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Introduction

We live in the age of aluminum (Al), faced with an increased exposure to this
non-essential metal.! While Al is ubiquitously present in the earth’s crust, it
was not identified until 1808, and was only isolated in pure form in 1825. In
1886 the industrial process of smelting Al was developed (the Hall-Héroulth
process), which is still the state-of-the-art technique for Al production. With
the onset of World War II, Al became a key strategic metal.?

Today Al and Al compounds are widely present in our lives. As packaging
material, Al comes into direct contact with our food and drinks. As an
ingredient in cosmetic products it is applied directly to the skin. As part of
different pharmaceutical treatments and vaccine adjuvants, it may be taken
orally or delivered by intramuscular or subcutaneous injection. In some
regions it is even used as coagulant in drinking-water treatment. Given its
widespread use, Al can even be found in human breast milk, albeit in lower
amounts than in formula milks, especially soya.'?

So far, no biological function has been identified for this pervasive metal in
human and animal organisms, and yet, more and more studies indicate that
Al is involved in the development of neurodegenerative diseases (ND) such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS)
and amyotrophic lateral sclerosis* (ALS), while Al-containing adjuvants used
in vaccines are believed to be involved in the development of a syndrome
not yet recognized by the Food and Drug Administration (FDA): autoimmune/
autoinflammatory syndrome induced by adjuvants (ASIA).> In addition, it has | Correspondence to

been suggested that Al plays a role in the increasing prevalence of breast | Dr. Aleksandra Niedzwiecki,
cancer in the upper outside of the breast as a direct consequence of the | Dr. Rath Research Institute,
widespread use of Al-containing antiperspirants.® But is there hard evidence | 1260 Memorex Drive,

that Al-toxicity is, indeed, involved in all these pathologies? This paper reviews | Santa Clara, CA 95050,
both the controversy and the findings concerning Al toxicity, the effect of Al | USA.

and Al-compounds on the human body, and the mechanisms — identified in

vitro and in vivo — underlying Al-toxicity. Email: author@jcmnh.org
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History of the controversy about toxicity of Al

The hypothesis that Al plays a role in the etiology of
AD was first raised in 19112, and was posited again
in 19657, based on the finding that Al salts injected
into rabbits” brains induced cognitive deficits, in
correlation with the accumulation of neurofibrillary
changes similar to neurofibrillary tangles (NT)
observed in the brains of AD patients. Secondly, Al
concentrations were found to be elevated in the
brains of AD patients and of patients suffering from
dialysis-associated encephalopathy (DAE), a disorder

characterized by profound dementia.

However, in the ensuing years, several investigators
have contradicted these findings by showing that
the neurofibrillary structures in rabbit brains have
a different biochemical composition from human
neurofibrillary tangles’, and by demonstrating that
no AD-like morphology could be identified in the
brains of patients with DAE following long-term
haemodialysis.®

In addition, it is even questioned whether, in normal
circumstances, Al is actually capable of entering
the brain and triggering the formation of senile
amyloid plaques (SAP), neurofibrillary tangles and
neuron degeneration, or whether the blood-brain
barrier (BBB) becomes permeable for Al solely as a
consequence of the degeneration of neurons by SAP
and NT.

Hence, there is still no consensus as to whether or
not Al plays a significant role in the etiology of various
pathologies, including AD.
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In vitro and in vivo observed effect of Al
on various biological processes

In vitro and in vivo studies can help us to understand
possible mechanisms underlying Al-toxicity in humans.

Affinity of Al to biological structures in animal cells,
membranes and extracellular proteins

Since Al has no known biological function in the human
body, no specific Al channel or transport mechanism
has so far been identified. Though there are many
unresolved questions concerning Al transport, the
repeatedly identified intracellular presence of Al

indicates that a form of Al transport must exist.

In general Al is able to compete with other cations, such
as calcium (Ca%), magnesium (Mg?*), zinc (Zn?*), and, in
As the Al-cation has
only one oxidation state (Al**), it does not oxidize or

a special way, with lron (Fe*/*).

reduce, but it can form complexes with other metals. As
such, it can also promote oxidative damage by binding
to pro-oxidant metals such as iron and copper, thereby
creating metal-based oxidative events.’® One example
of the toxic effect of Al is the liberation of iron (Fe)
from the transferrin complex by Al. The free iron is able
to generate highly reactive oxygen species (ROS) via
Fenton chemistry. It is believed that free Fe could be
the principal mediator of oxidation in cellular systems.?
Al inhibits many Mg?*- and ATP-dependent enzymes,
including tubulin GTPase, Na*/K*-ATPase, hexokinase,
RNA polymerase, choline acetyltransferase, ferroxidase
and calmodulin-dependent ATPase. It binds ATP in a
complex that is several orders of magnitude more stable
than that with Mg?**.

