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Abstract

Aluminum is a ubiquitous neurotoxin highly enriched in our biosphere, and has been implicated in the etiology
and pathology of multiple neurological diseases that involve neural degeneration, behavioral impairment and cognitive
decline. Over the last 36 years our group has analyzed the aluminum content of the temporal lobe neocortex of 511
high quality human brain samples from 18 diverse neurological and neurodegenerative disorders, including 2 groups of
age-matched controls. Brodmann anatomical areas including the inferior, medial and superior temporal gyrus (A20-A22)
were selected for analysis: (i) because of their essential functions in massive neural information processing operations
including cognition and memory formation; and (ii) because subareas of these anatomical regions are unique to humans
and are amongst the earliest areas affected by progressive neurodegenerative disorders such as Alzheimer’s disease
(AD). We utilized the analytical technique of (i) Zeeman-type electrothermal atomic absorption spectrophotometry
(ETAAS) combined with (ii) an experimental multi-elemental analysis using the advanced photon source (APS) ultra-bright
storage ring-generated hard X-ray beam (7 GeV) and fluorescence raster scanning (XRFR) spectroscopy device at the
Argonne National Laboratory, US Department of Energy, University of Chicago IL, USA. These data represent the largest
study of aluminum concentration in the brains of human neurological and neurodegenerative disease ever undertaken.
Neurological diseases examined were AD (N=186), ataxia Friedreich's type (AFT; N=6), amyotrophic lateral sclerosis
(ALS; N=16), autism spectrum disorder (ASD; N=26), dialysis dementia syndrome (DDS; N=27), Down’s syndrome (DS;
trisomy21; N=24), Huntington’s chorea (HC; N=15), multiple infarct dementia (MID; N=19), multiple sclerosis (MS; N=23),
Parkinson’s disease (PD; N=27), prion disease (PrD; N=11) including bovine spongiform encephalopathy (BSE; ‘mad cow
disease’), Creutzfeldt-Jakob disease (CJD) and Gerstmann-Straussler-Sheinker syndrome (GSS), progressive multifocal
leukoencephalopathy (PML; N=11), progressive supranuclear palsy (PSP; N=24), schizophrenia (SCZ; N=21), a young
control group (YCG; N=22) and an aged control group (ACG; N=53). Amongst these 18 common neurological conditions
and controls we report a statistically significant trend for aluminum to be increased only in AD, DS and DDS compared
to age- and gender-matched brains from the same anatomical region. The results continue to suggest that aluminum’s
association with AD, DDS and DS brain tissues may contribute to the neuropathology of these neurological diseases but
appear not to be a significant factor in other common disorders of the human central nervous system (CNS).

rich genetic material that includes RNA, DNA, free nucleotides such as
adenosine triphosphate (ATP), phosphoproteins and single stranded
nucleic acids [3,16-20]. More precisely, bioavailable aluminum appears
to be responsible for a significant reactive oxygen species (ROS)
mediated genotoxicity, that is, toxicity toward the genetic material of the
cell and molecular-genetic operations that include transcription, intra
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Introduction

Aluminum is an environmentally abundant and proinflammatory,
trivalent metal neurotoxin that has been implicated in the onset,

development and propagation of neurodegeneration and cognitive
decline in several human neurological disorders including AD, DDS and
DS (trisomy 21). As such, aluminum accumulation within the central
nervous system (CNS) over the course of aging appears to reach a critical
threshold in which sufficient amounts of this neurotoxin accumulates
to induce proinflammatory signaling, dysregulation of gene expression
(particularly in neurons), irreversible brain cell damage, and functional
decline resulting in deficits in cognition, memory and behavior [1-15].
More specifically, aluminum, an extremely high charge density cation
(Z*/r=18), appears to induce a general neurotoxicity towards both
intracellular and extracellular signaling functions in the CNS wherever
phosphate or polyphosphate is encountered, such as in the phosphate-
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and extranuclear genetic signaling, epigenetics and gene-expression
that has been extensively described by various laboratories [3,7,9,10,21-
35]. Much of this genotoxicity appears to be mediated through (i)
upregulation of the heterodimeric, proinflammatory transcription
factor NF-kB (p50/p65) complex; (ii) significant increases in NF-kB-
sensitive microRNA (miRNA) and messenger RNA (mRNA) linked
signaling circuits; and (iii) deficits in gene-expression. These have been
shown to drive multiple aspects of inflammatory neurodegeneration
including amyloidogenesis, altered innate-immune responses, deficits
in neurotrophic signaling and synaptogenesis, and the inability to
clear self-aggregating waste material from the brain cell cytoplasm and
parenchyma [5,6,10,12,29-38].

As part of our major research interests on environmental
biochemistry and neurotoxicity of biosphere abundant metallotoxins,
aluminum is the 3™ most abundant element (after oxygen and silicon)
and the most abundant metal making up about ~8.1% (w/v) of the
entire earth’s crust the determination of neurotoxic metals including
aluminum in human tissues has been an ongoing operation in our
laboratories for almost four decades. It is important to point out that
even though aluminum may be more abundant in one neurological disease
or tissue fraction than another, it is further important to demonstrate
that aluminum at physiologically realistic concentrations is capable of
contributing to an aluminum-driven neuropathology that is relevant to
that particular CNS disease [6,14,22,39,40-42]. For example, ambient
aluminum sulfate at low nanomolar concentrations, as might be
encountered within the genetic material of the aging CNS, has the ability
to emulate the upregulated levels of the same microRNAs (miRNAs) as
are apparent in AD, DS, some aged human brain tissue samples and in
several transgenic murine models of these neurodegenerative diseases
[30,31,35,42,43]. Interestingly, the synergism of aluminum with other
potentially neurotoxic metals, such as environmental iron and mercury,
in mediating and enhancing incapacitating neurotoxic effects within
the human CNS are just beginning to become understood [27,41].

