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 Abstract

Several independent laboratories using different murine-strains have reported (i) that the supplementation of mouse-diets and/or drinking 
water with aluminum significantly enhances neuro-inflammatory signaling in specific brain-tissue compartments when compared to age-
matched controls; and (ii) that these aluminum-induced changes resemble an inflammatory-neuropathology characteristic of Alzheimer’s-
disease (AD) brain. In this communication using an analytical time-course of 1, 3 and 5 months in aluminum-fed C57BL/6J mice, here for the 
first time, we quantify: (i) in which of the 25 mouse-tissues analyzed is aluminum targeting/accumulating; and (ii) the degree-of-induction of 
NF-kB and the pro-inflammatory microRNA-146a (miRNA-146a) in regions of the brain that displayed the highest aluminum-accumulation. 
Methodologies included naturally-aging, wild-type C57BL/6J female murine-models, DNA-expression arrays, ELISA, electrothermal 
atomic-absorption spectrophotometry (ETAAS) and bioinformatics analysis. The five most significant findings were: (i) of the 25 murine-
tissues examined all tissues accumulated aluminum to various degrees; (ii) aluminum-accumulation was age-related and appeared to be 
highest in the brain/retina, breast-tissues and ovaries; (iii) most tissues ceased rapid aluminum-accumulation after approximately 1 month; 
(iv) certain tissues such as the brain/retina, breast-tissue and ovaries continued to accumulate aluminum up to 5 months (the longest time-
point studied); and (v) aluminum accumulation was directly-associated with a significant up-regulation of NF-kB and the pro-inflammatory 
miRNA-146a in the same tissues. Taken together the results indicate that in aluminum-fed C57BL/6J murine-models aluminum not only 
selectively accumulates in nervous and reproductive tissues but also significantly induces a pro-inflammatory gene signaling program in 
anatomical regions which normally exhibit high-metabolic rates and high-levels in the readout of genetic-information.
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Abbreviations: AD: Alzheimer’s disease, ANOVA: Analysis 
of variance, BMA: Bone marrow, BRN: Whole brain, BRS: 
Breast, C57BL/6J: Common strain of laboratory mouse, CER: 
Cerebellum, CTX: Cortex, ETAAS: Electrothermal atomic 
absorption spectroscopy, HRT: Heart, HIP: Hippocampus, 
MiRNA: Micro RNA, NF-Kb: Nuclear factor for kappa B 
(a pro-inflammatory transcription factor), OVY: Ovary, PIT: 
Pituitary, RNA Pol II: RNA polymerase type II, RET: Retina, 
ROS: Reactive oxygen species

Introduction
Consisting of 8.8% (w/v) of the earth’s crust, aluminum is 

a ubiquitous metallic neurotoxin and genotoxin to which 
humans are heavily exposed throughout their lives. The intake 
of an average of 10 mg Al/day (range 10–1000 mg Al/day) 
occurs chiefly via the ingestion of food, water, medicine and 
inhalation [1-5]. Fortunately, the low solubility of aluminum at 
biological pH and highly evolved epithelial-, and endothelial-
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cell-based gastrointestinal (GI) and blood-brain barriers (BBB) 
prevent this ubiquitous metallotoxin from accessing human 
biological compartments. Importantly, aluminum that does 
gain entry into the central nervous system (CNS) in animal 
models has been shown to induce NF-kB and microRNA-
146a-mediated inflammatory and neuroimmune pathogenic 
gene expression patterns that closely emulate many aspects 
of CNS pathology and progressive memory dysfunction that 
are highly characteristic of neurodegenerative disorders which 
include Alzheimer’s disease (AD) [1,6-18]. 

The current experimental studies were undertaken to advance 
our understanding of the targeting, tissue distribution and 
accumulation of aluminum in 25 tissues from wild type 
control C57BL/6J mice at 1, 3 and 5 months after feeding 
these mice with aluminum-sulfate in their daily food and 
drinking water. Control animals were fed magnesium sulfate 
to normalize for sulfate intake and were analyzed in parallel. 
Using ELISA-, DNA array-based analyses the levels of the 
pro-inflammatory transcription factor NF-kB and the NF-
kB-regulated inflammatory miRNA-146a were quantified 
in samples exhibiting the highest aluminum accumulation. 
Importantly, activation of NF-kB-miRNA-146a regulated 
signaling pathways is a potent precursor to the establishment 
of pro-inflammatory gene expression programs in the 
mammalian CNS with downstream, pathogenic consequences 
[12-14,17-23].