Fluoroaluminates (AIF-) complexes are well known to
interfere with the activity of G-proteins and calcium
homeostasis. It is absorbed in the gastrointestinal (Gl)
tract and can cross the BBB easily, as shown in rats.?!
Further, intracellular aluminum chloride (AICl,) was
found to be accompanied by a significant increase of
lipid peroxidation (LPO) and membrane viscosity.*
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In addition, it has been demonstrated that Al affects
chromatin structure; it binds to phosphonucleotides
and can alter DNA interaction with nucleoproteins,
transcription factors and RNA-polymerase. Some studies
show that Al triggers ROS-sensitive transcription factors
such as hypoxia-inducible factor-1a (HIF-1a) and nuclear
transcription factor -kB (NF-kB).#!! Both transcription
factors play an important role in the development of an
inflammatory environment.

Influence on mitochondrial energy production

In vitro studies have indicated that Al toxicity leads
to mitochondrial dysfunction. Mitochondrial function
is strictly linked to Fe. Hence, by competing with
Fe, Al can easily disrupt mitochondrial function.
For example, previous studies have shown that
the expression of aconitase (ACN), an enzyme that
catalyzes isomerization of citrate to isocitrate, is
reduced in the presence of Al. The Al-mediated
increase of oxidative stress and the Al-associated
dysfunction of Fe-dependent enzymes such as ACN
perturbsthe tricarboxylic acid cycle (TCA) and disables
the aerobic ATP production.!' Both oxidative stress
and reduced ACN activity are associated with AD,
other neurodegenerative pathologies and obesity.

Furthermore, an Al-mediated decrease of L-carnitine
linked to lipid
accumulation in hepatic cells®?. A recent study in

was observed, which has been

human peripheral blood lymphocytes has confirmed
Al-toxicity, but the
death and ROS was only significant in higher Al

increase of mitochondrial

concentrations. Changes in the mitochondrial
membrane depolarization and viscosity may depend

on AIC|3.12'13

Al increases ROS

The exposure to Alis also associated with the generation
of ROS and induction of oxidative stress. On top of that,
it decreases endogenous production of super oxide
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dismutase (SOD) and glutathione (GSH), which can
prevent cells from being damaged by ROS.>

The passage of Al through the Blood-Brain-Barrier
Alwas foundin all body fluids, including the interstitial
fluid of the brain. It may cross the BBB via five routes
that do not require alterations of the BBB, namely the
paracellular, transcellular, active transport, channels
and adsorptive or receptor- mediated transport
route (fig.1). Once inside the brain, Al persists for
a long time, up to 150 days.? The five mechanisms
presented in figure 1 occur in a healthy BBB, whereby
Al is transported through the cells. In addition, Al can
induce BBB permeability by reducing the number
of tight junctions between epithelial cells. As a
consequence, Al and other substances that normally
cannot cross the BBB, can enter the brain now via this
self-induced paracellular route.®* A recent study in
Wistar rats indicated that rats exposed to low levels
of AICI, in the drinking water, have a significantly
higher Al brain level than the control group.*

Association between Al toxicity and
neurodegenerative pathologies

Alzheimer’s disease

It is generally accepted that Al is a neurotoxic agent,
but the exact role of Aland the amount of Al necessary
to induce pathology, including neurodegenerative
diseases, is not clearly defined. Most studies
concerning the association between Al and neuro-

toxicology have focused on AD.

An important causal factor of neurodegenerative
disease, including AD, is the aforementioned increase
of ROS and ROS-induced neuronal cell damage. In
addition, neurodegeneration, as seen in AD, PD, ALS
and MS, is accompanied by a higher expression of
pro-inflammatory genes and concentration of pro-
inflammatory cytokines.*
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Figure 1 — Routes used by Al-compounds to cross cell membrane and BBB. Solely the verified pathways
for the different Al-compounds are presented.’

Also, as previously mentioned, Al increases the
expression of NF-kB, which is part of a pro-inflammatory
pathway. Moreover, it triggers the formation of AB1-42

and NT.