Methods

At autopsy, human brain temporal lobe (Brodmann areas A20-A22)
tissues were collected from deceased patients with a postmortem
interval (PMI; death-to-brain-freezing at 81°C) ranging from 1.2 to 5.0

hr. Patient clinical, medial and familial history, physical examination,
clinical dementia rating (CDR), pneumoencephalogram and/or
other neuropathological determinations were compatible with the
diagnosis of each respective neurological disorder. To avoid gender-
based neurochemical or neurophysiological bias only female brains
were utilized in this study with the exception of the ASD group which
consisted of 7 females and 19 males. Extensive post-mortem examination
revealing brain weight, brain atrophy, neurofibrillary degeneration,
senile plaques, evidence of microbleeds and stroke, hippocampal
pyramidal degeneration and related clinical parameters were consistent
with a diagnosis of each neurological disorder. Because of a massive
data loss 23-31 August 2005 due to hurricane Katrina only the mean
and standard deviation for the age of each neurological group studied
was available. Great care was taken in the removal and processing of
tissues and workers in autopsy suites were supervised to minimize
possible aluminum contamination. For aluminum determinations brain
tissues were typically handled and processed in a negative pressure clean
room area used for the manipulation of extremely labile single-stranded
RNA molecules. Further details of the analytical methods for aluminum
samples are given in (Supplementary file 1).

Results

Using ETAAS as little as 0.1 ug/gm (dry weight) aluminum can
be reliably detected, however, the ETAAS method measures the total
amount of aluminum, and the possibility that this element is bound in
a nontoxic or non-specific form or in a physiological situation that has
no neurotoxic effect cannot be totally excluded at this time. Although
a considerable amount of investigational work has been done by this
laboratory on the genotoxic effects of aluminum on gene expression, it
will be necessary to further identify and characterize the tissue binding
sites in AD, DDS and DS to further establish the role of aluminum in
the pathogenesis of each disease. For example, it has been shown that
in AD, aluminum may target certain ‘open’ or ‘euchromatic’ regions of
the brain’s genetic material and hence be compartmentalized to specific
chromatin structures such as the inter-nucleosomal ‘histone H1’ linker
region, i.e. in highly compartmentalized fractions of the nuclei of
entire brain cells [1,2,7,9,40,44]. In addition, not all of the pathological
changes in AD, DDS, DS and the other neurological conditions studied

Abbreviation Neurological disease Al, ug/g dry weight
N Mean S.D. Range p,ANOVA NS or S Mean age (yr)+/- S.D.
AD Alzheimers disease 186 8.08 291 | 1.9-16.8 <0.0001 S 73.1+4/-15.6
AFT ataxia-Friedreichs type 6 1.15 0.18 | 0.9-14 1 NS 69.3 +/- 11.5
ALS amyotrophic lateral sclerosis 16 1.22 0.14 | 0.95-1.4 1 NS 67.5 +/- 10.1
ASD autism spectrum disorder 26 1.22 0.2 0.9-1.6 1 NS 11.1+/-6.4
DDS dialysis dementia syndrome 27 3.69 1.14 1.2-6.2 <0.0001 S 72.4 +/-13.2
DS Down’s syndrome (trisomy 21) 24 4.53 1.18 | 2.0-71 <0.0001 S 75.3+/-9.3
HC Huntington’s chorea 15 1.69 0.9 0.3-3.1 1 NS 70.4 +/-14.3
MID multiple infarct dementia 19 1.35 0.31 1.0-2.1 1 NS 70.4 +/-10.3
MS multiple sclerosis 23 1.37 0.43 0.7-2.1 1 NS 71.5+4/-9.3
PD Parkinson’s disease 27 1.77 0.76 | 0.4-3.2 0.9998 NS 72.5+/-10.1
PrD prion disease (BSE, CJD, GSS) 11 1.31 0.34 | 0.9-21 1 NS 74.2 +/-9.8
PML progressive multifocal leukoencephalopathy " 1.5 0.56 0.7-2.3 1 NS 73.1 +/-16.3
PSP progressive supranuclear palsy 24 1.45 0.4 0.5-2.3 1 NS 71.9 +/-14.4
SCz schizophrenia 21 1.74 0.56 0.7-2.7 1 NS 69.3 +/- 11.6
YCG young control group 22 1.2 1.19 | 0.9-1.5 10.2 +/- 6.1
ACG aged control group 53 1.34 0.28 | 0.16-1.8 71.4 +/-9.3

N=number of individual brains examined; SD: Standard Deviation; range=lowest to highest aluminum signal quantified; S: significant; NS: Not Significant.

Table 1: Statistical analysis of neurological diseases.
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here can be readily explained by these findings and our study does
not exclude the possibility that other etiological factors including
other neurotoxic processes, molecules or environmental metals may
additionally contribute to the pathogenic mechanism of progressive
inflammatory neurodegeneration (see also Discussion section, below).