Materials and Methods
C57BL/6J animals

C57BL/6J control animals purchased from a commercial rodent 
research supplier (http://jaxmice.jax.org/ jaxnotes/507/507r.
html; Jackson Laboratories, Bar Harbor, MA, USA) were 
housed and raised at the LSU animal breeding and holding 
facility as previously described [6,7]. There were 2 test groups 
- a magnesium sulfate fed-and-watered ‘control’ test group and 
an aluminum-sulfate fed-and-watered test group. Typically 36 
female animals per test group were randomized and selected 
to receive either standard rodent chow (meal-ground pellets; 
Standard Laboratory rodent diet 5001; http://www.labdiet.
com/cs/groups/lolweb/@labdiet/documents/web_content/
mdrf/mdi4/~edisp/ducm04 _028021.pdf; LabDiet St. Louis 
MO, USA), or a diet enriched in Al (as sulfate; commonly 
used as food additive and water purification agent; http://www.
generalchemical.com/assets/pdf/Dry_Alum_ Food_Grade_
PDS.pdf; 100 mg Al/kg diet; LD50 for aluminum sulfate in 
mice ~980 mg Al/kg). Control animals received drinking 
water containing 0.2 mg/L aluminum (https://www.wqa.
org/Portals/0/Technical/Technical%20Fact%20Sheets/ 2014 
Aluminum.pdf; http://www.who.int/water_sanitation_health/
publications/aluminium/en/) and aluminum-treated animals 
received aluminum-supplemented water (2.0 mg/L aluminum). 
The aluminum content of both food and water are realistic in 
the consumer environment for daily human exposure; both 
food and water were provided ad libitum from birth. C57BL/6J 
mice stopped weaning and started eating either standard rodent 
chow or a diet enriched in Al at about 1 month of age (time 

‘0’); at 0, 1, 3 and 5 months animals were sacrificed, tissues and 
organs were harvested under RNAse-free clean conditions and 
were subjected to Zeeman-type ETAAS trace metal analysis for 
aluminum (detection limit ~0.1 ug/L). 

Murine tissues, chemicals and reagents, protein extraction 
and quality control

Analytical chemicals and reagents used in these experiments 
were obtained from standard commercial suppliers; all 
chemicals and reagents were used in accordance with the 
manufacturer’s specifications and without any additional 
purification. Age-matched magnesium sulfate control and 
aluminum-sulfate-treated C57BL/6J tissues at 0, 1, 3 and 
5 months of age were analyzed for aluminum from both 
control and aluminum-fed animals; total tissue DNA, RNA 
and protein were isolated using TRIzol reagent as previously 
described by our group [21-23]; DNA, RNA and protein 
samples were archived for further downstream analysis. 
Protein concentrations were determined using a dotMETRIC 
microassay as previously described (sensitivity 0.3 ng protein/
ml; Invitrogen, Carlsbad, CA, USA; Chemicon-Millipore, 
Billerica, Massachusetts, USA) [21-23; 24-31].

Aluminum analysis and ETAAS

Sample Preparation: Up to 0.5 gm of individual tissues 
(wet weight) were dissected free of connective tissue and 
vasculature and washed in ultrapure water (18 megohm, 
Millipore or Puriss 95305, Milli-Q water; Fluka; Tracepur® 
product 1.00473 EMD Merck-Millipore Bellerica MA, 
USA; aluminum content <1 ppb), were next ‘dry’ ashed in 
platinum crucibles, taken up in concentrated ultrapure HNO3 
(OmniTrace UltraTM Nitric acid NX0408, EMD Merck-
Millipore, or ULTREX II Ultrapure Reagent, J.T.Baker/VWR 
Radnor PA, USA; aluminum content ~20 ppt) and subjected to 
ETAAS as previously described by our laboratory and others 
[18-29]. Some murine tissues were pooled to achieve enough 
tissue mass to make up to a 0.5 gm wet weight. Parallel sets of 
samples were also analyzed using the ‘wet’-digestion method 
of Trap et al (1978) and Van der Voet (1985) as modified by 
van Ginkel et al., (1990) [18-20]. In the later method 0.5 gm 
samples of tissue in disposable polypropylene or Teflon tubes 
were incubated 24 hr at 45°C in 0.8 mL concentrated ultrapure 
nitric acid and 0.2 ml concentrated ultrapure sulfuric acid 
(ULTREX II Ultrapure Reagent, J.T.Baker/VWR Radnor PA, 
USA; aluminum content <50 ppt) in a dedicated thermomixer/
extractor device (Eppendorf Incorporated, Hauppauge NY, 
USA); the temperature was raised to 70oC for 3 hrs and then 
105oC resulting in a clear yellow solution, diluted up to 3.0 
ml with ultrapure water and subjected to trace metal analysis. 

