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Abstract

The recent recognition that aluminum causes toxicity in uremic patients and maybe
associated with Alzheimer's disease has .stimulated many studies of its biochemical
effects. However, such studies were hampered by the lack of a suitable tracer. In a
novel experiment, we have applied the new technique of Accelerator Mass S|>ectroinetry
to investigate aluminum kinetics in rats, using as a marker the long-lived isotope 2(>AI.
We present the first aluminum kinetic model for a biological system. The results clearly
demonstrate the advantage this technique holds for isotope; tracer studies in animals as
well as in humans.
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1. Introduction

Despite being thr third most abundant element in the Earth's crust, aluminum was
until recently believed to have no significant biochemical role in health or disease, nor
was it thought to participate in major metabolic processes [1]. It was considered to be
very poorly absorbed from the gastrointestinal tract, and that fraction absorbed was
assumed to be efficiently eliminated by the kidneys. Research over the past decade,
however, presents a very contrary assessment of its effect on the human body - alu-
minum is now referred to as a toxic metal with sufficient evidence to implicate it in \
several disease states. The accumulation of aluminum in the tissues of patients with '
clironic renal failure has been established [2-5] as the cause of certain toxic phenom-
ena, including dialysis encephalopathy, ost«*>inalacic dialysis osteodystrophy (a specific
metabolic bone disease) and anemia. Although paranteral exposure to aluminum has
been minimized by removing it from the dialysate fluid, toxicity continues to occur in
uremic patients whether dialyzed or not. in addition, a number of reports [6,7 and ref-
erences therein] have strongly suggested that aluminum plays an important role in the
pathogenesis of neurofibrillary tangle formation. Since this lesion is one of the princi-
pal histologic features of Alzheimer's disease, the concept has arisen that the presence;
of alumimun in certain populations of neurons serves as a pathogenetic, and possi-
bly etiologic, factor in the disease. These suggestions are, however, still controversial
mainly because of the methodological difficulties that were encountered in measuring
aluminum concentrations in brain samples.

Although there is now overwhelming data in support of aluminum toxicity, research into
its mechanism has been severely limited by the absence of a suitable isotope with which
to perform conventional tracer studies, as well as other methodological difficulties.
Since aluminum has only a single stable isotope and no radioactive ones with life- (
times suitable for traditional radiation detection methods, kinetic studies using isotopic
tracers have been precluded. Because of its very low concentration in biological systems
(ppm in tissues and ppb in blood [8]) monitoring aluminum is a formidable task [9]. .
Consequently, the sole method of studying aluminum kinetics prior to the present work j
had been to administer large dosages of 27Al into the body, followed by measurements of \
its level in blood, urine and several organs [10-14]. Since these loads of aluminum were 4
very large compared to the total body burden, experiments in humans are impractical I
and the information obtained for animals cannot reflect the steady state kinetics. $

A new opportunity to investigate the biological behaviour of aluminum has arisen $
with the development of Accelerator Mass Sj>ectronietry (AMS), whereby radionuclides jSJ
themselves, rather than their decay products are detected. This technique enables -i
measurements to Ix; made on milligram samples containing as few as a million atoms :;
of a sjKxific radionuclide [15]. Typically, the sensitivity expressed as a radioisotope to
stable-isotope ratio is of the order of 10"'* — 10~16. It is particularly suited to long-
lived radioisotopes, thus providing an analytical method by which the radioisotope '"'Al
(T1/2 = 7.2 x 105 years) can be measured with a sensitivity a million times greater than j



that of conventional decay counting. Hence, it is now possible to use 2<1A1 as a marker,
with amounts of material that are neither prohibitively costly nor hazardous.

The idea of employing 2fiAl, in conjunction with AMS, as a tracer to study aluminum
behaviour in the human body was first proposed by Litherland [1G] and discussed
recently in more detail by Ehnore [17]. In the present paper we describe an experiment
aimed at assessing the feasibility of such a proposal and present the first results of this
new method.

2. Method

A 385 g rat was injected intravenously with 0.35 ng of 26Al and 40 ng of 27A1 dissolved
in 0.5 ml of a slightly acidic (pH=5) saline solution. A second rat, which was used as
a control, received 39 ng of 27A1 and no 26A1. Serum and urine .samples were collected
over a three week period, with the first serum sample; taken five hours after injection.
Volumes of 0.05 to 0.5 ml of urine and 0.01 to 0.1 ml of serum were used for preparation
of the AMS samples. Prior to chemical processing, 5 ing of 27A1 was added as carrier
and all scrum samples were treated with trypsin in order to release the aluminum from
the transferrin to which most of the aluminum in the blood is bound [13,18]. Two
techniques (Fig. 1) were used to convert the aluminum in the solutions to aluminum
oxide. In one, the entire solution was dried and the resulting residue ashed. In the
other, oxine was used to selectively precipitate the aluminum [19] prior to the ashing.

2<>A1 concentrations in the serum and urine samples were determined from 2<>A1/27AI
ratios measured at the AMS facility at the University of Pennsylvania [20]. The ratios
ranged from 10~10 to 10"M allowing their determination with statistical and systemati-
cal errors of 1-10%. The conversion of these ratios to 26A1 concentrations did not require
the determination of the 27A1 concentrations because the carrier added to the samples
completely dominated the aluminum native to the urine and serum. In addition, the
carrier insured that the measured 26A1/27A1 ratio would not be affected if any 27A1 was
picked tip during handling. The 26A1 background level was determined from samples
collected lM'fore the injections and from the control rat (the natural background of the
2GA1/"A1 ratio is less than 10"" [20]) ami was found to be negligible.

