand 
interactions be referred not only to ligand-proton but also to Al-hydroxide equilib- 
rium constants determined under identical experimental conditions. Secondly, alu- 
minium complexes tend to polymerise. Not only does this make the discrimation of 
the “best” set of constants within the reactant concentration range investigated more 
difficult, but also close attention must be paid to the applicability of such constants 
under physiological conditions (see later); another factor to be taken into account is 
the temperature-dependence of metastable polymerisation equilibria (i.e. conclusions 
drawn at 25 “C may not apply at 37 “C). Finally, electrically neutral aluminium 
complexes are particularly prone to precipitation (e.g. Al(OH)3, AlPOd). This makes 
the experimental study of their stabilities a real challenge and has often led to soluble 
forms being ignored in discussions concerning the distribution of aluminium in vivo, 
despite their potential significance. Keeping all these difficulties in mind may help 
in understanding how speciation data pertinent to living systems may sometimes be 
so controversial. 

5.2.1. Aluminium hydrolysis 
In very acidic aqueous media (pH < 3), aluminium exists in the form of the 

A1(H20)63+ ion. As the pH increases, rapid and reversible [ 1991 deprotonation of 
the solvating water molecules gives rise successively to [Al(OH)( H,O),]* -I-, 
CAW-MW%I+ 9 AWW,UWh and [Al(OH),(H,O),]- . Small polynuclear 
species such as [A12(OH),(H20),]4’, [A13(OH)4(Hz0)10]5+ may also form less 
rapidly, and more slowly still the large polymeric ion [A1,304(0H)24(H20)12]7’. 
Clearly the main technical difficulty in investigating aluminium hydrolysis arises 
from the very slow reaction process, which never seems to reach true equilibrium. 
The precise conditions of hydrolysis (e.g. composition of solutions and rate at which 
they are combined, agitation, temperature) determine the nature and quantity of 
transient polymeric species, colloidal particles, or amorphous solid phases formed 
[ 1991. The diverse approaches to tackle this problem are probably at the origin of 
the discrepancies observed among different groups. Also, the degree of cooperativity 
in the successive mononuclear equilibria [ 2001 adds indeterminacy as to the interme- 
diate species A1(OH)2+ and AI(O At 25°C a consensus exists on Baes and 
Mesmer’s selection (written in the simplified manner) [ 1991: Al(OH)2’, Al(OH), ‘, 
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A1(OH)3, Al(OH),- , A12(OH)24+, A13(OH)45+, and A1,,(OH)327+, but other species 
such as [AI,,(OH), [201,202] have also been suggested. Only one investigation 
has been performed at 37°C in which the influence of the kinetic factor on the 
stoichiometries of the potential hydroxides and the accuracy of their formation 
constants was assessed within extreme conditions [203]. The practical choice of a 
specific operational protocol was made so as to obtain the closest similarity with 
the kinetic conditions relative to Al-ligand interactions; the corresponding constants 
therefore apply in those specific conditions only. 

5.2.2. Aluminium complexation 
Competition for the Al 3f ion between hydroxide and other ligands is governed 

by thermodynamic and kinetic factors. From the thermodynamic point of view, the 
high charge-to-radius ratio of the Al 3+ ion predicts its preference for electrostatic 
rather than covalent binding [59,97] ( i.e. for “hard’‘-“hard” associations in the 
HSAB terminology). Thus, aluminium forms stable complexes with ligands contain- 
ing negatively charged organic functional groups [204], especially strongly basic 0 
atoms (phenolate O- , carboxylates, phosphonate O-), even though size may become 
determining when N atoms are appropriately spaced to form five-membered or six- 
membered metallocycles (e.g. EDTA, DTPA). Kinetically, A13+ is regarded as a 
“sluggishly labile” metal ion and the exchange of bound ligands is thought to roughly 
follow the aquo exchange rate [ 2051. 