Analytical Parameters, controls and independent analysis: 
trace metal analysis was performed in duplicate or triplicate 
on 20 uL samples using electrothermal atomic absorption 
spectrophotometry (ETAAS); PE5000PC system, Zeeman-
type, Perkin-Elmer, Waltham MA, USA) equipped with an 
PE 18-position automated sampler and an IBM/AT-supported 
analysis package for trace metal analysis, as previously 
described by our group and others [18,19,25-29]. Briefly, 
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the ETAAS device hollow-cathode lamp was operated at 
15 mA; atomic absorption for aluminum was measured at 
309.3 nm with a spectral band width of 0.7 nm; the purge 
gas was Argon at 300 ml/min; gas flow was interrupted at 
atomization; typically the dry cycle was 130oC, 10 sec ramp, 
5 sec hold; char cycle 1500oC, 18 sec ramp with a 6 sec hold; 
the atomize cycle was 2700oC with a 0 sec ramp and a 6 sec 
hold, although other programs were used with quantitatively 
similar results; aluminum concentrations in the digest were 
determined using the standard-addition method. In the later 
a 10 mg/L aluminum aqueous solution was prepared from 
ultrapure reagents; aqueous standard solutions of 0, 10, 20 and 
50 ug/L were prepared; typically a 250 uL sample of digest 
was mixed with an equal volume of standard solution prior 
to analysis in duplicate [19-23; SJ Karlik, G Van der Voet, P 
Zatta; personal communications). Additional details of the 
aluminum determination procedure using ETAAS are given 
in Figure 1 and Supplementary File 1. Random murine 
tissue samples were also checked for aluminum content and 
confirmed independently using a Perkin Elmer ETAAS device 
at the Department of Physiology, Medical Sciences Building, 
University of Toronto. Some brain samples were in addition 
analyzed using experimental X-ray fluorescence (XRF) 
spectroscopy at the Advanced Photon Source (APS), Argonne 
National Laboratory, University of Chicago.

ELISA analysis for the NF-kB (p65) subunit

ELISA analysis for the pro-inflammatory NF-kB transcription 
factor’ were performed using an NF-kB p65 polyclonal 
antibody [PA1-186; Invitrogen-Thermo Fisher Scientific, 
Waltham MA, USA] and a control protein marker β-actin 
(3598–100; Sigma-Aldrich Chemical Company, St. Louis, 
Missouri, USA) using methodologies previously described 
by our laboratory [18-20]. The abundance of the NF-kB (p65) 
subunit in aluminum-treated versus control samples for 25 
murine tissues is shown in bar graph format in figures.

Statistical analysis, data interpretation and integrated 
bioinformatics analysis 

For ETAAS data, ELISA and DNA array analysis all statistical 
procedures were analyzed using (p, ANOVA) a two-way 
factorial analysis of variance using algorithms and procedures 
in the SAS language (Statistical Analysis Institute, Cary, NC, 
USA) and as previously described [21-23]. In the results 
p-values of less than 0.05 (ANOVA) were considered to be 
statistically significant. All aluminum, NF-kB and miRNA-
146a data were collected and analyzed using Excel 2016 
(Office 365) algorithms (Microsoft Corporation, Redmond 
WA, USA); all figures were generated using Adobe Illustrator 
CC 2015 and Photoshop CC version14.0 (Adobe Corporation, 
San Jose CA, USA). All statistical procedures for ELISA 
were analyzed using a two-way factorial analysis of variance 
(p, ANOVA) using programs and procedures in the SAS 
language (Statistical Analysis Institute, Cary, NC, USA) and 
as previously described [29-31]. Only p-values of less than 
0.05 (ANOVA) were considered to be statistically significant. 

Figures were generated using Excel 2008 (Microsoft 
Corporation, Redmond WA), Adobe Illustrator CS3 ver 11.0 
and Photoshop CS2 ver 9.0.2 (Adobe, San Jose CA).

