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Human exposure to aluminium

Christopher Exley

Human activities have circumvented the efficient geochemical cycling of aluminium within the lithosphere

and therewith opened a door, which was previously only ajar, onto the biotic cycle to instigate and

promote the accumulation of aluminium in biota and especially humans. Neither these relatively recent

activities nor the entry of aluminium into the living cycle are showing any signs of abating and it is thus

now imperative that we understand as fully as possible how humans are exposed to aluminium and the

future consequences of a burgeoning exposure and body burden. The aluminium age is upon us and

there is now an urgent need to understand how to live safely and effectively with aluminium.
Environmental impact

The aim of this critical review of human exposure to aluminium is to provide an holistic interpretation of aluminium's exposome in relation to humans. It
should enable a change in our thinking about the myriad ways that humans are exposed to aluminium and importantly it provides a much more complete
denition of the body burden of aluminium. The latter must now be the starting place for furthering our understanding of how this burden impacts upon
human physiology and potentially its role in human disease.
The aluminium age

Aluminium is the most abundant metal and the third most
abundant element in the Earth's crust. In spite of the dynamic,
ever changing and evolving nature of the Earth's crust the recy-
cling of aluminium in the lithosphere is essentially complete and
aluminium is effectively excluded from the biosphere.1 It has
been the non-availability of biologically reactive aluminium
throughout biochemical evolution which today explains its lack
of essentiality in all extant biota.2 However, the geochemical cycle
for aluminium has now become a biogeochemical cycle and
primarily through interference due to human activities either
indirectly, for example, the acidication of catchments by acid
deposition of anthropogenic origin, or directly by the extraction
of aluminium from its inert ores. It is now approximately 125
years since the advent of ‘The Aluminium Age’. The ability to
separate aluminium metal from its ores on an industrial scale
changed aluminium from being a largely decorative metal to the
most widely used metal of the 21st century.3 Unfortunately the
efficiency of extraction and use of this metal by the aluminium
industry cannot match that of the geochemical cycling of
aluminium since almost half of cast aluminium is destined to
end up as waste.4 The aluminium industry is burgeoning with the
majority of current and projected growth coming from newly
extracted aluminium, not recycled aluminium as might be
commonly perceived, and all of this aluminiumhas the potential,
at least, to enter and accumulate within the biotic cycle. Once
ories, Keele University, Staffordshire, UK.
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aluminium has entered the biotic cycle it has little prospect of a
quick return to the lithospheric cycle and biota are now subject to
an ever increasing burden of potentially biologically available
aluminium. The consequences of a burgeoning burden of
aluminium in the biotic cycle have already been manifested in
the death of sh and trees in acidied surface waters and
catchments respectively5 while the spread of acid soils is limiting
plant growth on over 30% of the Earth's ice-free land.6 Human
beings have placed themselves at the centre of the Earth's living
cycle and humans are not immune from the burgeoning pres-
ence of aluminium in this cycle. It is now of critical and urgent
importance that we understand human exposure to aluminium.7
Aluminium is toxic

Aluminium's success as a modern material with myriad appli-
cations comes from a wide breadth of physical and chemical
properties which combined with its ubiquity in nature make it
an extremely cost effective natural resource. There is also, today,
a perception that aluminium is a ‘safe’ metal with few if any
signicant implications for human health. This is a view which
though seemingly convenient for the aluminium industry is
neither supported by observation; for example, aluminium is
the cause of dialysis encephalopathy,8 nor by decades of animal
experimentation demonstrating intoxication. It is truly an
anomaly that the perceived innocuousness of aluminium in
humans has persisted through to the present day and to the
extent that there is no legislation whatsoever limiting human's
exposure to aluminium. There is a clear and unambiguous case
Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816 | 1807

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3em00374d
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM015010


Environmental Science: Processes & Impacts Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

3.
 D

ow
nl

oa
de

d 
on

 9
/1

4/
20

21
 5

:3
3:

18
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for a more thorough understanding of human exposure to
aluminium and the elucidation of aluminium's exposome.9
What do we mean by ‘human exposure to
aluminium’?