It is beyond the scope of this review to make a critical evaluation of the formation 
constants of all aluminium complexes thus far identified. Selected values of these can 
be found in recent constant tables (see e.g. Ref. [204], Vol. 6, 19891 or databases 
[206-2081, or in other recent reviews [ 38,44,209]. Nevertheless, a few ligands are 
of particular relevance to aluminium speciation in vivo, and a quick examination of 
the available data relative to these may help to trace the origin of conflicting 
speciation models. A good example of these is citrate. Given its importance in 
aluminium metabolism (see above), citrate is one of the ligands whose interactions 
with aluminium have been the most studied [ 198,210-2161. If we disregard an initial 
partial study at 25 “C [214], the first investigation of the system at 37 “C in NaCl 
0.15 mol dme3 [212] led to the characterisation of MLH, ML, ML(OH) and of 
ML*(OH) as a minor species, no mention being made of the pH interval investigated 
nor of the metal hydrolysis constants used (if any)s. At 25 “C in NaCl 0.6 mol dm-3 
(2 < pH < 8), Ohman and Sjijberg [ 2101 using hydrolysis constants determined under 
appropriate conditions [217] reported the existence of MLH, ML, ML2 and 
M,L,(OH), (the latter being shown to be predominant over MzLz(OH), in 1: 1 
metal:ligand ratio experiments at 3 <pH<4). At 25 “C in KNO, 0.1 mol dmm3, 
Motekaitis and Martell [ 21 l] using hydrolysis constants selected from the literature 
found MLH, ML, ML(OH) in the 2.5-8 pH range. A larger number of species, 
MLH, ML, ML,H, ML,, ML,(OH) and ML,(OH),, was found by Gregor and 
Powell [213] with an excess of citrate over aluminium at 25 “C in 0.10 mol dme3 
(pHc7.0); owing to this excess, aluminium hydroxides with equilibrium constants 

’ Considering citrate as a trianion. 
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taken from Ref. [217] did not account for more than 0.03% of the metal in solution. 
The second study performed at 37 “C in NaCl 0.15 mol dmm3 (1.7 <pH ~9) using 
hydrolysis constants specifically determined for those conditions (see above) [ 1981 
reported the existence of MLH, ML, ML,, ML,(OH), ML,(OH)2, M,L,(OH)2 and 
M3L3(OH)4. More recently, Ohman [215] published a complement to his first 
investigation [ZlO], characterising in addition (i) ML(OH) and ML(OH)2 from 
“time zero” data in slightly acidic solutions (3 <pH<7) and (ii) M3L3(OH)7 at 
equilibrium in slightly alkaline solutions (7 < pH < 9.5). In the third study at 37 “C 
in 0.15 mol dm- ’ (2.0<pH < 6.6), Findlow et al. [216] using hydrolysis constants 
adapted from the literature found MLH, ML, ML(OH), ML(OH),, ML, and 
ML,(OH), but mentioned no polynuclear species. 

From the kinetic point of view, Jackson [212] mentioned that long delay times 
(20 min) were necessary to attain equilibrium. Ghman and Sjijberg [210] reported 
up to 6 h for equilibration in “less acidic solutions” at “low” ligand-to-metal ratios. 
Motekaitis and Martell [ 21 l] observed “variable” equilibration times, excluding 
from the calculations cases where the potential drift continued beyond 4 h. In 
contrast, owing to the high ligand-to-metal ratios in their experiments, Gregor and 
Powell [213] used no data for which the pH equilibrium time exceeded 10 mn. On 
the other hand, Venturini and Berthon [198] noted that the 2 min frequency of 
additions in the above-mentioned protocol was almost always sufficient to reach 
true equilibrium. Similarly, Findlow et al. [216] using data taken at 5, 10 and 15 
min after titrant additions reported little observable difference in their final results. 
Although equilibration times appear to depend mainly on the respective metal and 
ligand concentrations, which determine the nature and proportion of aluminium 
hydroxides, it thus seems that equilibrium is reached much faster at 37 “C than at 
25 “C, which confirms that conclusions drawn at 25 “C may not apply at 37 “C. Even 
at the same temperature, however, results from different sources are still far from 
concurring: the distribution profiles plotted in Fig. 1 of Gregor and Powell [213] 
are very expressive in this respect, and even apparently small differences in the 
experimental cell may diversely affect aluminium simulated distributions in vivo. 
Regarding the indetermination between ML(OH) and M,L,(OH)2 or/and 
M,L,(OH), for example, ML(OH) will always be favoured in blood plasma while 
in the g.i. tract M3L3(OH)4 may well predominate (see later). 

Another ligand of considerable physiological importance whose aluminium com- 
plexes are still more badly characterised than those of citrate, in spite of their high 
stability, is phosphate. The reason for this is the insolubility of the neutral AlPO, 
over a large pH intervalg. The first systematic investigation of the Al-phosphate 
system by ion exchange and pH titration [218] in very acidic media (pH< 2) 
confirmed Bjerrum and Dahm’s pioneering work [219] indicating that the three 
anionic forms H,P04-, HPOd2- and POd3- were all potential ligands of aluminium. 
The existence of M2L, M,L(OH), M2L(OH)2, MLH, MLH, and ML,H, was pos- 
tulated but no formation constants were calculated for these. 27Al and 31P NMR 
studies at very acidic pH (1) led to the qualitative characterisation of MLH,, MLH, 