Results
Figure 1 displays in bar graph format the extent of aluminum 
accumulation in 25 tissues of wild-type C57BL/6J female 
murine-models fed aluminum (as sulfate) for 1, 3 and 5 months. 
A general trend is seen in that certain tissues (such as the BMA 
– bone marrow, WBL – white blood cells, LYN – lymph node, 
THY – thymus, HRT – heart, SKM – skeletal muscle, SMM – 
smooth muscle, KID – kidney, LIV – liver, SPL – spleen, STO 
– stomach, BLA – bladder, and PIT – pituitary) accumulate 
modest levels of aluminum while other tissues such as BRN 
– (whole) brain, CTX – cortex, CER – cerebellum, HIP – 
hippocampus, RET – retina, BRS – breast, and OVY – ovary 
show a more robust aluminum uptake, especially at 5 months, 
the longest time-point studied in these experiments. In these 
experiments C57BL/6J murine tissue values ranged from 
about 25-450 ng aluminum per gm wet weight of tissue for the 
5 month time-point analyzed (Figure 1); Figure 2 shows NF-
kB levels in the 7 tissues that accumulated the most aluminum 
at 5 months including whole brain (BRN), cortex (CTX), 
cerebellum (CER), hippocampus (HIP), retina (RET), breast 
(BRS) and ovary (OVY) compared to two tissues – thymus 
(THY) and heart (HRT) that did not display high levels of 
aluminum accumulation. 

Expression of miRNA-146a is known to be driven by the 
activation of 3 canonical NF-kB binding sites in the miRNA-
146a proximal promoter by NF-kB-DNA binding (Figure 
3A); hence any tissue that displayed a high level of induction 
of NF-kB also showed a parallel induction of miRNA-146a 
expression, often considered first step in the initiation of 
inflammatory signaling. A robust example of this is the stress-
activated increases in NF-kB and miRNA-146a expression in 
human brain primary cells and AD coupled to the observed 
miRNA-146a-induced decrease in the expression of the key 
anti-inflammatory complement factor H (CFH) [22,23,31]. 
Indeed independent analysis using miRNA microfluidic 
array-based analysis and global miRNA profiling showed a 
significant increase in miRNA-146a expression in these same 
tissues (Figure 3B); these results are depicted in bar graph 
format in (Figure 3C).

Discussion and Conclusions
It remains an intriguing question why aluminum should 
selectively accumulate in CNS and reproductive tissues when 
compared to other tissue types. It is well understood that the 
high charge density of aluminum (3+) has an exceptionally high 
affinity for biological phosphates, and the highest densities of 
phosphate groups are located in the polyphosphate backbones 
of nucleic acids including DNA and RNA in all of their forms 
as well as in the adenine mono-, di- and tri-phosphates of the 
nucleus and cytoplasm [1,4,5,32-37]. Cells of tissues with high 
metabolic rates such as those encountered in the brain, retina 
and reproductive tissues appear to generally have a more open 
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Figure 1: Time course of aluminum content of tissues isolated from 1, 3 and 5 moth old C57BL/6J mice receiving aluminum 
sulfate in their food and drinking water; ‘wet digestion’ method shown here; tissues analyzed: BMA – bone marrow, WBL – white 
blood cells, LYN – lymph node, THY – thymus, BRN – (whole) brain, CTX – cortex, CER – cerebellum, HIP – hippocampus, 
RET – retina, HRT – heart, SKM – skeletal muscle, SMM – smooth muscle, KID – kidney, LIV – liver, SPL – spleen, STO 
– stomach, BLA – bladder, PIT – pituitary, BRS – breast, SKN – skin, OVY –ovary, UTR – uterus, PLA –placenta, PRO – 
pancreas, SAG – salivary gland; note (i) aluminum uptake in all tissues analyzed and (ii) selective accumulation of aluminum 
in brain and retinal tissues (BRN, CTX, CER, HIP, RET) and reproductive tissues (BRS, OVY; see text); some tissues were 
pooled from several animals to achieve sufficient tissue mass for elemental analysis; for RET analysis either whole (pooled) 
retina or whole murine globes were used (~25 mg per single globe); BRN, BRS, OVY and RET (either whole retina or whole 
globes) exhibited the largest increases in aluminum at the 5 month period;  both the ‘dry ashing’ and the ‘wet digestion’ method 
(see text) gave quantitatively similar results and aluminum accumulation patterns; N = 3 to 5; *p< 0.05; **p<0.01 (ANOVA); a 
horizontal dashed line at 50.0 is shown for ease of comparison.
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or ‘euchromatic’ distribution of genetic material within the 
nucleus which may make them more available for attraction 
of trivalent aluminum species with polyphosphate via strong 
electrostatic interactions [1,4,21,29]. We therefore speculate 
that perhaps tissue types with a more open, ‘euchromatic’ or 
‘transcriptionally permissive’ distribution of genetic material 
may make these cell types especially prone to interaction with 
aluminum. Interestingly, it has been recently suggested that 
dietary effects may be linked to the selective uptake, targeting 
and accumulation of aluminum into different cellular and 
nuclear compartments [28,33,38-46]. Put another way this may 
mean that the composition of the diet may affect the extent of 
aluminum, or other neurotoxin, uptake into susceptible tissues.