While there is a casual awareness that we might be exposed to
aluminium through the use, for example, of aluminium
saucepans or foil,10 the reality is that the majority of people are
completely ignorant of their exposure to aluminium in their
everyday lives. Much as a bee forages for nectar apparently
oblivious to its additional bounty of aluminium11 we are also
blind to the myriad ways that everyday life exposes us to
aluminium. Our understanding of what constitutes ‘exposure’
is probably prejudiced by a focus upon aluminium in the diet.
Research has documented human exposure to aluminium
through both whole diet studies12 as well as the aluminium
content of individual dietary components.13 Some regulatory
authorities have even established tolerable weekly (daily)
intakes (TWI) of aluminium which are meant to address safe
limits for aluminium in the human diet.14 There are no such
guidelines for exposure to aluminium via the skin or the nose or
the lung or indeed a single guideline for an overall exposure to
aluminium. There is also a tendency to ‘score’ exposures to
aluminium based upon entry of aluminium into the systemic
circulation15 with the underlying assumption that any remain-
ing aluminium, which is usually the signicant majority, is of
minor importance. We clearly need a wider denition of human
exposure to aluminium and one which is all encompassing and
not simply convenient. Of paramount importance is that the
denition reects a potential for aluminium to react with
human physiology and to elicit a response to its presence. It
needs to incorporate the relationship between the body burden
of aluminium and the consequences of any such body burden.
What is ‘the body burden’ of aluminium?

The body burden of aluminium is the sum of aluminium atoms
associated with the body at any one moment in time. It includes
aluminium on the surface of the skin, aluminium in hair and
nails, aluminium associated with external secretions/excretions
in the mouth, nose, ear, lung, stomach, small intestine, urinary
and reproductive tracts and aluminium in faeces in the large
intestine. It also includes aluminium associated with all of the
systemic compartments including endo/epithelia, blood, lymph,
sweat, tears, humours, tissues, organs and bone. Aluminium has
been found throughout the body16 and when or where it has not
been found is a reection, not of absence but of the lower limits
of analytical detection of current methods and instrumentation.
The true body burden of aluminium for an individual is clearly
not yet a quantity which is accessible by conventional means,17 at
least not for a living person.Whilemeasurements of body burden
are available these are actually indirect estimates of the systemic
body burden, for example, the aluminium content of urine.18–20

These measurements are particularly helpful in comparing rela-
tive changes in the body burden of aluminium between indi-
viduals or between populations. However, they are less
1808 | Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816
informative about where aluminium is found in the body or its
potential for systemic toxicity.
Humans are exposed to aluminium!

The most recent analysis shows that to meet the current annual
global demand for aluminium 11 kg of the metal must be cast
for every person on Earth.4 This aluminium, extracted by
industry from its inert edaphic stores, has the potential at least
to impact upon biota including humans. If humans are directly
exposed to, for example, only 0.1% of this potential then our
current daily exposure equates to 30 mg of aluminium. On a
similar basis our exposure to aluminium would have been 1 mg
per day in 1950 and will be 100 mg per day by 2050. There would
seem to be no escape from a burgeoning human exposure to
aluminium! So, what are the main contributors to these average
daily exposures to aluminium?

The air that we breathe must be a signicant contributor to
the body burden of aluminium. Aluminium-based particulates of
myriad sizes, shapes and compositions are primary components
of aerosols whether over the more pristine regions of the planet,
such as the Antarctic, or the industrialised centres of rapidly
growing economies such as China. If we accept 100 ng Al per m3

as representative of clean air21 then our exposure to aluminium
through normal breathing is approximately 1.4 mg per day. This is
essentially a lowest possible exposure to aluminium from
breathing and it would not be unrealistic to suggest that the
majority of this aluminium would be retained in lung and
olfactory epithelia. This value could easily be increased one
thousand fold to 1.4 mg per day inmany industrialised regions.22

Exposure to aluminium through breathing can also be signi-
cantly inuenced by specic activities including industrial/
workplace exposure23 and habitual exposure such as smoking of
cigarettes and cannabis24 and use of cocaine25 and heroin.26