Results for the aluminum content of temporal lobe tissues from 16
neurological disorders, a young control group (YCG) and an aged control
group (ACG) are presented in (Table 1); raw data for each neurological
disorder is presented in (Supplementary file 2). The neurological
disorders AFT, ALS, ASD, HC, MID, MS, PD, PrD, PML, PSP and SCZ,
while all representing neurological disorders with a neuroinflammatory
and/or neurodegenerative component that include progressive memory,
behavioral or cognitive deficits did not show any significant increase in
aluminum in the medial superior temporal lobes (Brodmann A20-A22)
when compared to age-matched controls (Table 1). We note that the
only neurological conditions exhibiting increased aluminum versus age-
and gender-matched healthy, neurologically normal controls was AD
to a mean of ~8.08-fold over these controls (N=186; range 1.9-16.8 ug
aluminum/gm tissue); DS (trisomy 21) to a mean of ~4.53-fold over age-
and gender-matched controls (N=24; 2.0-7.1 ug aluminum/gm tissue);
and DDS to a mean of ~3.69-fold over age and gender-matched controls
(N=27; range 1.2-6.2 ug aluminum/gm tissue). These values are within
the range of previously determined tissue aluminum studies using ETAAS
[25,45]. Of all brains studied the highest aluminum concentrations
were consistently found in AD tissues. Interestingly all DS patients are
known to expire from AD-type pathological change in their brains and
at post-mortem examination all DS patients exhibit some form of AD-
type alterations in the brain parenchyma and/or the extraneuronal or
extracellular space. These include, prominently, the appearance of highly
proinflammatory lesions including amyloid beta (AP) peptide enriched
senile plaque deposits and neurofibrillary tangles [15,45-47]. The loss
of normal kidney function in aged, long-term DDS patients exposes the
entire circulatory system, including the cerebrovascular circulation, and
potentially CNS compartments, to very large amounts of aluminum,
usually in the form of aluminum containing compounds in the dialysis
fluids resulting in aluminum intoxication, marked by significant motor,
speech and cognitive disturbances, seizures and progressive dementia
[18,19,25,48,49].

The latest US federal government compiled medical and scientific
data, including updated disease information with demographic
statistics on facts concerning AD, AFT, ALS, ASD, DDS, DS, HC, MID,
PD, PML, PSP, SCZ and PrP [that includes BSE (mad cow disease),
CJD and GSS], provided by the National Institutes of Health, Bethesda
MD, USA and other resources and constantly updated are provided in
(Supplementary file 3).

Results employing other novel and experimental analytical
techniques for aluminum quantitation and other trace metal analysis
using X-ray fluorescence raster scanning (XRFR) spectroscopy
to advance and improve the analysis and resolution of aluminum
abundance in neurobiological tissues is presented in (Supplementary
file 4) [50,unpublished data]. While still in development, using the
APS XREFR spectroscopy device, data were acquired using an energy-
dispersive germanium detector capable of detecting Al P, S, Cl, K,
Ca, Fe and Zn nondestructively in complex biological samples. We
have been able to detect a significantly larger signal for aluminum
abundance in AD temporal lobe neocortex ranging from 6-9-fold over
age and gender-matched healthy controls and the results are highly
significant (p<0.0001, ANOVA). In this ongoing project our long term
goal is to advance our ability to analyze and quantify aluminum and

other metal abundance, speciation and complexity in extremely small
samples of pathological neurobiological tissues compared to age-and
gender-matched controls (Supplementary file 4).

Discussion

The molecular, cellular, nuclear, genetic, epigenetic and systemic
mechanisms by which aluminum exerts selective neurotoxicity
and genotoxicity remains incompletely understood. Many different
pathogenic signaling pathways mediated by aluminum toxicity have
been described by our group and others [3,5,10,11,19,27,31,38,47].
One major aluminum-induced pathogenic signaling pathway driving
aluminum genotoxicity with relevance to many different human diseases
has been discovered in which: (i) aluminum crosses aging, diseased or
dysfunctional biophysical barriers including the gastrointestinal (GI)
and blood-brain barriers (BBB); (ii) accesses aluminum-sensitive
compartments within the CNS and supports the generation of reactive
oxygen species (ROS) and/or reactive nitrogen species (RNS); (iii)
these highly reactive species in turn strongly induces phosphorylation
of the NF-kB inhibitor (IkB) thereby leading to the activation of the
heterotypic NF-kB (p50/p65) dimer; (iv) NF-kB-sensitive microRNAs
(such as miRNA-34a and miRNA-146a) are significantly induced (due
to the presence of multiple NF-kB-DNA-binding sites in the miRNA-
34a and miRNA-146a gene promoters); and (v) these NF-kB-sensitive
miRNAs next interact with the 3’-untranslated region (3’-UTR) of target
messenger RNAs (mRNAs) thereby leading to their degradation and
decreasing the expression of that target mRNA [2,13,15,30-32,36,51].

Hence, a highly select and pathogenic group of upregulated,
NEF-kB-sensitive, miRNAs ultimately causes, for example, the down-
regulation of several key brain essential mRNAs including those
involved in synaptogenesis, in the regulation of innate immunity,
inflammatory and neurotrophic signaling and in amyloidogenesis
[15,42,43]. Interestingly, it has recently been shown that human
microbiome-derived lipopolysaccharide (LPS), and more specifically
the LPS of the Gram negative obligate anaerobe Bacteroides fragilis
(BFLPS), strongly adsorbs aluminum, and is highly capable of
inducing both ROS, RNS and NF-kB and in triggering inflammatory
neurodegeneration in human brain cells in primary culture. This
therefore establishes for the first time a link between potent aluminum
containing, proinflammatory neurotoxins actively secreted by the GI
tract microbiome and inflammatory signaling within human brain cells
[52,53, unpublished observations].

In addition to ETAAS and XRFR, other experimental, investigative
and analytical methodologies for quantifying the abundance of
aluminum in CNS tissues include high-field 19.6T *’Al solid-state
MAS NMR technologies which are designed to improve the detection
and localization of aluminum in neurobiological tissue samples [54].
These tissues include those of the normally aging human CNS, those
with the neurological diseases referred to in this report, transgenic
murine models of these same neurological disorders, and the use of
primary human neuronal-glial (HNG) cell models co-cultured in
vitro [27,52,54, unpublished 2018). Related to aluminum localization
and quantitative analytical work, other techniques such as ‘molecular
shuttle chelation’, involving the use of ascorbate, desferrioxamine
and Feralex-G in combination to remove nuclear-bound aluminum
have been advanced, although once bound, aluminum is particularly
refractory to chelation-based removal, especially in the phosphate-
enriched environment of euchromatin and the transcriptionally
active microcompartments of human brain cell nuclei [12,14,17,35].
Interestingly, the only clinical trial specifically designed to remove
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aluminum from the brains of live control and AD patients (N=48)
using the trivalent metal chelator desferrioxamine (DF) resulted in a
halving of the rate of neurodegeneration and cognitive decline in the
DE-treated group [55].