After 1 month of aluminum-sulfate feeding to wild-
type C57BL/6J female murine-models there is a modest 
accumulation of aluminum in most of the 25 tissues studied 
albeit to various degrees. After 5 months of aluminum-sulfate 
feeding to these C57BL/6J mice there is as much as a 3.0-fold 
increase in the amount of aluminum accumulation in the CNS 
tissues studied [compare RET (retina), HIP (hippocampus), 
CER (cerebellum) and CTX (cortex) in Figure 1]. These are 
aluminum accumulations of, respectively, 2.2-, 2.3-, 2.6-, and 
3.0-fold over controls. The fact that aluminum accumulates 
to some extent in all of the 25 tissues studied suggests that 
aluminum feeding may be capable of inducing aluminum-
ROS-NF-kB-miRNA-146a-mediated pro-signaling pathways 
in all tissues which receive exposure, although again, to various 
degrees. A pathological aluminum entry system into the brain 
and CNS, mediated by the endothelial cells that line the cerebral 
vasculature and microvasculature has been described – this 

system directs blood supply to selective anatomical targets 
throughout the CNS with downstream pathogenic and pro-
inflammatory consequences [29]. This study further suggests 
that nervous (brain, retina) and reproductive tissues (ovary) 
with high metabolic rates may be especially susceptible to 
aluminum accumulation and hence aluminum’s neurotoxic 
effects (Figure 1).

Within these same tissues that aluminum accumulates is 
observed, in parallel, a very significant increase in the 
abundance of NF-kB as detected by ELISA analysis (Figure 
2). It is noteworthy to point out that all tissues derived from 
aluminum-fed C57BL/6J female murine-models showed 
varying degrees of NF-kB up-regulation and hence potential 
activation of the aluminum-ROS-NF-kB-miRNA-146a-
mediated pro-signaling circuits. It is not known in tissues with 
low aluminum uptake and low levels of NF-kB increase whether 
this may be responsible for a type of ‘slow and smoldering’, 
self-sustaining and ‘chronic’ inflammation as has been 
described for the time course of AD neuropathology [34-38]. 
Activation of the pre-formed pro-inflammatory transcription 
factor (TF) NF-kB by reactive oxygen species (ROS), ROS–
mediated phosphorylation of NF-kB-inhibitor IkB, release of 
the activated NF-kB TF dimer, and subsequent NF-kB-DNA 
binding to gene promoters are important key components of 
the induction of inflammatory signaling in AD and other types 
of progressive, age-related inflammatory neurodegenerations 
[30-35]. It has been previously demonstrated that aluminum 
salts are strong inducers of ROS, and hence activators of NF-
kB leading to binding of NF-kB to DNA receptors in gene 
promoters, and increased transcription from down-stream 

Figure 2: Up-regulated NF-kB signaling in select tissues of C57BL/6J mice fed aluminum sulfate for 5 months; certain murine 
tissues accumulate aluminum (see text and Figure 1); of the 25 tissues studied aluminum accumulated the most in the whole 
brain (BRN), hippocampus (HIP) and retina (RET) followed by breast tissues (BRS) and ovaries (OVY); in these same tissues 
NF-kB was found to be up-regulated in parallel; in these experiments the largest increase amongst all tissues in aluminum-
fed C57BL/6J mice was a 9-fold increase in NF-kB abundance between the thymus (THY) and hippocampus (HIP); a dashed 
horizontal line is included at 1.0 for ease of comparison; N= 3 to 5 samples; *p<0.05, **p<0.01 (ANOVA). 
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genes whether they be protein-encoding- or microRNA-type 
genetic elements [35-39]. Up-regulation in the expression of 
the pro-inflammatory microRNA miRNA-146a is a known 
consequence of increased NF-kB binding to a triplet of 
canonical NF-kB recognition sites in the upstream promoter 
of miRNA-146a gene located on the long arm of chromosome 
5 at chr5q33.3 (Figure 3) [23,28,31]. As a consequence of 
increased miRNA-146a there are post-transcriptional gene 
regulatory programs put into play that direct pro-inflammatory 
and pathogenic gene signaling, and ultimately brain cell 
decline and apoptotic cell death.