Epidemiological studies

Epidemiological studies have shownthattheincidence
of AD is higher in those areas where Al concentration
in drinking water is relatively high, which strongly
suggests that Al exposure is associated with increased
risk of AD. 15 Individuals chronically exposed to Al are
71 percent more likely to develop AD. In the light of
the aforesaid, it is not surprising that the worldwide
increased exposure to Al is accompanied by an
increase of AD prevalence. According to the World
Alzheimer Report, in 2015 there were 46.8 million
people living with dementia. It is predicted that, by
2030 that number will have risen to 74.7 million.*®

Human and animal studies
Reusche et al (2001) studied the morphology of post-
mortem brains of patients with DAE. DAE is a result

of a history of long-term haemodialysis and intake of
aluminum-containing drugs. The study indicated that
DAE morphology does not match AD morphology. As
such, it is one of the studies that seem to discard the
AD-Al hypothesis.®

In contrast, a recent study shows that Al is involved
in NT formation and growth. Al was found to
induce tau-hyperphosphorylation by inhibiting
protein phosphatase 2A(PP2A) activity in pyramidal
cells.’” Another recent study showed that chronic
exposure to drinking water enriched with AICI, led to
overexpression of amyloid precursor protein (APP) in
brains of rats.

With a new method of aluminum-selective
fluorescence microscopy, high Al concentration could
be detected in human brain tissue of persons with
familial AD (the genetic form of AD).*® The authors
concluded that brain aluminum may contribute to
the development of all forms of AD, at least under

certain conditions.*?
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Lowering the Al burden
Another
between Aland AD is by the examination of the impact

means to investigate the relationship
of decreasing the Al body burden. Hesperidin, a citrus
bioflavonoid used to that purpose, had indeed a
neuroprotective effect in Wistar rats. Compared with
the control group with the same AICI, intake', rats
exposed to hesperidin showed a notable reduction of
Al levels and acetylcholine esterase (AChE) activity.
Moreover, they suffered from less memory loss and
fewer histopathological changes in relation to the

control group.

In a human study, it was tested whether silicon-
rich mineral water can be applied as a non-invasive
approach to lower the body Al burden. Fifteen
participants consumed a liter of silicon-rich mineral
water per day for 12 weeks. After 12 weeks, three
of the 15 participants with AD showed a clinically
relevant improvement on the Alzheimer’s disease
(ADAS-cog),
used to measure cognitive performance.? A longer-

assessment scale-cognitive subscale
term trial with silicon-rich mineral water is needed
to determine if Al is one of the key factors in

multifactorial spontaneous AD.

Breast cancer

Anothertopicrelated to Al is the possible link between
breast cancer and cosmetic products that contain Al
compounds. Like AD, breast cancer is a multifactorial
disease. In recent years an increase of incidence,
especially in the upper outer quadrant of the breast
(>50percent), hasbeenregistered. Thisisaregion with
more epithelial tissue, located next to the zone were
antiperspirant products containing Al are applied.® Al
was found to negatively affect epithelial cells of the
breast.® Higher Al concentrations were detected in
breast cancer patients than in non-affected women,
and higher Al levels were observed in malignant breast
tissue than in adjacent breast tissue.® However,
these findings could not be repeated systematically.?!
One of the latest case control studies into the use of
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underarm cosmetics products (UCP) and the risk of
breast cancer concluded that there is a significant
increase in the risk of breast cancer, OR=3.88 (95% Cl
1.03-14.66, p=0.036) in woman who use UCPs several
times per day, starting before age 30.2?

Nonetheless, the hypothesized link between breast
cancer and Al is still controversial. No mutagenic
activity was observed in an Ames test with AlLO,.”
In addition, it is unclear whether the amount of Al
absorbed by the skin is high enough to play a role
in cancer development. Some studies have showed
affinity of Al to estrogen receptors, but others could
not confirm this link. The most-used Al compounds
in antiperspirants are AICl,, Al-chlorohydrate or
Al-zirconium chlorohydrate glycine complex. The
FDA and the European Union (EU) warn against the
application of Al-containing products to damaged
or irritated skin.?* The absorption of Al via affected
skin is more than six times higher, up to 11.5 ug/cm?2,
compared with 1.81 ug/cm2, in healthy skin.

In vitro studies and possible mechanism

that links Al to breast cancer

In immortalized non-transformed human breast
epithelial cells exposed to Al salts in concentrations
comparable to that in human breast tissues, a
significant reduction of DNA-repairing mechanism
was observed. In addition, Al was shown to increase
DNA double strand break (DSB) in epithelial breast
cells. DNA damage and down-regulation of repairing
mechanism by Al could induce genome instability,
one of the preconditions for cancer development.®

Another in vitro study with estrogen-unresponsive
human breast cancer cells showed that Al can
disrupt matrix metalloproteinase MMP9 and MMP14
This
migration of human breast cancer cells. In a study

secretion.?® indicates that Al can increase
with human mammary epithelial cells, an increase of
DNA synthesis, DSBs and senescence in proliferating

cultures was observed. Similar to an activated
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oncogene, Al triggers senescence and proliferative
stress in normal mammary epithelial cells.?®

The in vitro studies do not provide evidence that Al is
a breast carcinogen, but do reinforce the hypothesis
that there is a possible link between the increase of
breast cancer and the Al-salts in antiperspirants.