Lastly, these like all similar analytical studies on metallotoxins in
neurological disease have limitations. We focused on aluminum content
in females largely due to brain tissue sample availability, but preliminary
data for example in AD, show that males with AD exhibit the same
trend for aluminum accumulation in the temporal lobe region of the
brain versus controls with no neurological disease. Small sampling sizes
from extremely rare neurological disorders such as prion disease (BSE;
‘mad cow disease, CJD and GSS) and ataxia Friedreichs type (AFT)
and others are problematic as there is variability in neurotoxic metal
concentrations amongst individuals, and small sample size and skewed
power analysis could induce statistically nonsignificant results. We
would like to reiterate that if aluminum, or in fact any metal, is enriched
in tissues diagnosed with a certain disease, while certainly suggestive,
should not be enough evidence to link that metal to any disease.
Rigorous and reproducible experimentation with appropriate controls
are required to show that aluminum, or in fact any other neurotoxic
metal, at the concentrations found under physiological conditions
in vivo are capable of causing a focused disruption of a neurological
process, and preferably some disturbance that has a direct relevance
to the neurological disease process itself. For example, it has been
shown that the extremely high positive charge density aluminum may
specifically target certain accessible, polyphosphate-rich and highly
electronegative euchromatic regions of brain cell nuclei to disrupt gene
expression. Because aluminum appears to be compartmentalized to
specific ‘open’ and ‘accessible’ chromatin structures its concentration
may be actually highly localized, and at a higher concentration, than
those found on average and at random determinations throughout the
entire tissue sample under study [31,32,40].

Acknowledgement

The analytical, experimental and statistical work in this brief research report is
dedicated to the memory of DRC McLachlan, BS, MD, Order of Canada, who first
proposed a potential link between aluminum and Alzheimer’s disease (AD) in the early
1970’s and spent 46+ years of his scientific career establishing the pathological link
between aluminum neurotoxicity and AD. This research work was presented in part
at the Vavilov Institute of General Genetics autumn seminar series (Cepusi 0CeHHMX
cemuHapoB) in Moscow RUSSIA October 2017 and at the Society for Neuroscience
(SFN) Annual Meeting November 2018, San Diego CA, USA. Sincere thanks are
extended to the late Drs. JM Hill (JMH; Louisiana State University), TPA Kruck (TPAK;
University of Toronto), C. Bergeron (CB, University of Toronto) for helpful discussions
on this research area and to F Culicchia, C Eicken, C Hebel, B. Krishnan, K Navel,
and L. Wong for short postmortem interval (PMI) human and other mammalian brain
tissues or extracts, aluminum analysis and bioinformatics and data interpretation,
to Drs. Barry Lai and Stefan Vogt of the Advanced Photon Source (APS), Argonne
National Laboratories, US Department of Energy at the University of Chicago, and
to D Guillot for expert technical assistance. Thanks are also extended to the many
neuropathologists, physicians and researchers of the US, Canada, Europe and Russia
who have provided high quality, short postmortem interval (PMI) human CNS or
extracted brain tissue fractions for scientific study. We would like to further thank the
following brain and tissue banks for access to high quality postmortem tissues and
valuable analytical advice: the Autism Brain Net, Los Angeles CA, USA; the Corriell
Institute for Medical Research, Camden NJ, USA; Harvard University/McLean Hospital
Tissue Center, Boston MA, USA; Louisiana State University, New Orleans LA, USA;
the Lomonosov Institute, Moscow State University, Moscow, Russian Federation; the
National Disease Research Interchange, Philadelphia PA, USA, the National Institutes
of Health NIH NeuroBioBank, comprised of tissues from the National Institute of Mental
Health (NIMH), the Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NICHD), and the National Institute of Neurological Disorders
and Stroke (NINDS), Bethesda MD USA; the Netherlands Brain Research Institute,
Amsterdam, Netherlands; the New York State Institute for Basic Research, Staten
Island NY, USA; the Oregon Health Sciences University, Portland OR, USA; the
Southern Eye Bank, Metairie LA, USA; the University of California, Irvine CA, USA;
the University of Kentucky Alzheimer’s disease Brain Bank, Lexington KY, USA; the
University of Maryland Brain and Tissue Bank, Baltimore MD, USA, the University of

Massachusetts, Worcester MA, USA; University of Pennsylvania School of Medicine,
Philadelphia PA, USA, and the University of Toronto Brain Bank, Toronto ON, Canada.
All authors agree on the content of this publication. Research on metal neurotoxicity,
human and murine microRNAs, small noncoding RNA (sncRNA), proinflammatory and
pathogenic signaling in the Lukiw laboratory involving the innate-immune response,
neuroinflammation and amyloidogenesis in AD, ASD, PrD and in other human
neurological disorders was supported through an unrestricted grant to the LSU Eye
Center from Research to Prevent Blindness (RPB); the Louisiana Biotechnology
Research Network (LBRN), the Alzheimer Association and NIH grants NEI EY006311,
NIAAG18031 and NIAAG038834 (WJL).