Lastly, this investigation provides at least five novel and 
significant findings: (i) that of all of the 25 murine-tissues 
analyzed in these experiments each accumulated aluminum 
to various extent; (ii) that the accumulation of aluminum into 
tissues was time-dependent and attained the highest levels in 

Figure 3: Up-regulation of a pro-inflammatory NF-kB-miRNA-146a circuit in tissues of C57BL/6J mice fed aluminum sulfate; 
(A) the single copy gene encoding miRNA-146a encoded at human chromosome 5 (at chr5q33.3; overlaid in yellow; not 
drawn to scale; upper panel) and the promoter structure of the miRNA-146a gene indicates position of 3 canonical NF-kB-
DNA binding sites in the proximal promoter (lower panel); all 3 NF-kB-DNA binding sites have been shown to be functional 
indicating that NF-kB up-regulation efficiently drives miRNA-146a expression [21-23]; (B) miRNA-array-based color-coded 
cluster analysis of miRNA-146a up-regulation in 9 tissues in which aluminum accumulates in C57BL/6J mice fed aluminum 
sulfate in their diets and drinking water for 1 3, and 5 months versus control animals (c); control diets were supplemented with 
magnesium sulfate to control/normalize for sulfate (magnesium is an overwhelmingly abundant divalent cation in biological 
tissues); (C) color-coded cluster analysis converted to bar graph format for data in (B) indicating significant miRNA-146a up-
regulation in brain (BRN), cortex (CTX), cerebellum (CER), hippocampus (HIP), retina (RET) breast (BRS) and ovary (OVY) 
but not thymus (THY) or heart (HRT) tissues; N = 3 to 5 samples for each analysis; *p< 0.05; **p<0.01 (ANOVA); in (C) a 
dashed horizontal line at 1.0 is included for ease of comparison.

nervous tissues of the CNS and in reproduction-associated 
tissues including ovarian tissues; (iii) that after aluminum 
feeding of animals the majority of tissues ceased to rapidly 
accumulate aluminum after approximately 1 month; (iv) 
that of the 25 tissues studied only a few selective tissues 
continued to accumulate aluminum up to 5 months, the 
longest time-point studied in these experiments, and these 
include the brain and retina, breast-tissue and ovaries; and 
(v) that aluminum accumulation was directly-associated 
with up-regulation of the pro-inflammatory transcription 
factor NF-kB and the inflammatory post-transcriptional 
epigenetic regulator microRNA-146a in the same tissues. 
Activation of this aluminum-ROS-NF-kB-miRNA-146a 
pro-inflammatory genetic circuit is widely observed in AD; 
and in amyloid- and cytokine-stressed human brain cells in 
primary culture it marks the onset of neurodegeneration, 
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neuronal cell dysfunction and apoptotic brain cell death 
[23,38-42]. Taken together, these results further indicate (i) 
that in aging C57BL/6J murine-models fed aluminum there 
occurs a selective targeting and accumulation of aluminum 
in nervous and reproductive tissues which normally exhibit 
high metabolic rates and high levels in the readout of genetic-
information; and (ii) that in these same tissues the pro-
inflammatory transcription factor NF-kB is significantly up-
regulated as is expression of the NF-kB-regulated miRNA-
146a, known to be a central driver of pro-inflammatory, 
innate-immune and pathogenic gene expression programs. 
Whether aluminum is capable of being ‘shuttled’ throughout 
the body mass from one tissue to another, or if there are some 
synthetic (therapeutic) or natural aluminum removal systems 
that have evolved to remove this potent neurotoxin from 
selective physiological compartments are important research 
questions that remain to be investigated.
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Supplementary File S1
Determination of aluminum abundance in C57BL/6J mouse 
tissues using electrothermal atomic-absorption spectrometry 
(ETAAS)