Aluminium is an important component of many aerosol formu-
lations of cosmetics, and particularly antiperspirants, and these,
especially through regular use, will contribute signicantly to
exposure to aluminium through breathing.27

Diet is another signicant contributor to the body burden of
aluminium. Measurements of the intake of aluminium in whole
diets have varied from about 1 to more than 20 mg per day.28

However, such are oen conservative estimates of mean daily
intake and they do not always account for compounding factors
such as contamination from cooking and cookware29 or specic
products with unusually high burdens of aluminium.30 These
data certainly do not take account of individual eating patterns
where certain products or types of product, for example, fast or
convenience foods,31 may constitute a signicant proportion of
an individual's overall diet. Dietary supplements, such as vita-
mins, whether ‘natural’ products or otherwise are never
included in these estimates of aluminium intake despite being
regular components of many people's diets and despite being
widely contaminated with aluminium.32 It is worth noting that
all dietary intake contributes to the body burden of aluminium
until, of course, it is excreted.

Topically applied cosmetics and related skin, hair and
hygiene products are oen signicant sources of aluminium
This journal is ª The Royal Society of Chemistry 2013
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either intentionally when aluminium is added to formulations
or unintentionally when aluminium is present as a contami-
nant.33 Antiperspirants are arguably the most important single
contributor to the body burden of aluminium as their use
involves applying about 2 g of aluminium to the skin every
day.27,34 This aluminium contributes towards the body burden
until its residue is washed off the skin surface perhaps up to 24
h later. Similarly, the aluminium content of many sunscreens
and sunblocks equates to up to 5 g of aluminium being applied
to the skin over just one day on the beach.35 Similar data could
Fig. 1 Aluminium's exposome. A schematic which explores relationships between
available aluminium with putative mechanisms of action and finally excretion of alu

This journal is ª The Royal Society of Chemistry 2013
be calculated for many other products which are applied to the
skin surface such as body creams, tanning lotions and make-up
including lip products.36 The regularity with which many of the
products are applied to skin and hair must mean that they add
substantially to the body burden of aluminium.

Aluminium is both an intentional and an unintentional
component of many medicines including prescription and over-
the-counter drugs.37,38 Intentional applications include antacid
and buffered aspirin, where several grams of aluminiummay be
ingested on a daily basis, and adjuvant used in vaccination and
exposure, immediate targets mediating exposure, sinks and sources of biologically
minium.

Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816 | 1809
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allergy treatments where up to a milligram of aluminium is
injected along with an antigen or allergen.39,40 Included in this
category might also be the use of aluminium in prostheses in
surgery41 and dentistry.42 Each of these applications of
aluminium inmedicine has the potential to add substantially to
the body burden of aluminium and for the exposure to be over
an extended period of time.
The body burden of aluminium

The body burden of aluminium is a dynamic entity and is the
outcome of an individual's exposure and excretion in any given
period. It is entirely unpredictable and must be estimated
through measurements of each individual's aluminium expo-
some.9 Such is accessible through non-invasive measurements of
the excretion of aluminium though such indices are probably
only useful as indicators of possible intoxication by aluminium.
The assumption being that a higher than ‘normal’ body burden
of aluminium would render an individual as being more
susceptible to aluminium and, additionally, to subsequent
challenges by aluminium. Of course, specic effects of
aluminium are oen going to be associated with particular target
sites, such as the brain, and the body burden per se may not
accurately predict such toxicity. The understanding of alumi-
nium's exposome and an individual's body burden of aluminium
is a system's biology problem and will require data derived from
Fig. 2 There are 5 major routes by which aluminium could be transported across c
transport; (4) channels; (5) adsorptive or receptor-mediated endocytosis. There are
routes. These are shown in the figure as; the free solvated trivalent cation (Al3+(aq))
weight, neutral, soluble complexes (HMW-Al0(aq)); low molecular weight, charged,

1810 | Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816
environmental, in vivo and in silico approaches.43 In the mean-
time it is worthwhile to briey examine how the human body is
impacted by its everyday exposure to aluminium (Fig. 1).
Impact routes and non-systemic sinks and
sources