Ethics Statement

All acquisition, handling, experimental and analytical procedures involving
postmortem human brain tissues were carried out in an ethical manner in strict
accordance with the ethics review board policies at brain and tissue donor institutions
and at the Louisiana State University (LSU) Health Sciences Center. Informed
consent from next of kin was obtained at brain and tissue donor institutions for all
tissue samples prior to autopsy and donation; coded postmortem brain tissue samples
(containing no personal identifying information of the donors) were obtained from
the 18 brain and tissue banks listed in the Acknowledgements section above. The
ethical use of postmortem human brain tissues and their analyses were also carried
out in strict accordance with the Institutional Biosafety Committee and the Institutional
Review Board Committee (IBC/IRBC) ethical guidelines IBC#18059 and IRBC#6774
at the LSU Health Sciences Center, New Orleans LA 70112 USA.

Conflict of Interest Statement

Declaration of interest for all authors including financial and personal
relationships with other people or organizations: none. We wish to confirm that
there are no known conflicts of interest associated with this publication and there
has been no significant financial support for this work that could have influenced its
outcome. The experimental work in this paper was funded by the LSU Eye Center
from Research to Prevent Blindness (RPB), the Louisiana Biotechnology Research
Network (LBRN), the National Institutes of Health (NIH), Bethesda MD, USA and
the Alzheimer Association Chicago IL, USA, and was not supported by any pro- or
anti-aluminum lobby or private foundation.

Authors Contributions

DRCM, PNA, WW, AIP, MEP, TPAK, YZ, NS, VJ and WJL aided in the
acquisition of all brain tissues and performed all analytical experiments involving
ETAAS and XRFR; DRCM, PNA, ZF, WW, AIP, YZ and WJL collected, organized
and tabulated all data and performed statistical analysis; DRCM generated many
preliminary observations and notes on all aluminum data and their statistics; AIP
and WJL wrote the paper.

References

1. MclLachlan DR, Lukiw WJ, Kruck TP (1989) New evidence for an active role of
aluminum in Alzheimer's disease. Can J Neurol Sci 16: 490-497.

2. McLachlan DRC, Lukiw WJ, Kruck TPA (1990) Aluminum altered transcription and
the pathogenesis of Alzheimer's disease. Environ Geochem Health 12: 103-114.

3. Martin RB (1992) Aluminum speciation in biology Ciba Foundation Symposium
169; Aluminum in biology and medicine a wiley interscience publication John
Wiley and Sons New York (1992) pp 5-25.

4. Lukiw WJ (1998) Aluminum and gene transcription in Alzheimer’s disease
and related neurodegenerative disorders. Journal of Trace Elements in
Experimental Medicine 11: 419-420.

5. Lukiw WJ, Bazan NG (2000) Neuroinflammatory signaling upregulation in
Alzheimer's disease. Neurochem Res 25: 1173-1184.

6. Campbell A, Yang EY, Tsai-Turton M, Bondy SC (2002) Pro-inflammatory
effects of aluminum in human glioblastoma cells. Brain Res 933: 60-65.

7. MclLachlan DR, Lukiw WJ, Mizzen CA, Kruck TP (1989) Chromatin structure
in Alzheimer's disease: Effect on 5' leader sequence for NF-L gene and role of
aluminum. Prog Clin Biol Res 317: 1061-1075.

8. McLachlan DRC, Kruck TPA, Lukiw WJ, Krishnan SS (1991) Would decreased
aluminum ingestion reduce the incidence of Alzheimer's disease? CMAJ 145:
793-804.

9. Lukiw WJ, Percy ME, Kruck TPA (2005) Nanomolar aluminum induces pro-
inflammatory and pro-apoptotic gene expression in human brain cells in
primary culture. J Inorg Biochem 99: 1895-1898.

10. Walton JR (2013) Aluminum involvement in the progression of Alzheimer's
disease. J Alzheimers Dis 35: 7-43.

J Alzheimers Dis Parkinsonism, an open access journal
ISSN:2161-0460

Volume 8 Issue 6 *+ 1000457


https://www.cambridge.org/core/services/aop-cambridge-core/content/view/S0317167100029826
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/S0317167100029826
https://doi.org/10.1007/BF01734059
https://doi.org/10.1007/BF01734059
https://link.springer.com/article/10.1023/A:1007627725251
https://link.springer.com/article/10.1023/A:1007627725251
https://www.sciencedirect.com/science/article/pii/S0006899302023053?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0006899302023053?via%3Dihub
https://journals.lww.com/alzheimerjournal/Citation/1988/02030/Chromatin_Structure_in_Alzheimer_s_Disease__Effect.166.aspx
https://journals.lww.com/alzheimerjournal/Citation/1988/02030/Chromatin_Structure_in_Alzheimer_s_Disease__Effect.166.aspx
https://journals.lww.com/alzheimerjournal/Citation/1988/02030/Chromatin_Structure_in_Alzheimer_s_Disease__Effect.166.aspx
https://doi.org/10.1016/j.jinorgbio.2005.04.021
https://doi.org/10.1016/j.jinorgbio.2005.04.021
https://doi.org/10.1016/j.jinorgbio.2005.04.021
http://dx.doi.org/10.3233/JAD-121909
http://dx.doi.org/10.3233/JAD-121909

Citation: McLachlan DRC, Alexandrov PN, Walsh WJ, Pogue Al, Percy ME, et al. (2018) Aluminum in Neurological Disease - a 36 Year Multicenter
Study . J Alzheimers Dis Parkinsonism 8: 457. doi: 10.4172/2161-0460.1000457

Page 5 of 5

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

.Kawahara M

. Walton JR (2014) Chronic aluminum intake causes Alzheimer's disease: Applying

sir austin bradford hill's causality criteria. J Alzheimers Dis 40: 765-838.

. Pogue Al, Lukiw WJ (2014) The mobilization of aluminum into the biosphere.

Front Neurol 5: 262.