’ Covering in particular the almost complete physiological range. 
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and ML2H4 complexes, with two binuclear species and a series of polymeric M( LH,), 
species with n>2 [220]. More recently, a reinvestigation of the system with the 
same technique [221] suggested MLH3, MLzHs, MLH,, ML,H4, MLH and ML,H2 
to be the major species present under similar conditions. The first quantitative study 
of Al-phosphate equilibria was that of Jackson and colleagues [222,223-J, who 
calculated formation constants for MLH2, MLH and MLzH complexes from 
potentiometric measurements at 37 “C in NaCl 0.15 mol dmP3 (2 <pH <4). A 
subsequent study in our laboratory by the same technique and under the same 
conditions extended the pH range investigated up to 11 for a series of experiments 
with metal-to-ligand ratios less than unity, while experiments with metal-to-ligand 
ratios equal or greater than unity were reported to precipitate near pH 3 [224]. For 
the first time, a constant was estimated for the ML complex whereas MLH,, MLH, 
M,L, M,L(OH)2 and M,L(OH), were the main species characterised. These results 
were later questioned by Duffield et al. [225], who observed the presence of a 
precipitate at all metal-to-ligand ratios and calculated lower stability constants for 
five of the above complexes [224] still thought to be physically significant”. It 
seems, however, that either there was no precipitate in DaydC’s experiments [226] 
and the stoichiometries of the proposed complexes were (and would still be) correct, 
or a precipitate has really been overlooked and not only are the constants question- 
able, but the species stoichiometries too. From speciation model considerations, 
Harris [227] recently called both DaydC et al.? 12241 and Duffield et al.% [225] 
results into question, and in new experiments in which precipitation has effectively 
been observed above pH - 3 [228], species stoichiometries have been found different 
from those characterized previously [224]. Interestingly, the constant established by 
Harris [227] for ML(OH) from linear free energy relationships (LFERs) has since 
then been shown to be overestimated by two orders of magnitude [229]. 

These two examples illustrate well the difficulties encountered in investigating 
aluminium 1.m.m. complex equilibria in solution, and such cases of discrepancy are 
many (see e.g. Refs. [78,209,216]) even though space is too limited to discuss more 
of these here (for a recent review see Ref. [205]). Another problem that deserves 
some comment is the determination of practical values for the association constants 
of aluminium with proteins. The large variations observed in protein-bound alumin- 
ium fractions measured experimentally (see above section) are a potential source of 
conflicting results. 

The only constant available for Al-albumin complexation was calculated by 
Bertholf et al. [230] using a chelex competitive binding assay. After appropriate 
corrections allowing for aluminium hydrolysis [ 591, the dissociation constant 
reported (1.96 PM) yields a logarithmic stability constant of 12.1 [ 1981, a value 
difficult to reconcile with chemical considerations [ 591 as well as with other findings 
[181,183] (see above section), and which must, therefore, be considered as a maxi- 
mum for simulations relative to plasma in patients on hemodialysis [ 1841. 

Being predominant in normal plasma, Al-Tf associations are much better known 
quantitatively. The first value calculated for an Al-Tf binding constant was that of 

lo M2LH(OH), was the only species to be discarded out of the six reported by Daydk et al. [224]. 
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Bertholf et al. [230] in parallel to that of albumin. Once corrected for aluminium 
hydrolysis [59], the dissociation constant (0.515 PM) yields a logarithmic stability 
constant of 12.68, which compares well with other values determined simultaneously 
[ 181,182] or more recently [ 184,185,231]. In the same year, Cochran et al. reported 
for the Al-Tf constant 13 (13.3-13.9; with 23.7 for Fe”‘-Tf) [ 1811 and 15.40 (with 
22.48 for Fe”‘-Tf) [ 1821. More recently, conditional step-stability constants (at 
pH 7.4 and 27 mM HC03-) have been assessed by Martin et al. as log K, = 12.9 
and log K,= 12.3 (for Al-Tf and Al,-Tf, respectively) from UV spectra using NTA 
and citrate as competing ligands to control the very low concentrations of free metal 
ion [ 2311. Another study carried out under identical conditions in all except that 
Hepes buffer was used instead of Tris resulted in log K, = 13.5 and log K,= 12.5 
[185], this difference remaining unexplained. The latest results have been obtained 
from a spectrophotometric study of aluminium binding to Tf in the presence and 
absence of citrate and albumin [ 1841. Apparent association constants have been 
calculated at pH 7.4: log K1 = 12.23 and log K2= 11.76, which reduce with both 
increasing and decreasing pH. As these constants have been determined without 
NTA in the presence of concentrations of NaCl and HC03-, close to those present 
in normal serum, their authors consider these, apparently with good reason, as the 
appropriate ones for speciation studies. 