C57BL/6J mice, sometimes referred to as “C57 black 6”, “C57” or 
“black 6” (standard abbreviation: B6; the second-ever mammalian 
species to have its entire genome sequenced) is a common inbred 
strain of laboratory mouse and is currently the most widely used as 
murine model to study multiple aspects of human disease. C57BL/6J 
control animals were purchased from a commercial rodent research 
supplier (http://jaxmice.jax.org/ jaxnotes/507/507r.html; Jackson 
Laboratories, Bar Harbor MA, USA) and were housed and raised 
at the LSU animal breeding and holding facility as previously 
described [6,7]. Altogether 36 female animals per test group 
(control and aluminum-fed; total N=72 animals) were randomized 
and selected to receive either standard rodent chow (meal-ground 
pellets; Standard Laboratory rodent diet 5001; http://www.labdiet.
com/cs/groups/ lolweb/@labdiet /documents/webcontent/ mdrf/
mdi4/~edisp/ducm04_028021.pdf ; Lab-Diet St. Louis MO, USA), 
or a diet enriched in Al (as sulfate; aluminum sulfate is commonly 
used as food and medicine additive and a water purification agent; 
http://www.generalchemical.com/assets/ pdf/Dry_Alum_Food_
Grade_PDS.pdf; 100 mg Al/kg diet; LD50 for aluminum sulfate 
in mice ~980 mg Al/kg). Control animals received drinking water 
containing 0.2 mg/L aluminum (see https://www.wqa.org/Portals/0/ 
Technical/Technical%20Fact%20Sheets/ 2014 Aluminum.pdf; http://
www.who.int/water_sanitation_health/ publications /aluminium/en/) 
and aluminum-treated animals received aluminum-supplemented 
water (2.0 mg/L aluminum). The aluminum content of both food and 
water are physiologically realistic in the consumer environment for 
daily human exposure; both food and water were provided ad libitum 
from birth. C57BL/6J mice stopped weaning and started eating either 
standard rodent chow or a diet enriched in Al at about 1 month of age 
(time ‘0’); at 0, 1, 3 and 5 months animals were sacrificed, tissues and 
organs were harvested under RNAse-free clean conditions and were 
subjected to Zeeman-type ETAAS trace metal analysis for aluminum 
typically most tissue samples were 0.5 gm wet weight; as required 
some tissue samples were pooled from several similarly treated 
animals to achieve enough tissue mass for trace metal analysis.

Murine tissues, chemicals and reagents, protein extraction and 
quality control

 All analytical and ultrapure chemicals and reagents used in these 
experiments were obtained from standard commercial suppliers; 
all chemicals and reagents were used in accordance with the 
manufacturer’s specifications and without any additional purification. 
Age-matched magnesium sulfate control and aluminum-sulfate-
treated C57BL/6J tissues at 0, 1, 3 and 5 months of age were analyzed 
for aluminum from both control and aluminum-fed animals; total 
tissue DNA, RNA and protein were isolated using TRIzol reagent as 
previously described by our group [21-23]; DNA, RNA and protein 
samples were archived for further downstream and future analysis. 
For ELISA and Western applications protein concentrations were 
determined using a dotMETRIC protein microassay as previously 
described (sensitivity 0.3 ng protein/ml; Invitrogen, Carlsbad, CA, 
USA; Chemicon-Millipore, Billerica, Massachusetts, USA) [21–31].

Aluminum analysis and ETAAS

Sample Preparation - Individual tissues were dissected free of 
connective tissue and vasculature and washed in ultrapure water 
(18 megohm, Millipore or Puriss 95305, Milli-Q water; Fluka; 
Tracepur® product 1.00473 EMD Merck-Millipore Bellerica MA, 
USA; aluminum content <1 ppb); samples were next ‘dry’ ashed in 
platinum mini-crucibles, taken up in concentrated ultrapure HNO3 
(OmniTrace UltraTM Nitric acid NX0408, EMD Merck-Millipore, 

or ULTREX II Ultrapure Reagent, JT Baker/VWR Radnor PA, USA; 
aluminum content ~20 ppt) and subjected to ETAAS as previously 
described by our laboratory and others [18-31]. Parallel sets of 
samples were also analyzed using the ‘wet’-digestion method of Trap 
et al (1978) and Van der Voet (1985) as modified by van Ginkel et 
al., (1990) [18-20]. In the later method 0.5 gm samples of tissue in 
disposable polypropylene or Teflon tubes were incubated 24 hr at 45oC 
in 0.8 mL concentrated ultrapure nitric acid and 0.2 ml concentrated 
ultrapure sulfuric acid (ULTREX II Ultrapure Reagent, J.T.Baker/
VWR Radnor PA, USA; aluminum content <50 ppt) in a dedicated 
24 position thermomixer/extractor device (Eppendorf model 5436; 
Eppendorf Inc, Hauppauge NY, USA) with constant agitation; 
the temperature was next raised to 70oC for 3 hrs and then 105oC 
resulting in a clear yellow solution, diluted up to 3.0 ml with ultrapure 
water and subjected to trace metal analysis. The use of a dedicated 
thermomixer device with constant agitation at elevated temperature 
ensured a thorough concentrated acid-based dissolution of the sample 
(as suggested by the manufacturer of OmniTrace UltraTM acids; such 
as Nitric acid NX0408, EMD Merck-Millipore). All sample tubes 
were spun briefly in a table top microfuge to make sure all liquid in 
the vial was drained from the seal and the sides of the walls of the 
analytical tubes prior to analysis. 