Each of the external surfaces of the body, primarily the skin,
nose, lung and gastrointestinal tract, is coincidentally a route of
uptake of aluminium into the body and a sink contributing
directly to the overall body burden of aluminium.16 Historically
these four major impact routes have only been considered as
barriers to the absorption and subsequent systemic accumula-
tion of aluminium whereas they are actually signicant
contributors to the overall body burden of aluminium and,
importantly, they are also themselves targets for the biological
activity and hence toxicity, of aluminium. Future research must
elaborate upon how their myriad functions are inuenced by
the impact of their direct exposure to different forms of
aluminium and how any subsequent changes in physiology
manifest themselves in the human phenotype.
The skin

The outer epidermis or stratum corneum of the skin is an
enucleated layer of keratin-rich cells held within a predomi-
nantly lipid intercellular matrix. Transport of topically applied
ell membranes or cell epi-/endothelia; (1) paracellular; (2) transcellular; (3) active
5 major classes of forms of aluminium which could participate in these transport
; low molecular weight, neutral, soluble complexes (LMW-Al0(aq)); high molecular
soluble complexes (LMW-Al(L)n

+/�
(aq)); nano and micro-particulates (Al(L)n(s)).

This journal is ª The Royal Society of Chemistry 2013
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aluminium, such as an antiperspirant or a sunscreen, across
this layer would involve passive diffusion by both trans- and
paracellular routes (see Fig. 2) and is expected to be minimal.44

However, the intact stratum corneum is punctuated by apoec-
crine and eccrine sweat ducts as well as hair follicles and these
allow aluminium access to the epidermis, dermis and hypo-
dermis.45 While the evidence to-date is that only a very small
proportion of aluminium in topically-applied antiperspirant
enters the bloodstream to ultimately be excreted via the kidney
this observation does not preclude the persistence of such
aluminium within the structures of the skin and neither does it
preclude the entry of this aluminium into the lymphatic system.
The nature of the aluminium compounds which are present in
topical applications, the amount of aluminium which is oen
applied and the regularity of many such applications must
mean that skin is a signicant sink for aluminium and a
persistent source of biologically available aluminium both
locally and systemically (Fig. 3).
Fig. 3 The skin is a sink for topically applied aluminium and will act as a source of bi
circulation.

This journal is ª The Royal Society of Chemistry 2013
The nose

When aluminium enters the nasal cavity, for example as an
antiperspirant aerosol or as air-borne particulates, it is directed
towards either the respiratory epithelium or the olfactory
epithelium and neuronal supply to the nasal cavity. Aluminium
impacting upon the respiratory epithelium will either dissolve
into the mucus layers lining the epithelium or it will be trans-
ported, for example as a particulate, by cilia towards the back of
the throat by mucociliary clearance. The latter will move
aluminium to the gut while aluminium which permeates the
mucus layers will remain within the respiratory epithelium and
be both a local and systemic source of biologically available
aluminium.46 The cilia of the olfactory epithelium are non-
motile and aluminium impacting upon this surface will be
presented with a large surface area for association with this
surface and for dissolution into the mucus layer covering the
epithelium. The olfactory epithelium is essentially continuous
with the olfactory nerve and olfactory bulb and presents an
ologically reactive aluminium both to structures within the skin and to the systemic

Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816 | 1811
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uptake route for aluminium, as complexes or particulates, into
the brain.47
The lung

The lung, consisting of both conducting and respiratory
airways, presents a considerable surface area for interactions
with air-borne aluminium. Both airway and alveolar epithelia
are ‘serviced’ by dynamic layers of mucus which may both help
in removing aluminium from the lung and offer a substrate for
the capture and dissolution of more labile forms of incipient
aluminium. The lung epithelia are diverse in respect of their
composition of different cell types and, in the alveolar epithe-
lium in particular, myriad transport proteins and channels. The
highly dynamic nature of the lung epithelium means that it
must be a site for the accumulation of aluminium and a surface
for the uptake of aluminium into lung tissues and access to the
systemic circulation.48
The gut