. Pogue Al, Dua P, Hill JM, Lukiw WJ (2015) Progressive inflammatory pathology

in the retina of aluminum-fed 5xFAD transgenic mice. J Inorg Biochem 152:
206-209.

. Pogue Al, JaberV, Zhao Y, Lukiw WJ (2017) Systemic inflammation in C57BL/6J

mice receiving dietary aluminum sulfate; up-regulation of the pro-inflammatory
cytokines IL-6 and TNFa C-reactive protein (CRP) and miRNA-146a in blood
serum. J Alzheimers Dis Parkinsonism 7: 403.

. Garza-Lombo C, Posadas Y, Quintanar L, Gonsebatt ME, Franco R (2018)

Neurotoxicity linked to dysfunctional metal ion homeostasis and xenobiotic
metal exposure: Redox signaling and oxidative stress. Antioxid Redox Signal
28: 1669-1703.

. Krishnan SS, Gillespie KA, Crapper DR (1972) Determination of aluminum in

biological material by atomic absorption spectrophotometry. Anal Chem 44:
1469-1470.

. Kruck TPA, Cui JG, Percy ME, Lukiw WJ (2004) Molecular shuttle chelation:

The use of ascorbate desferrioxamine and Feralex-G in combination to remove
nuclear bound aluminum. Cell Mol Neurobiol 24: 443-459.

.Kandimalla R, Vallamkondu J, Corgiat EB, Gill KD (2016) Understanding

aspects of aluminum exposure in Alzheimer's disease development. Brain
Pathol 26: 139-154.

(2016) Link between aluminum
neurodegenerative disorders. Nihon Rinsho 74: 1176-1185.

neurotoxicity —and

https://environmentalchemistrycom/yogi/periodic/Alhtml

De Boni U, Scott JW, Crapper DR (1974) Intracellular aluminum binding; A
histochemical study. Histochemistry 40: 31-37.

Lukiw WJ, Kruck TP, McLachlan DR (1987) Alterations in human linker histone-
DNA binding in the presence of aluminum salts in vitro and in Alzheimer's
disease. Neurotoxicology 8: 291-301.

Lukiw WJ, Kruck TP, McLachlan DR (1989) Linker histone-DNA complexes:
Enhanced stability in the presence of aluminum lactate and implications for
Alzheimer's disease. FEBS Lett 253: 59-62.

Walker PR, LeBlanc J, Sikorska M (1989) Effects of aluminum and other cations
on the structure of brain and liver chromatin. Biochemistry 28: 3911-3915.

Crapper DR, Krishnan SS, Dalton AJ (1973) Brain aluminum distribution in
Alzheimer's disease and experimental neurofibrillary degeneration. Science
180: 511-513.

Lukiw WJ, LeBlanc HJ, Carver LA, McLachlan DRC, Bazan NG (1998) Run-
on gene transcription in human neocortical nuclei Inhibition by nanomolar
aluminum and implications for neurodegenerative disease. J Mol Neurosci 11:
67-78.

Alexandrov PN, Zhao Y, Pogue Al, Tarr MA, Kruck TP, et al. (2005) Synergistic
effects of iron and aluminum on stress-related gene expression in primary
human neural cells. J Alzheimers Dis 8: 117-127.

Lukiw WJ, Pogue Al (2007) Induction of specific micro RNA (miRNA) species by
ROS-generating metal sulfates in primary human brain cells. J Inorg Biochem
101: 1265-1269.

Lukiw WJ, Zhao Y, Cui J G (2008) An NF-kB-sensitive micro RNA-146a
mediated inflammatory circuit in Alzheimer disease and in stressed human-
brain cells. J Biol Chem 283: 31315-31322.

Pogue Al, Li YY, Cui JG, Zhao Y, Kruck TPA, et al. (2009) Characterization
of an NF-kB-regulated miRNA-146a-mediated down-regulation of complement
factor H (CFH) in metal-sulfate-stressed human brain cells. J Inorg Biochem
103: 1591-1595.

Pogue Al, Lukiw WJ (2016) Aluminum, the genetic apparatus of the human
CNS and Alzheimer's disease (AD). Morphologie 100: 56-64.

Pogue Al, Lukiw WJ (2016) Natural and synthetic neurotoxins in our
environment: From Alzheimer's disease (AD) to autism spectrum disorder
(ASD). J Alzheimers Dis Parkinsonism 6: 249.

Bhattacharjee S, Zhao Y, Hill JM, Culicchia F, Kruck TPA, et al. (2013) Selective

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

accumulation of aluminum in cerebral arteries in Alzheimer's disease (AD). J
Inorg Biochem 126: 35-37.

D'Souza SP, Vijayalaxmi KK, Naik P (2014) Assessment of genotoxicity of
aluminium acetate in bone marrow male germ cells and fetal liver cells of Swiss
albino mice. Mutat Res Genet Toxicol Environ Mutagen 766: 16-22.

Alexandrov PN, Zhao Y, Jones BM, Bhattacharjee S, Lukiw WJ (2013)
Expression of the phagocytosis-essential protein TREM2 is down-regulated
by an aluminum-induced miRNA-34a in a murine microglial cell line. J Inorg
Biochem 128: 267-269.

Alexandrov PN, Kruck TP, Lukiw WJ (2015) Nanomolar aluminum induces
expression of the inflammatory systemic biomarker C-reactive protein (CRP)
in human-brain microvessel endothelial cells (hnBMECs). J Inorg Biochem 152:
210-213.

Zhao Y, Bhattacharjee S, Jones BM, Dua P, Alexandrov PN, et al. (2013)
Regulation of TREM2 expression by an NF-D°B-sensitive miRNA-34a.
Neuroreport 24: 318-323.