5.3. Speciation calculations and aluminium metabolism 

In physiological applications of indirect chemical speciation, the knowledge of the 
biological milieu is not always sufficient to allow the constitution of a simulation 
model. In such cases, the rational use of conditional stability constants remains an 
irreplaceable tool to reveal the most salient features of the system. Many calculations 
in the recent reviews of Bruce Martin on aluminium bioinorganic chemistry 
[58,59,96,232-2341 are reference examples of this kind of approach. By definition, 
however, the use of simulation models which explicitly take account of more variables 
is preferable whenever the criteria of relevance and reliability can be reasonably 
satisfied. Such applications have thus far been virtually limited to the g.i. fluid and 
blood plasma. 

5.3.1. Gastrointestinaljluid 
As expressed in a previous section, the fraction of ingested aluminium that is 

solubilised and dissociated in the acidic stomach is normally expected to 
(re-)precipitate as the hydroxide or hydroxyphosphate on reaching the duodenum 
[74]. However, the occurrence of dietary acids in the g.i. tract may impair this 
protective phenomenon [76,77]: the aluminium complexes formed by the anions of 
these acids may be stable enough to maintain a significant amount of the metal in 
solution, and some of these complexes, or other species arising from other nutrients 
[205], can cross the g.i. membrane. Some of these effects have been analysed by 
computer-aided speciation, neutral complexes thought to readily diffuse through the 
membrane receiving particular attention. 
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First, simulations have been run to assess the influence of a series of dietary acids 
on the pH range over which AI(OHh and AlPOd can totally dissolve [78], which 
substantiated previous observations on the effect of some of these acids on Al(OH)3 
precipitation [ 761 (Table 2). Also, distribution profiles of aluminium citrate com- 
plexes have frequently been presented in support of the notion of aluminium absorp- 
tion through the neutral complex [AlCta]’ [59,78,198,205 J. Recent considerations 
[74,82] tend to reduce the impact of this neutral species on the aluminium absorption 
process (see previous section on aluminium absorption), but do not minimise the 
influence of aluminium complexation by citrate in general. In contrast, Partridge 
et al. [ 1061 have demonstrated that other Al-citrate complexes also can significantly 
elevate the partitioning of the metal from water to ethyl acetate in the pH range of 
the intestine (and increase aluminium plasma levels in gut-perfused rats). Comparing 
their results with distribution curves taken from Motekaitis and Martell’s study of 
the Al-citrate system [211], Partridge et al. [ 1061 suggested that the anionic complex 

Table 2 
pH intervals between 1 and 8 within which AI( or/and AIPO, can totally dissolve in the presence 
of dietary acids (from Berthon and DaydC [78]) 

Acid Al concentration 
(mol dm-3) 

pH range 

Al(GHb AlPOd 

None 0.005 < 3.9 1-8 
0.05 <3.6 < 2.4/7.1< 
0.5 <3.2 < 1.8 

Citric acid 0.005 1-8 l-8 
0.05 < 3.7 < 2.4J7.7 < 
0.5 < 3.2 < 1.8 

Malic acid 0.005 < 7.0 1-8 
0.05 < 3.9 < 2417.7 < 
0.5 13.2 < 1.8 

Oxalic acid 0.005 < 6.4 l-8 
0.05 < 3.8 < 2.417.1 i 
0.5 <3.2 <1.8 

Succinic acid 0.005 < 4.3 l-8 
0.05 <3.7 < 2.411.7 < 
0.5 < 3.2 <1.8 

Tartaric acid 0.005 < 5.8 l-8 
0.05 < 3.7 < 2.417.1 i 
0.5 <3.2 < 1.8 

Aspartic acid 0.005 <4.7 1-8 
0.05 < 3.8 <2.4 
0.5 < 3.4 <I.8 

Glutamic acid 0.005 <4.7 l-8 
0.05 < 4.2 <2.4 
0.5 <3.4 <1.8 

Acid concentrations: citrate 0.0312 M, malate 0.0466 M, oxalate 0.0278 M, succinate 0.01 M, tartrate 
0.02 M, aspartate 0.06 M, glutamate 0.068 M. 
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[MLH- 1]- was responsible for this phenomenon. However, the concentrations used 
for these calculations (0.002 mol dm -3 for aluminium and citrate; see Ref. [21 l] and 
their Fig. 8) are far from those employed in their own experiments (0.1 mol dmP3 
for aluminium and 0.1 mol dme3 or 0.2 mol dme3 for citrate), and simulations run 
with their experimental concentrations and thermodynamic data determined under 
physiological concentrations [ 198]( results not shown here) indicate that [ MLH _ 1] - 
(or [M,L,H_J-), but also [M3L3H_4]4- and [ML213-, depending on the metal- 
to-ligand ratio, are present within the extended partitioning range (lS<pH < 8). 
Surprisingly, this confirms that anionic (hence water-soluble) Al-citrate complexes 
would enhance partitioning from water into an organic phase. 