The gastrointestinal tract is the immediate recipient of ingested
aluminium and aluminium which has been removed from the
nose and lung by mucociliary clearance. It can be considered as
a single layer of cells that presents a physical barrier to irritants
and antigenic substances while also providing a surface for
essential functions such as absorption and secretion. It is a
continuously self-renewing epithelium which contains stem
cells for a variety of cell types including mucous cells. The
gastrointestinal tract presents a wide spectrum of exposure
milieu for aluminium, which are signicantly inuenced by
luminal pH differences, and thereby offers opportunities for its
absorption, its retention in tissues or mucosa and its elimina-
tion in faeces.49
Systemic sinks and sources

The blood is probably the main distribution network for
systemic aluminium though this statement is made with the
proviso that there are no reliable data on the aluminium
content of lymph. There are data showing signicant concen-
trations of aluminium in sweat50,51 and these suggest that the
lymphatic system may have a role to play in aluminium trans-
port throughout the body. Aluminium is found in blood asso-
ciated with both serum and cell fractions.52 While
thermodynamics predicts that in serum, aluminium is bound
and transported by the iron transport protein transferrin,
kinetic constraints suggest otherwise53,54 and implicate low
molecular weight ligands such as citrate and phosphate in the
distribution of aluminium between the blood and the tissues.43

This is further supported by research which questions whether
the transferrin receptor binds the transferrin–aluminium
complex.55,56 There are clearly more ways for aluminium to leave
the blood than receptor-mediated endocytosis of the trans-
ferrin–aluminium complex (see Fig. 2) and these other mecha-
nisms are responsible for driving the subsequent distribution of
aluminium between all of the major tissues and organs
including the brain. There are surprising few data relating to
1812 | Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816
the aluminium content of human organs57 and only the brain
has received signicant recent attention.58,59 For a ‘reference’
population (i.e. not knowingly exposed to aluminium) the major
organs acting as systemic sinks for aluminium appear to be
lung and bone, up to 6 mg g�1 dry wt, followed by liver, kidney
and brain, all less than 1 mg g�1 dry wt,57,60 though these aver-
aged data should certainly be taken as equivocal in that there
are no human tissues where the distribution of aluminium is
expected to be homogeneous.58 Future research in this eld
should look to measure as many tissue replicates as possible as
well as to identify focal deposits of aluminium within the
various tissues. Aluminium has been measured in various body
uids including urine,61 cerebrospinal uid,62 sweat50,51 and
seminal uids63 while data are absent for other important body
uids such as interstitial uids and lymph. The reality is that
today aluminium is omnipresent throughout the body with at
least a few atoms of the element in every physical, chemical,
biological compartment of the human body.7
Actions attributed to aluminium

The toxicity of aluminium will not be reviewed herein. However,
mention will be made of the major routes through which bio-
logically available aluminium is known to exert biochemical
effect.
Pro-oxidant

Despite being described as ‘redox inactive’ aluminium is a
potent pro-oxidant and may be exerting this activity through the
formation of an aluminium superoxide semi-reduced radical
cation, AlO2_

2+.64 The evidence to support both the formation of
this complex and its redox activity in vivo is burgeoning65,66 and
suggests that its pro-oxidant activity is signicant at concen-
trations of aluminium which are commonly found throughout
the body.
Excitotoxin

Evidence of excitotoxic damage is common in animal models of
aluminium intoxication and aluminium-induced excitotoxicity
has been implicated in human neurodegenerative diseases. A
common feature of these pathways is an elevated and sustained
increase in intracellular free calcium67–69 which is a consistent
feature of excitotoxicity in, for example, Alzheimer's disease.70
Inammagen

Human exposure to aluminium has been heavily linked to
inammatory cascades in a wide range of diseases.71–76 The
inammatory activity of aluminium is probably mediated
through a similarly wide range of mechanisms including its
activity as a pro-oxidant and mediator of myriad pro-inam-
matory events and biomarkers.77,78
Immunogen

The immunopotency of aluminium has been known for at least
100 years and still today forms the basis for the use of
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3em00374d


Perspective Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

3.
 D

ow
nl

oa
de

d 
on

 9
/1

4/
20

21
 5

:3
3:

18
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
aluminium salts as adjuvants in vaccinations and allergy ther-
apies. What is then surprising is the uncertainty regarding their
mechanism of action40 and burgeoning evidence of their toxicity
in potentially susceptible individuals.19,79,80
Mutagen