Alexandrov PN, Zhao Y, Jaber V ,Cong L, Lukiw WJ (2017) Deficits in the
proline-rich synapse-associated Shank3 protein in multiple neuropsychiatric
disorders. Front Neurol 8: 670.

Lukiw WJ, Kruck TP, Crapper McLachlan DR (1989) Aluminium and the nucleus
of nerve cells. Lancet 1: 781.

Lukiw WJ, Krishnan B, Wong L, Kruck TP, Bergeron C, et al. (1992) Nuclear
compartmentalization of aluminum in Alzheimer's disease (AD). Neurobiol
Aging 13: 115-121.

Alexandrov PN, Pogue Al, Lukiw WJ (2018) Synergism in aluminum and
mercury neurotoxicity. Integr Food Nutr Metab 5.

Zhao Y, Bhattacharjee S, Jones BM, Hill J, Dua P, et al. (2014) Regulation
of neurotropic signaling by the inducible NF-kB-sensitive miRNA-125b in
Alzheimer's disease (AD) and in primary human neuronal-glial (HNG) cells. Mol
Neurobiol 50: 97-106.

Zhao 'Y, Hill JM, Bhattacharjee S, Percy ME, Pogue Al, et al. (2014) Aluminum-
induced amyloidogenesis and impairment in the clearance of amyloid peptides
from the central nervous system in Alzheimer's disease. Front Neurol 5: 167.

Clement C, Hill JM, Dua P, Culicchia F, Lukiw WJ (2016) Analysis of RNA from
alzheimer's disease post-mortem brain tissues. Mol Neurobiol 53: 1322-1328.

Castro P, Zaman S, Holland A (2017) Alzheimer's disease in people with Down's
syndrome: the prospects for and the challenges of developing preventative
treatments. J Neurol 264: 804-813.

Lee NC, Chien YH, Hwu WL (2017) A review of biomarkers for Alzheimer's
disease in down syndrome. Neurol Ther 6: 69-81.

Zis P, Strydom A (2018) Clinical aspects and biomarkers of Alzheimer's disease
in Down syndrome. Free Radic Biol Med 114: 3-9.

Mardini J, Lavergne V, Ghannoum M (2014) Aluminum transfer during dialysis:
A systematic review. Int Urol Nephrol 46: 1361-1365.

Vadakedath S, Kandi V (2017) Dialysis: A review of the mechanisms underlying
complications in the management of chronic renal failure. Cureus 9: e1603.

Walsh B, Bazan NG, Gordon WG, Lai B, Vogt S, et al. (2005) Trace metal analysis
in Alzheimer’s disease tissues using high brilliance X-Ray beams. Sixth Keele
Meeting on Aluminium Department of Biology University of Aveiro PORTUGAL.

Guo H, Ingolia NT, Weissman JS, Bartel DP (2010) Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature 466: 835-840.

Zhao Y, Cong L, Lukiw WJ (2017) Lipopolysaccharide (LPS) accumulates in
neocortical neurons of Alzheimer's disease (AD) brain and impairs transcription
in human neuronal-glial primary co-cultures. Front Aging Neurosci 9: 407.

Zhao Y, Lukiw WJ (2018) Bacteroidetes neurotoxins and inflammatory
neurodegeneration. Mol Neurobiol 55: 9100-9107.

Bryant PL, Lukiw WJ, Gan Z, Hall RW, Butler LG (2004) High-field 19.6T 27Al
solid-state MAS NMR of in vitro aluminated brain tissue. J Magn Reson 170:
257-262.

Crapper McLachlan DR, Dalton AJ, Kruck TP, Bell MY, Smith WL, et al. (1991)
Intramuscular desferrioxamine in patients with Alzheimer's disease. Lancet
337: 1304-1308.