Thus, solubility seems to be the major requirement for increased aluminium 
absorption in the presence of citrate [ 1061”. However, this does not exclude the 
possibility that other ligands may induce the same net effect through formation of 
neutral aluminium complexes. For example, such species have been shown to be 
significant over relatively large pH intervals with tartrate and succinate, ligands 
which have been shown to increase bone aluminium levels in mice [108]. Fig. 3 
shows the distribution of 0.0005 mol dmP3 aluminium in the presence of 0.02 mol 

1 2 6 7 3 4 5 
- log [Ii+] 

Fig. 3. Distribution profiles of Al complexes with tartrate in the g.i. fluid. Reactant concentrations are 
C,, =0.0005 mol dm-a and CTra = 0.02 mol dme3. The broken line represents the percentage of the 
AlCta” complex under identical conditions (C,,=O.OOOS mol dm-s and C,, =0.02 mol dmm3). From 
Daydb and Berthon [237]. 

r’ Presumably because of the demonstrated role of citrate in the opening of cellular junctions [82] 
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dmm3 tartrate, which corresponds to 2.7 mg of aluminium (about half the environ- 
mental aluminium ingested daily [235]) and 0.6 g of tartrate (the average amount 
in a glass of white wine [236]) in 200 cm3 of water. Under these conditions, the 
percentage of the neutral complex [Al,Tra,H_,]’ reaches 81.6% (2.2 mg of alumin- 
ium) near pH 4 and remains over 10% from pH 2.5 to 5.5. Interestingly, with 0.05 
mol dm- 3 aluminium (a single dose of an antacid such as Maalox@ in the above 
volume of water) the same concentration of tartrate neutralises 34.7% of metal 
(about 93 mg) in the same form, and 3.45% with 0.5 mol dme3 aluminium, which 
shows that above a certain aluminium concentration, the absolute amount of metal 
neutralised remains constant whatever the intake, whereas the corresponding pH 
range slowly shifts towards more acidic values. Fortunately tartrate is much more 
sensitive than citrate to the competition of phosphate, which limits the formation of 
soluble neutral species provided the phosphate concentration is at least as great as 
that of aluminium [237]“. 

The potential effect of succinate is similar, although less important. As Fig. 4 
shows, a concentration of 0.01 mol dmm3 of succinate (approximately the amount 
present in a glass of wine [236] diluted to 200 cm3 in water) can neutralise up to 
64.2% of 0.0005 mol dme3 aluminium (1.7 out of 2.7 mg in the same volume of 
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Fig. 4. Distribution profiles of Al complexes with succinate in the g.i. fluid. Reactant concentrations are 
C~=O.O005 M and C&,=0.01 M. From Venturini-Soriano et al. [238]. 

I2 With therapeutic aluminium, this condition can in fact be fulfilled only if the metal is administered 
as AlPO,. 
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water) around pH 5, the maximum amount of aluminium which can be neutralised 
being about 8 mg from a concentration of 0.005 mol dmp3 aluminium onwards (i.e. 
approx. one-fifth of that neutralised by an equivalent concentration of tartrate) 
[238]. Like tartrate, succinate is very sensitive to the competition of phosphate. 

Concerning the relative toxicities of Al-containing antacids, the better safety of 
aluminium phosphate over Al(OH), previously suggested to be due to the poorer 
solubility of the former [lo] has recently been attributed to the combination of the 
coating protection of solid AlPO, with that of the non-absorbable Al,PO,(OH), 
complex [78]. However, as the validity of this interpretation depends on stability 
constants which have recently been questioned [225,227-J, it should be considered 
with caution until the situation is clarified. 

Other percent distributions of aluminium in the presence of phosphate at different 
pH values and with various concentrations and Al:PO, concentration ratios have 
also been calculated by Duffield et al. [225]. They should also be considered with 
caution as the constants used by these authors are equally open to question 
[227,228]. The Al-phosphate system is highly controversial. It has even been said 
that “the most likely pathogenic route of aluminium (was) via the phosphate complex” 
[ 2221. Incidentally, Jackson has also used computer simulation under g.i. conditions 
to assess the influence of malt01 on aluminium toxicity [239]. The mobilisation of 
90% of aluminium in the form of the neutral [Al(maltol)3]0 species near pH 7 at 
the concentrations used (0.1 mol dme3 aluminium and 0.3 mol dmp3 maltol) is 
expected to significantly enhance aluminium absorption. However, phosphate is once 
again expected to reduce this enhancing effect. 

Finally, regarding the claimed reducing effect of silicate towards aluminium absorp- 
tion [ 117-1191, Vobe and Williams’ calculations [240] predict that it is impossible 
for significant Al-silicate 1.m.m. complexes to coexist in the presence of citrate and 
phosphate in the intestinal fluid. 