Aluminium has been recognised as a mutagen for many years.81

However, specic research on its mutagenicity, carcinogenicity
and teratogenicity in humans is extremely scarce with the
majority of studies focussing upon effects in cell lines only.82 The
situation may be about to change with a recent surge of interest
into a potential role for aluminium exposure in breast cancer.83–85
Excretion of aluminium

Aluminium is excreted from the body, and hence removed from
the body burden, by a number of routes including via the faeces,86

urine,87 sweat,50 skin, hair, nails,87 sebum and semen.63 There are
no data to support reliable comparisons between the relative
contributions of these different modes of excretion though one
can probably surmise that faeces is the major route for non-
systemic aluminium and urine for systemic aluminium.
Regarding the former, it is commonly cited that absorption of
aluminium across the gastrointestinal tract is less than 1% of
ingested aluminium16 and it is thus inferred that 99% must be
excreted in the faeces. However, these data are not supported by a
study which showed that excretion of aluminium in faeces in 8
men over 20 days varied between 74 and 96% of the ingested
amount.86 Studies which measure the absorption of aluminium
from the gastrointestinal tract are oen based upon changes in
the aluminium content of serum and sometimes whole blood88

and are liable to under-estimate absorption as they cannot
account for the potentially rapid distribution of aluminium from
the blood to the tissues. Clearly the majority of aluminium that
enters the gastrointestinal tract will be excreted in faeces though
whether this proportion is 99% or 90% of the ingested amount
remains to be elucidated. There are similar ambiguities
surrounding the urinary excretion of aluminium and in partic-
ular what might constitute the daily excretion for a healthy
individual. For example, data compiled for Reference Man
suggest 10–100 mg of aluminium are excreted in urine each day.87

Recent data for individuals presenting at a renal stones clinic
suggest a median daily excretion of only 5 mg of aluminium89

while our own results for 20 young and healthy individuals give a
mean urinary excretion of aluminium of 27 mg per 24 h.90 While
urine has been considered as the major route of excretion of
systemic aluminium there are intriguing new data on the
aluminium content of sweat which implicate perspiration as an
efficient and neglected mechanism of removal of aluminium
from the body.50,51 If sweat is a major route for the elimination of
systemic aluminium then we may need to consider this in the
light of our everyday use of antiperspirants.91 As has been found
for other areas of human physiology the data describing the
excretion of aluminium from the body is incomplete and to the
extent that any attempt to model human exposure to aluminium
is likely to be premature.
This journal is ª The Royal Society of Chemistry 2013
Addressing the body burden of aluminium

While there cannot be a ‘normal’ level of aluminium in the
body, at least not in the terms of a requirement for the metal, it
is useful to know if an individual is showing signs of an
aluminium overload.92 There have been several attempts to
dene biomarkers for systemic aluminium overload and these
have included measurements of total aluminium in blood,
urine, hair, nails and sweat.50,87,88,93 These measurements have
invariably been equivocal in dening aluminium overload in all
but the most extreme examples of exposure to aluminium. Only
blood and urine have been tested to any signicant degree and
both have their limitations. Whole blood is a better indicator
than serum as it is less prone to temporal factors associated
with the redistribution of aluminium between many potential
compartments including the tissues.53 Urine samples are non-
invasive and if they can be collected over a 24 h period then as a
composite sample they are an accurate representation of an
ultra-lterable fraction of aluminium in the blood over this
same period.19 We have developed urinary aluminium excretion
as an indirect method of comparing individuals' body burden of
aluminium.90 Consenting individuals provide 24 h urine
samples on 5 consecutive days. They then repeat this over a
subsequent 5 day period except during this period they are
asked to drink up to 1.5 L of a silicon-rich (>17 mg L�1 as Si)
mineral water each day. We know that silicon-rich mineral
waters facilitate the excretion of systemic aluminium via the
kidney and over extended time periods can help to eliminate
aluminium from the body.18–20 The measurements of urinary
aluminium excretion over the rst period of 5 days give a
preliminary assessment of the body burden of aluminium while
the second set of measurements are used to both conrm the
preliminary data and provide an indicator of the extent to which
the individual might be suffering from aluminium overload. For
example, in most individuals it is found that more aluminium is
excreted following imbibition of the silicon-rich mineral water
and that the observed increase in aluminium excretion is
indicative of the aluminium status of the individual. If the
individual then continues to include up to 1.5 L of a silicon-rich
mineral in their everyday diet then aer, for example, 12
months, when the above measurements are repeated, one
would expect to nd a lower excretion of aluminium during the
rst 5 days and little or no change in this value following
resumption of drinking of the mineral water. While drinking of
a silicon-rich mineral water may be a useful way to estimate the
body burden of aluminium of an individual it may also be
benecial as a way to reverse a current burden or even prevent
the establishment of an aluminium body burden with ageing. It
is of interest that the therapeutic potential of silicon-rich waters
has been muted for well over a century.94,95
Conclusions