Analytical Parameters, controls and independent analysis - trace 
metal analysis was performed in duplicate or triplicate on 20 uL 
samples using electrothermal atomic absorption spectrophotometry 
(ETAAS); PE5000PC system, Zeeman-type, Perkin-Elmer, Waltham 
MA, USA) equipped with an PE automated sampler (18 and 24 
position; aluminum detection limit ~2.2 ng/mL) and an IBM/AT-
supported analysis package for trace metal analysis, as previously 
described by our group and others [19-22;26-31]. For multiple 
sample analyses data were obtained as ‘relative signal strength’ of 
aluminum abundance to a standard, or aluminum expressed as ng/gm 
wet weight of tissue. The ETAAS device hollow-cathode lamp was 
operated at 15 mA; atomic absorption for aluminum was measured 
at 309.3 nm with a spectral band width of 0.7 nm; the purge gas 
was Argon at 300 ml/min gas flow; gas flow was interrupted at 
atomization; typically the dry cycle was 130oC, 10 sec ramp, 5 sec 
hold; char cycle 1500oC, 18 sec ramp with a 6 sec hold; the atomize 
cycle was 2700oC with a 0 sec ramp and a 6 sec hold, although other 
programs were used with quantitatively similar results; aluminum 
concentrations in the digest were determined using the standard-
addition method. In the later a 10 mg/L aluminum aqueous solution 
was prepared from ultrapure reagents; aqueous standard solutions of 
0, 10, 20 and 50 ug/L were prepared; typically a 250 uL sample of 
digest was mixed with an equal volume of standard solution prior to 
analysis in duplicate; the detection limit of this assay was about 5.0 
ng aluminum/gm wet weight of tissue [19-23; S Karlik, TPA Kruck, 
G. Van der Voet, P. Zatta, personal communications). Random murine 
tissue samples were checked for aluminum content and confirmed 
independently using an ETAAS device (Perkin-Elmer, Waltham 
MA, USA) at the Medical Sciences Building, University of Toronto; 
importantly both the ‘dry’- and ‘wet’ methods of sample preparation 
gave quantitatively similar results. Some samples were also analyzed 
at the Advanced Photon Source (APS) using X-ray fluorescence 
(XRF) spectroscopy with similar results and patterns of murine tissue 
accumulation of aluminum. In our experiments tissue values ranged 
from about 25-450 ng/gm wet weight of tissue (Figure 1); while 
tissue accumulation of ingested aluminum appears to be a species-
specific phenomenon, the values we obtained in our experiments are 
in line with other independent laboratory results in rodents [43,44]. 

ELISA analysis for the NF-kB (p65) subunit

 ELISA analysis for the pro-inflammatory NF-kB transcription factor’ 
were performed using an NF-kB p65 polyclonal antibody [PA1-186; 
Invitrogen-ThermoFisher Scientific, Waltham MA, USA] and a 
control protein marker β-actin (3598–100; Sigma-Aldrich Chemical 
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Company, St. Louis, Missouri, USA) using methodologies previously 
described by our laboratory and others [17,21,23]. Abundance of the 
NF-kB (p65) subunit in aluminum-treated versus control samples for 
25 murine tissues is shown in bar graph format in Figure 2.

Statistical analysis, data interpretation and integrated 
bioinformatics analysis

 For ETAAS data and DNA array analysis all statistical procedures were 
analyzed using (p, ANOVA) a two-way factorial analysis of variance 
using algorithms and procedures in the SAS language (Statistical 
Analysis Institute, Cary, NC, USA) and as previously described [21-
23; 26-31]. In the results p-values of less than 0.05 (ANOVA) were 
considered to be statistically significant. All aluminum, NF-kB and 

miRNA-146a data were collected and analyzed using Excel 2016 
(Office 365) algorithms (Microsoft Corporation, Redmond WA, 
USA); all figures were generated using Adobe Illustrator CC 2015 and 
Photoshop CC version14.0 (Adobe Corporation, San Jose CA, USA). 
All statistical procedures for ELISA were similarly analyzed using a 
two-way factorial analysis of variance (p, ANOVA) using algorithms, 
programs and procedures in the SAS language (Statistical Analysis 
Institute, Cary, NC, USA) and as previously described [29–31]. As 
before only p-values of less than 0.05 (ANOVA) were considered to 
be statistically significant. Figures were generated using Excel 2008 
(Microsoft Corporation, Redmond WA), Adobe Illustrator CS3 ver 
11.0 and Photoshop CS2 ver 9.0.2 (Adobe, San Jose CA, USA).
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