J Alzheimers Dis Parkinsonism, an open access journal
ISSN:2161-0460

Volume 8 Issue 6 *+ 1000457


https://doi.org/10.3233/JAD-132204
https://doi.org/10.3233/JAD-132204
https://dx.doi.org/10.3389%2Ffneur.2014.00262
https://dx.doi.org/10.3389%2Ffneur.2014.00262
https://doi.org/10.1016/j.jinorgbio.2015.07.009
https://doi.org/10.1016/j.jinorgbio.2015.07.009
https://doi.org/10.1016/j.jinorgbio.2015.07.009
https://doi.org/10.4172/2161-0460.1000403
https://doi.org/10.4172/2161-0460.1000403
https://doi.org/10.4172/2161-0460.1000403
https://doi.org/10.4172/2161-0460.1000403
https://doi.org/10.1089/ars.2017.7272
https://doi.org/10.1089/ars.2017.7272
https://doi.org/10.1089/ars.2017.7272
https://doi.org/10.1089/ars.2017.7272
https://pubs.acs.org/doi/abs/10.1021/ac60316a019
https://pubs.acs.org/doi/abs/10.1021/ac60316a019
https://pubs.acs.org/doi/abs/10.1021/ac60316a019
https://link.springer.com/article/10.1023/B:CEMN.0000022773.70722.b2
https://link.springer.com/article/10.1023/B:CEMN.0000022773.70722.b2
https://link.springer.com/article/10.1023/B:CEMN.0000022773.70722.b2
https://doi.org/10.1111/bpa.12333
https://doi.org/10.1111/bpa.12333
https://doi.org/10.1111/bpa.12333
https://environmentalchemistrycom/yogi/periodic/Alhtml
https://febs.onlinelibrary.wiley.com/doi/abs/10.1016/0014-5793%2889%2980929-9
https://febs.onlinelibrary.wiley.com/doi/abs/10.1016/0014-5793%2889%2980929-9
https://febs.onlinelibrary.wiley.com/doi/abs/10.1016/0014-5793%2889%2980929-9
https://pubs.acs.org/doi/abs/10.1021/bi00435a043
https://pubs.acs.org/doi/abs/10.1021/bi00435a043
http://science.sciencemag.org/content/180/4085/511.long
http://science.sciencemag.org/content/180/4085/511.long
http://science.sciencemag.org/content/180/4085/511.long
https://doi.org/10.1385/JMN:11:1:67
https://doi.org/10.1385/JMN:11:1:67
https://doi.org/10.1385/JMN:11:1:67
https://doi.org/10.1385/JMN:11:1:67
https://content.iospress.com/articles/journal-of-alzheimers-disease/jad00460
https://content.iospress.com/articles/journal-of-alzheimers-disease/jad00460
https://content.iospress.com/articles/journal-of-alzheimers-disease/jad00460
https://doi.org/10.1016/j.jinorgbio.2007.06.004
https://doi.org/10.1016/j.jinorgbio.2007.06.004
https://doi.org/10.1016/j.jinorgbio.2007.06.004
https://doi.org/10.1074/jbc.M805371200
https://doi.org/10.1074/jbc.M805371200
https://doi.org/10.1074/jbc.M805371200
https://doi.org/10.1016/j.jinorgbio.2009.05.012
https://doi.org/10.1016/j.jinorgbio.2009.05.012
https://doi.org/10.1016/j.jinorgbio.2009.05.012
https://doi.org/10.1016/j.jinorgbio.2009.05.012
http://dx.doi.org/10.1016/j.morpho.2016.01.001
http://dx.doi.org/10.1016/j.morpho.2016.01.001
https://dx.doi.org/10.4172%2F2161-0460.1000249
https://dx.doi.org/10.4172%2F2161-0460.1000249
https://dx.doi.org/10.4172%2F2161-0460.1000249
https://doi.org/10.1016/j.jinorgbio.2013.05.007
https://doi.org/10.1016/j.jinorgbio.2013.05.007
https://doi.org/10.1016/j.jinorgbio.2013.05.007
https://doi.org/10.1016/j.mrgentox.2014.02.006
https://doi.org/10.1016/j.mrgentox.2014.02.006
https://doi.org/10.1016/j.mrgentox.2014.02.006
https://doi.org/10.1016/j.jinorgbio.2013.05.010
https://doi.org/10.1016/j.jinorgbio.2013.05.010
https://doi.org/10.1016/j.jinorgbio.2013.05.010
https://doi.org/10.1016/j.jinorgbio.2013.05.010
https://doi.org/10.1016/j.jinorgbio.2015.07.013
https://doi.org/10.1016/j.jinorgbio.2015.07.013
https://doi.org/10.1016/j.jinorgbio.2015.07.013
https://doi.org/10.1016/j.jinorgbio.2015.07.013
https://doi.org/10.1097/WNR.0b013e32835fb6b0
https://doi.org/10.1097/WNR.0b013e32835fb6b0
https://doi.org/10.1097/WNR.0b013e32835fb6b0
https://doi.org/10.3389/fneur.2017.00670
https://doi.org/10.3389/fneur.2017.00670
https://doi.org/10.3389/fneur.2017.00670
https://linkinghub.elsevier.com/retrieve/pii/0197-4580(92)90018-S
https://linkinghub.elsevier.com/retrieve/pii/0197-4580(92)90018-S
https://linkinghub.elsevier.com/retrieve/pii/0197-4580(92)90018-S
https://dx.doi.org/10.15761%2FIFNM.1000214
https://dx.doi.org/10.15761%2FIFNM.1000214
https://doi.org/10.1007/s12035-013-8595-3
https://doi.org/10.1007/s12035-013-8595-3
https://doi.org/10.1007/s12035-013-8595-3
https://doi.org/10.1007/s12035-013-8595-3
https://dx.doi.org/10.3389%2Ffneur.2014.00167
https://dx.doi.org/10.3389%2Ffneur.2014.00167
https://dx.doi.org/10.3389%2Ffneur.2014.00167
https://doi.org/10.1007/s12035-015-9105-6
https://doi.org/10.1007/s12035-015-9105-6
https://doi.org/10.1007/s00415-016-8308-8
https://doi.org/10.1007/s00415-016-8308-8
https://doi.org/10.1007/s00415-016-8308-8
https://doi.org/10.1007/s40120-017-0071-y
https://doi.org/10.1007/s40120-017-0071-y
http://dx.doi.org/10.1016/j.freeradbiomed.2017.08.024
http://dx.doi.org/10.1016/j.freeradbiomed.2017.08.024
http://dx.doi.org/10.1007/s11255-014-0752-8
http://dx.doi.org/10.1007/s11255-014-0752-8
https://doi.org/10.7759/cureus.1603
https://doi.org/10.7759/cureus.1603
https://www.nature.com/articles/nature09267
https://www.nature.com/articles/nature09267
https://doi.org/10.3389/fnagi.2017.00407
https://doi.org/10.3389/fnagi.2017.00407
https://doi.org/10.3389/fnagi.2017.00407
http://dx.doi.org/10.1007/s12035-018-1015-y
http://dx.doi.org/10.1007/s12035-018-1015-y
http://dx.doi.org/10.1016/j.jmr.2003.12.013
http://dx.doi.org/10.1016/j.jmr.2003.12.013
http://dx.doi.org/10.1016/j.jmr.2003.12.013
https://doi.org/10.1016/0140-6736(91)92978-B
https://doi.org/10.1016/0140-6736(91)92978-B
https://doi.org/10.1016/0140-6736(91)92978-B

	Title
	Abstract
	Keywords
	Introduction
	Methods
	Results
	Discussion
	Acknowledgement
	Conflict of Interest Statement 
	Authors Contributions 
	Table 1
	References