To fully understand or at least to appreciate human exposure to
aluminium and its signicance for human health we must take
account of two aspects of the natural history of aluminium
which when taken together render it unique amongst the
Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816 | 1813
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elements of life. The rst is that to the best of current knowl-
edge it is completely non-essential with no extant organism
requiring aluminium to complete its life cycle. The second is
that under most exposure conditions aluminium is not overtly
toxic in humans and whether it is or it becomes covertly toxic is
the rational for examining human exposure to aluminium. It is
signicant that sh, in which aluminium is acutely toxic,96 are
able to both sense and avoid, if possible, extremely low
concentrations of aluminium.97 While they are not sensing
aluminium per se, only its effects upon their physiology, it is of
interest to speculate as to when and if such an avoidance or
sensory mechanism might also be activated in humans. If we
are to concede that human exposure to aluminium is a largely
‘unconscious’ event then it becomes of paramount importance
to recognise the forms it takes and how each contribute to
overall exposure?

What is a body burden of aluminium? It is convenient to
think of it as a balance between exposure and excretion. It must
be dynamic as both exposure and excretion are continuously
changing albeit usually within quite narrowly dened
constraints. How is a body burden of aluminium related to
biologically-available aluminium? The latter denes that frac-
tion of the body burden which is, at any one time, a participant
in biological events in the body98 and as such is probably a more
accurate descriptor of human exposure to aluminium.9 Taking
into account the two unique criteria for understanding human
exposure to aluminium, briey it is non-essential and not
overtly toxic, we might surmise that all biologically available
aluminium is exerting toxicity whereas much of the body
burden of aluminium could be benign. The benign component
of a burden may be both a source and a sink for biologically
available aluminium and so it may be equally important to our
understanding of human exposure as the aforementioned and
biologically available fraction. Of course, the body burden of
aluminium has no known function or role in human physiology
and so no content of aluminium within any specic compart-
ment anywhere in the body should be considered as normal.
This then translates to the idea that all aluminium is toxic
wherever it is biologically available throughout the body.
Toxicity infers a negative contribution to a life-affirming process
and suggests that there should be a toxic phenotype which
results from exposure to biologically available aluminium.
Human exposure to aluminium can and will result in toxicity7

though everyday exposure to aluminium is more oen man-
ifested as a ‘coping mechanism’ whereby the body must expend
energy to deal with the omnipresence of biologically available,
or perhaps better, biologically reactive aluminium. Furthering
our understanding of how human exposure to aluminium
might be manifested as human disease will require the identi-
cation of specic biological targets for aluminium. We need to
determine if certain physiological systems might be more prone
to an ‘attack’ by aluminium than others and to understand the
nature of any enhanced vulnerability.

For the majority of metals which are both abundant in the
environment and omnipresent in the human body there are
recognisable guidelines which relate to how much of the metal
constitutes, enough, not enough and too much. This is the
1814 | Environ. Sci.: Processes Impacts, 2013, 15, 1807–1816
problem of aluminium, knowing what might be a safe exposure
and recognising what could be an unsafe exposure. While we
are unable to make these judgements it would be wise to adopt
a precautionary approach and to reduce human exposure to
aluminium to a practicable minimum.
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