5.3.2. Blood plasma 
Because of its central physiological role, blood plasma is the biofluid in which 

aluminium speciation has been the most extensively investigated. Corresponding 
results have been analysed mainly in terms of electrical charge for the predominant 
complexes into which aluminium is distributed: cationic or anionic species tend to 
be excreted via the renal system, while those which are electrically neutral induce 
tissue retention before they are ultimately excreted through the bile. Simulation 
models developed so far differ in (i) the number of metals and ligands which can be 
accomodated, (ii) the consideration of either total or free aluminium concentrations, 
and (iii) the stoichiometries and stability constants of the complexes taken into 
account. 

The number of reactants which can be included in a model depends on the 
capacities of the program used. Being designed to accomodate as many of these as 
necessary, ECCLES [ 1961 is certainly the best choice in this respect. Another 
determining advantage of ECCLES is the choice it allows between total and free 
metal concentrations as input data (see above). It may thus seem surprising that 
among the groups of authors of the different models published [ 209,224,225,227,241:], 
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notably the four running ECCLES [209,224,225,227], only one [224] used the free 
concentration of aluminium. This stems from the status aluminium as a detrimental 
metal (see Introduction). For essential (and beneficial) trace metals, the “buffering” 
of their free concentrations by proteins as well as the solubility products of their 
poorly soluble salts are sufficiently well known to allow the calculation of an interval 
within which their free concentrations may vary without affecting their percentage 
distributions [197]13. For aluminium, this interval was yet to be defined, and the 
group whose calculations were based on the free metal concentration [224] actually 
used the total concentration approach first [198]. On this occasion [ 1981, albumin 
was quantitatively confirmed to be a negligible ligand of aluminium in plasma 
compared with Tf, and the free A13+ concentration was shown to vary linearly with 
the total concentration up to lo-l6 mol dmm3; above this limit, the free concentration 
decreased more rapidly than the total concentration, because of the growing influence 
of the [Al,PO,(OH),]+ complex. Although the stability constant [225,227] and 
even the stoichiometry [228] of that complex have later been questioned, the 
prediction that the fraction of protein-bound aluminium should decrease with 
increasing plasma aluminium concentration has been experimentally validated in 
rats [ 177,242]. 

The use of the total concentration of aluminium in the calculations run by all 
groups (exclusively or not) allows a comparison of the values obtained for the 
protein-bound aluminium fraction (Table 3). These results can be divided into two 
groups: 57% [224] and 63% [209] on the one hand, and 83% [241], 80% [225] 
and 81% [227] on the other hand, to be compared with 54 f 7% determined 
experimentally on healthy individuals [183]. As practical constants for Al-Tf and 
Al,-Tf (K, = 1012.’ and K2= 10’2.3 [231], or K1 = 1013.’ and K2= 10’2.5 [ 1851) as 
well as Al-albumin (K= 1012.’ [ 59,198,230]) complexes are common to all these 
authors (supposedly for Ref. [225]), the discrepancies observed mainly arise from 
the different sets of constants selected for 1.m.m. complexes. 

The ECCLES model published by DaydC et al. [224] highlights the importance 
of the soluble forms of the two poorly soluble salts, aluminium trihydroxide and 
monophosphate (Table 3)14. As already expressed, the constant for Al(OH), has been 
determined under specified kinetic conditions [203]. The principle of that strategy 
was to obtain approximate data rather than no data at all. Of course, the clear 
disadvantage of such an approach is that it can always be questioned from a purely 
thermodynamic point of view. The situation with AlPO, (even more difficult) has 
been discussed in a previous section. 

Concerning its applications, DaydC et al.‘s model [224] was the first to interpret 
the positive effect of citrate on aluminium urinary excretion [113,198] observed in 
many animal studies [ 103,110,114,122-125,170,172]. Also, its prediction that tartrate 

i3 As there is a large excess of ligands over these metals in vivo: (i) the complexed fraction of each 
ligand is negligible and its free concentration depends on its interactions with protons only; and (ii) 
polynuclear complexes are insignificant. 

i4 It is noteworthy that considering AlCta(OH) (with a constant of 1O5.25 for AlCtaH_, as rejected as 
a second choice by Venturini and Berthon [ 1981) instead of A1,Cta,(OH)2 in the calculations would lead 
to 30% of AlCtaOH at the expense of other species shown in Table 1. 
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Table 3 
Simulated distributions of 1.m.m. aluminium in blood plasma (from Orvig and Berthon [205]) 

Protein-bound Al Al 1.m.m. fraction References 
- 

57% 

63 % 

83% 

80% 

81% 

Al(OH), [Sl%] 
AlPO, [41.5%] 
A12P04 (OH), [ 7.2%] 
AIPO, [62%] 
AlCta(OH) [23%] 
AlPO,CtaH [10X] 
Citrate [98%] 
Hydroxide [2%] 
(phosphate not considered) 
AlCta(OH), [94%] 
AlCta(OH) [3%] 
AlPOd [ lS%] 
AlOxa(OH), [ 1.4%] 
AlPO,(OH) [SO%] 
AlCta(OH) [10X] 
Al(OH), [4%] 
Al(OH), [3%] 
AlPO, [2%] 