Immune system and Al vaccine adjuvants

Since 1926, Al-salts have been used as adjuvants in
vaccines to stimulate the immune system. Vaccine
adjuvants containing Al are generally declared
as safe. However, this assumption is increasingly
questioned.?’ critical

Recently, a analysis  was

published of the three toxicokinetics reference
studies that are generally used to prove that Al-based
adjuvants are harmless. The authors conclude that
the sole experimental study examining Al adjuvant
kinetics used an inappropriate design, and that the
three existent toxicokinetic studies offer insufficient
basesto guarantee the absolute safety of Al-adjuvants
administrated at large scale.?®

Some scientists conclude that Al adjuvants are
capable of triggering the immune response even
in the absence of a viral or bacterial threat.? Al
induces a release of inflammatory cytokines and
matrix metalloproteinase in human monocytes.®® It
has been indicated that non-adjuvant Al can induce
autoimmune disease and it is plausible that Al from
adjuvants may do the same.*®

Autoimmune/Auto-inflammatory Syndrome
Induced by Adjuvants (ASIA syndrome)

ASIA syndrome, characterized by an abnormal
identified

by Shoenfeld and Agmon-Levin. ASIA syndrome

autoimmune response, was recently
incorporates four “enigmatic” medical conditions,
Gulf  War

(MMF), siliconosis and post-vaccination phenomena,

syndrome, macrophagic myofasciitis
all associated with previous exposure to adjuvants.
The link between adjuvants and these four conditions

was validated in animal models.?”’
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Using a mouse model, it has been shown that Al is
highly bio-persistent. Given the pro-inflammatory
effect of Al, this may trigger the development of
autoimmune diseases.

Adisease patternsuch as ASIA syndrome was observed
in sheep after a bluetongue vaccine campaign in
Spain. A single dose of the ovine vaccine contains 4
mg of AI** (the limit of Al for humans is 0.85 mg in
the states, 1.25 mg in Europe). So-called “ovine ASIA
syndrome” appears in two phases, the acute phase
with early manifestations of acute nervous signs, and
the chronic phase, characterized by, among other
things, the thickening of periphery nerves, necrosis
and neuronal loss in the spinal cord.?® The acute
phase is not a necessary precondition for the chronic
phase to arise.

Mice treated with the aluminum-based adjuvant
alum developed inflammation of the submandibular
salivary glands and showed higher anti-nuclear
antibodies reactivity.

Al-adjuvants and MMF

MMF is a local histopathological reaction in the
human deltoid muscle, associated with long-
term persistence of vaccine-derived Al-hydroxide
(AI(OH),). It affects mostly women (>70 percent) and
can develop up to eight to ten years after vaccination.
The majority of people affected with MMF received
intramuscular Al injections in the ten years prior to
being diagnosed. Clinical manifestations of MMF are
diffuse myalgia, arthralgia, chronic fatigue, muscle

weakness and cognitive dysfunction.®
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Conclusion

Increase of Al in our environment:
Is there a need to act?

As mentioned in the introduction, we are living in the
Al-age. Al can be found in new places and in compounds
that did not previously exist. Until now, no biochemical
function of Al could be identified, either in humans or
in animals.! Since its industrial introduction as metal in
the Second World War, Al has become an increasingly
important material. It is used for construction, in food
packaging, as a component of baking formulas and
pesticides (Al-phosphide). Aluminum foil that comes in
contact with food, particularly acidic or spicy food, will
start to dissolve and leach into it. Further, we can find
Al in pharmaceutical products, in vaccines and in many
other applications.! In the preparation of drinking
water Al-salts are used as flocculants. Owing to the
massive use of Al in the different areas of modern
society, the human Al body burden is increasing
dramatically.! As a direct consequence, at present Al
can even be found in human breast milk (as it can in
soy formulas for babies).

Some studies have identified biological mechanisms
and pathways responsible for Al toxicity in the human
and animal body. However, study results are often
contradictory. There is no strong evidence for the
association between Al toxicity and the development of
pathology. Several studies clearly suggest that Al may
affect the microenvironment of, for instance, breast
tissue, and stimulate the inflammatory response and
oxidative stress, but there is no hard evidence for its
roleinthe etiology of specific pathologies. Hence, there
is no conclusive answer for the Al-toxicity hypothesis.
Nonetheless, while research continues, it would be
wise to do what we can to reduce the aluminum burden
by avoiding antiperspirants, aluminum cookware, soft-
drink cans, aluminum-containing drugs and the use of
Al-adjuvants in vaccines.
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