3. Results

Fig. 2 shows the fraction of the administered 26AI remaining in the serum and excreted
in the urine as a function of time after injection. There is a rapid exponential decrease:
of the level of 2KA1 over the first couple e>f days. Thereafter, from a concentration of
about a te-nth of a jxreent of the injected eleisage, it decreases at a much slower rate.

A three-compartment model (Fig. 3) was constructed with one compartment, represent-
ing the- blood and the other two representing exchangeable |M>ols in active; equilibrium
with the bl(x>d. The common approach e>f first order kinetics in which the clearance rate



of an isotope from a compartment is proj>ortional to the total amount of the isotope
in that compartment was employed.

In general, isotopic fractionation between 26A1 and 27A1 will not occur if there is no
kinetic isotope effect and if the two isotopes are in the same chemical form. Whilst the
former probably holds, it is not known how fast the injected aluminum equilibrates with
the native aluminum as aluminum can exist in various forms deluding on the chemical
environment (in particular the pH). However, since most of the Mood aluminum is
attached to transferrin and since iron occupies only one-third of the metal binding sites
[21], there are ample sites available for aluminum binding and hence we assumed that
the administered aluminum was quickly incorporated into the transferrin molecules
resulting in identical fractional clearance coefficients (R,'s). Under this assumption it
was possible to use the same compartmental analysis for both isotopes.

For 26A1 there is no oral input and hence the model is described mathematically by the
following set of linear differential equations:

dt
= A Y

with

Y(t) =

D(t)

Pi(t)

0)

(2)

where B is the amount of the isotope in the blood, Pi and P2 the amounts in the first
and second j>ools, respectively and the matrix A is given by:

A(t) =

R*

Ri R%

-R2 0

0 - / ? s

(3)

For "Al at steady state, dY(t)/dt = 0 and so:

P2(
27Al) • /?5 = B("Al) • R<

The aluminum lost daily by excretion is

U = R3 D

(4)

(5)

(6)



In general, the ii,'s are time dependent and may vary if steady state does not pertain.
The amounts of aluminum injected in the present experiment were comparable with the
total aluminum in blood but negligible compared with the total rat aluminum content.
Thus it was assumed that the steady state was not disturbed and the R,'s were taken
to be constant. In this case it is possible to solve equation 1 analytically:

K(O=Ec1Ea.e-' (7)
. = i

where «j and £„, are the eigenvalues and eigenvectors of the matrix A and the c.'s
are normalization coefficients determined by the initial conditions for the administered
26A1: B(0) = 1; P,(0) = 0.

A best fit to the data was obtained (Fig 2) for clearance coefficients of Rt = 115,7?2 =
22,/?3 = 27,V?« = 3.5 and R5 = 0.07 ( ^ ) . The total aluminum blood pool was
estimated to be 100 ng based on a total of ~13 ml of scrum in a rat [22] and an aluminum
concentration of 5-10 fig per litre of scrum [14,23]. Thus, under the above mentioned
assumptions, namely, no isotopic fractionation and constant i?,'s, our results correspond
to an aluminum excretion of 2.7 //g/day (eq. 6) and to pool sizes of Pt — 0.5/ig
(eq. 4) and P2 = 5.0/ig (eq. 5). These two pools represent about 0.3% and 3% of
the total aluminum in a rat (based on estimated total aluminum in humans of 30-
40 mg [7,8]). Approximately 75% of the 26A1 was excreted in the urine during the
first few days following the injection. The residence time of aluminum in the blood is
l/(/?i + R3 + R4) ~ 10 minutes, that in P, is \/R2 ~ 1 hour and that in P2 >s l//?5 ~
2 weeks.

4. Summary

The present work is the first application of AMS in the detection of a long-lived ra-
dioisotope tracer in a biological system and conclusively demonstrates its potential to
enhance our understanding of aluminum metabolism and toxicity. Future studies will
include intravenous and oral administration of the tracer, studies of longer duration in
normal and urcmic rats, and measurements of aluminum distribution in the brain as
well as other organs and bones. Experiments similar to the present one are feasible in
humans since the administration of ~30 pCi of 26AI, entailing a radiation dose of less
than 0.1% of the natural background [24], would be sufficient. We l>elicve that this
approach represents a distinct breakthrough in the research of aluminum behaviour in
the human body.

We thank E. Nelson (Archaeology, Simon Fraser University) and J. Vogel (LLNL)
for fruitful discussions, C. Orvig (Chemistry, University of British Columbia) & T.
Ruth (TRIUMF) for advising on the chemistry, H.O'Brian (Los Alamos National Lab)
& R. Kavanagh (Kellogg Radiation Lab, CALTECH) for providing the 26A1 and D.
Ridout (Medicine, University of British Columbia) for assisting in sample collection
and preparation.
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Figure Captions

Fig. 1 Flow diagram of extraction of aluminum from Wood and urine samples.
Fig. 2 The data shown is the fraction of the administered 2<iAl remaining in the

blood and excreted in the urine as a function of time after injection as mea-
sured in the present experiment. The horizontal bars indicate the duration
of the urine collection. The curves are the results of a three-compartment,
simulation using the clearance values given in the text.

Fig. 3 Box diagram of the three compartment aluminum model that was used to
simulate the experiment. The R,'s are the fractional clearance coefficients.
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