[ 2241” 

c2091 

~2411 

L2-251 

c2271 

“It is noteworthy that considering AlCta(OH) with a constant of 105.” for AlCtaH-, (as rejected as 
a second choice by Venturini and Berthon [ 1981) instead of Al,Cta,(OH), in the calculations would 
lead to 30% of AlCtaOH at the expense of other species. 

was unable to significantly mobilise plasma aluminium [ 2371 was recently validated 
in mice (urinary aluminium levels with tartrate being 7% of citrate and 8% of DFO) 
[125]. A more recent application of this model [238] predicts a poor capacity for 
succinate to mobilise plasma aluminium, which agrees with the latest (negative) 
conclusions of Domingo’s group [174] as to the possible use of succinate as a 
substitute to DFO and with Yokel’s suggestion [39] that the possible protective 
effect of intraperitoneal succinate against aluminium toxicity in mice may not be 
due to aluminium complexation. These results show that no compensation similar 
to that provided by citrate can be expected from tartrate or succinate for their 
aggravating influence on aluminium absorption (see above section). 

Jackson [209] also used ECCLES to simulate the distribution of plasma alumin- 
ium considered as its total concentration, before and after equilibrium with Tf. The 
calculations were based on constants selected from the literature for complexes of 
naturally occurring organic and inorganic anions, among which phosphate plays a 
determining role. In particular, a series of values have been estimated for hydroxo 
complexes of mono- and diprotonated phosphate considered as independent ternary 
species, and the fraction of aluminium reported as AlPOd in Table 3 represents in 
fact the sum of Al(HP04)0H and Al(H,PO,)(OH), percentages. Under these condi- 
tions, the aluminium distribution was found to be independent of total aluminium 
concentration within the 10-‘3-10-3 mol dme3 range, with the free concentration 
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being 10e9 less. The plasma mobilizing indices (PMIs)” [243] for various potential 
sequestering agents in vivo were also evaluated, among which DFO was found to 
be the most efficient aluminium mobiliser. Later, the influence of malt01 on aluminium 
speciation in blood plasma was also investigated with this model [239]. Even with 
protein binding being disregarded, the percentage of aluminium present as 
[Al(maltol),]’ was predicted to be low, whereby it was concluded that the neurotoxic- 
ity of that species was probably an order of magnitude greater than previously 
thought. 

A simpler model of blood plasma (50 mM Tf vacant sites, 100 mM citrate, pH 7.4 
at 25 “C) was developed [241,244] to compare the efficacy of a series of 28 ligands 
as possible aluminium binders. Citrate constants were taken from ijhman [215]. 
Phosphate was excluded from the model because of a lack of reliable formation 
constants. Applications of speciation computer modelling to animal studies were 
discussed. It was found that 3-hydroxy-4-pyridinone was more effective at complexing 
aluminium than EDTA, malt01 or catechol [241]. 

Duffield et al. [225], using ECCLES, found the ultrafiltrable fraction of aluminium 
to exist almost exclusively as the AlCta(OH), species (Table 3). The formation 
constant used for this complex, (presumably) taken from a previous study [216], 
has been questioned [44,227]. No Al,Cta,(OH), was reported in that work [216] 
although aluminium and citrate concentrations were equal to, or greater than, those 
used by other authors who characterised it [198,210,215], and the maximum pH 
investigated was 6.6, a value at which Al,Cta,(OH), should be predominant and 
AlCta(OH), still negligible [210,215]. The constant for AlCta(OH), (-0.59) may 
therefore have been overestimated, as would indicate a comparison with the value 
calculated by ijhman (-2.6) at 25 “C and with that of -2 found at 37 “C by 
Venturini during preliminary refinements [245]. This constant thus needs confirm- 
ation under physiological conditions. The stoichiometries and constants of the com- 
plexes used in this model for the Al-phosphate system have been questioned recently 
[228] (see above) and also need reinvestigation. 

The latest plasma aluminium model, calculated by Harris also using ECCLES, 
represents the critical synthesis of all the above studies after consideration of their 
respective weaknesses [227]. For each Al-ligand system, complex formation con- 
stants have been directly selected among available experimental data or have been 
extrapolated from LFERs involving chemically similar ligands. In this way, composite 
sets were elaborated for hydroxide, citrate and phosphate. AlPO,(OH) was predicted 
to be the predominant species in the ultrafiltrable fraction of aluminium, citrate and 
hydroxide complexes contributing to a much lesser extent (Table 3). Since then, 
however, it has been demonstrated that the constant for the AlPO,(OH) complex 
derived by Harris from the LFER approach was overestimated by two orders of 
magnitude [229] (see above). 

The influence of silicic acid on aluminium distribution in blood plasma has also 
been investigated. Through his careful method of considering conditional equilibria, 

I5 Ratio by which the 1.m.m. fraction of the metal is increased in the presence of a given ligand with 
respect to normal blood plasma [ 2431. 
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Martin reached the conclusion that the free A13+ concentrations permitted by six 
aluminosilicates are competitive with those from citrate and Tf at 10 FM or greater 
total aluminium concentrations. He therefore postulated that supersaturation of 
solutions containing Al 3+ bound to abnormally phosphorylated protein in the brain 
and bathed in excess silicic acid might induce the formation of the aluminosilicates 
found in the senile plaques of AD [233]. On the other hand, Vobe and Williams 
[240] using simulation models have concluded that 1.m.m. Al-silicate interactions 
are negligible in blood plasma. 

As Table 3 shows, much work remains to be done before general agreement can 
be obtained on plasma aluminium speciation. 

5.3.3. Other biojluids 
Aluminium speciation studies relative to other natural biofluids are scarce. Findlow 

et al. [216] investigated the distribution of aluminium in human and bovine milk, 
in which [A1Cta(OH),]2- was found to be predominant. Taking account of the 
considerations developed about this complex in the above section, these results 
should be taken with caution. This comment also applies to more recent versions of 
the same models as well as to other simulated distributions of aluminium in saliva 
and a pre-term infant parenteral nutritive mixture, published by the same group 
after its investigation of the Al-phosphate system [225] (see above). 

5.4. Speciation calculations and aluminium toxicity 

The detrimental influence of aluminium on normal metabolism in other biofluids 
has been assessed from conditional stability constant analyses. In the cerebrospinal 
fluid (CSF) for example, where the concentrations of citrate and Tf are low to non- 
existent, other small molecules such as catecholamines may become significant alu- 
minium ligands. In a first study by Kiss et al. [246], it was estimated from pH 7.0 
conditional constant comparisons that catecholamines should occur in 3000-fold 
excess over citrate and in 400-fold excess over ATP to compete for aluminium in 
this medium. More recently, however, after an experimental investigation of the 
complex equilibria in the Al-ATP system, its has been stated by the same authors 
that at comparable ligand concentrations in neutral solutions catecholamines would 
bind aluminium more strongly than ATP, and that the resulting inability of ATP to 
withdraw AP+ from catecholamines in the CSF might be deleterious [246]. In the 
same manner, it was anticipated that if A13+ can penetrate red cells, 2,3- 
diphosphoglycerate (its likely predominant small ligand) would bind it strongly 
enough to equalize aluminium concentrations on both sides of the cell membrane 
[247j. - 

6. Conclusion and prospects 

The objective of this work was to review in parallel (i) the biological aspects of 
Al-ligand interactions relative to aluminium metabolism and toxicity, and (ii) the 
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chemical speciation data likely to substantiate on a molecular basis the physiological 
processes thus characterised. 

On both fronts, significant progress has been made during these last years, with 
decisive advances in the biological field regarding in particular: (i) the interaction of 
aluminium with protein of which it retards proteolysis [156]; (ii) the alteration by 
aluminium of the biological functions of DNA [ 1571; (iii) the involvement of alumin- 
ium in the lipid peroxidation process [163,164]; (iv) the exact role of citrate in 
aluminium absorption [82]; (v) the influence of diverse dietary compounds on 
aluminium absorption [ 108,110], tissue distribution [ 1301, and excretion [ 123-1251; 
(vi) the selection of potential Al-sequestering agents likely to favour aluminium 
urinary excretion [ 39,174]. 

Some progress has also been made on the chemical side, particularly in the 
understanding of the relative capacities of several ligands to mobilise aluminium in 
vivo, based on conditional constants considerations [ 58,234,246]. However, except 
maybe certain limited applications relative to simple Al-ligand systems in the g.i. 
fluid [59,78,198,237], no agreement has yet been reached by solution coordination 
chemists on definite simulation models relative to the distribution of aluminium in 
the main biofluids (e.g. blood plasma) because of a lack of certainty on the complex 
equilibria of a few critical Al-ligand systems (e.g. Al-citrate, Al-phosphate; see 
Table 3). New determinations of the complex formation constants of these systems 
under physiological conditions will thus be necessary in the near future. In the longer 
run, much fundamental work will have to be done, in particular regarding CSF and 
intracellular neuronal fluids, not only relative to Al-ligand equilibria but firstly 
about the standard composition of these media with which to build new simula- 
tion models. 
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