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Abstract

A number of experimental investigations utilizing different murine species have previously
reported: (i) that standard mouse-diets supplemented with physiologically realistic amounts of
neurotoxic metal salts substantially induce pro-inflammatory signaling in a number of murine
tissues; (ii) that these diet-stimulated changes may contribute to a systemic inflammation (Sl), a
potential precursor to neurodegenerative events in both the central and the peripheral nervous
system (CNS, PNS); and (iii) that these events may ultimately contribute to a chronic and
progressive inflammatory neurodegeneration, such as that which is observed in Alzheimer’s
disease (AD) brain. In these experiments we assayed for markers of Sl in the blood serum of
C57BL/6J mice after 0, 1, 3 and 5 months of exposure to a standard mouse diet that included
aluminum-sulfate in the food and drinking water, compared to age-matched controls receiving
magnesium-sulfate or no additions. The data indicate that the SI markers that include the pro-
inflammatory cytokines interleukin-6 (1L-6) and tumor necrosis factor alpha (TNFa.), the acute
phase reactive protein C-reactive protein (CRP) production and a triad of pro-inflammatory
microRNAs (miRNA-9, miRNA-125b and miRNA-146a) all increase in the serum after
aluminum-sulfate exposure. For the first time these results suggest that ad /ibitum exposure to
aluminum-sulfate at physiologically realistic concentrations, as would be found in the human diet
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over the long term, may predispose to Sl and the potential development of chronic, progressive,
inflammatory neurodegeneration with downstream pathogenic consequences.
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Introduction

Systemic inflammation (SI) as a precursor to neurodegenerative disease

Systemic inflammation (SI) (i) represents a chronic and global-state of inflammation in
human physiology that affects multiple tissues and organ systems; (ii) is a consequence of
the release of pro-inflammatory cytokines from endothelial, mast and other immune-related
cells into the bloodstream; and (iii) involves the activation and re-activation of the innate-
immune system. In Sl, blood-borne pro-inflammatory cytokines such as interleukin-6 (I1L-6),
tumor necrosis factor alpha (TNFa), acute phase reactive proteins such as C-reactive protein
(CRP) and related inflammatory mediators such as novel bioactive docosanoids and fatty
acids carry inflammatory signals throughout the systemic vasculature that may cross
defective physiological barriers between the PNS and CNS [1-6]. These actions appear to
further recruit immune cells in the brain and hence exacerbate neuro-inflammation. Indeed
Sl has been considered as a potential predecessor to the inflammatory-neuropathology
characteristic of Alzheimer’s disease (AD) brain by interfering with immunological
processes of the CNS and providing inflammatory mediators to further promote AD-type
change [4-7].

Activation of SI, chronic inflammatory signaling and pathological stimulation of the innate-
immune system may be the result of external environmental factors, biological or chemical
agents. Aluminum is an environmentally abundant physiological toxin and the most
abundant metallic neurotoxin in our biosphere. Humans bear a surprisingly large aluminum
burden throughout their lives and intake an average of about 10 mg Al/day; this occurs
largely via inhalation, and the ingestion of medicine, food and water [8-15]. Moreover,
although controversial, aluminum intake has been tentatively linked (i) to both Sl and
neuroinflammatory signaling up-regulation in AD [4,7,13,14]; (ii) to increased oxidative
stress, oxidized fatty acids, isoprostane generation and pro-inflammatory signaling in murine
transgenic models of neurodegenerative disease (Tg2576) [15]; (iii) to the induction of pro-
inflammatory and pro-apoptotic gene expression patterns in human brain cells in primary
culture [11]; (iv) to increased production of pro-inflammatory cytokines such as IL-6 in the
immune system by aluminum oxide nanoparticles [16]; (v) to the abundance of the SI
biomarker C-reactive protein (CRP) in human brain micro vessel endothelial cells that line
the cerebral vasculature [6,17]; and most recently (vi) to increased inflammation in the
peripheral nervous system in rats supplemented with aluminum in their diet [18].
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These experiments were undertaken to advance our understanding of the potential
pathophysiological consequences of aluminum sulfate in the diet of wild type control
C57BL/6J mice at 0, 1, 3 and 5 months after feeding these mice with aluminum-sulfate in
their daily food and drinking water. C57BL/6J mice at 5 months of age are considered
mature adults; control animals received no additions or were fed magnesium sulfate (at the
same concentration as aluminum sulfate) to normalize for sulfate intake and were analyzed
in parallel. The pro-inflammatory cytokines IL-6, TNFa and CRP were assayed using
ELISA, and microRNA (miRNA) array-based analyses were used to quantify the levels of
several inducible small non-coding RNA (sncRNAs), including the pro-inflammatory
microRNAs (miRNAs) miRNA-9, miRNA-125b and miRNA-146a in blood serum. Here for
the first time we report a significant stimulation of SI in C57BL/6J mice fed dietary
aluminum at physiologically realistic levels. The results suggest that mammalian diets
enriched in aluminum can induce several different classes of SI biomarkers in normally
healthy wild type control C57BL/6J mice and direct systemic physiology towards pro-
inflammatory signaling that supports degenerative neuropathology. Importantly, the well-
studied activation of miRNA-146a signaling is a potent precursor to the establishment of
pro-inflammatory gene expression programs in the CNS and PNS with significant
downstream, pathogenic consequences [17-20].

Materials and Methods
C57BL/6J animals

C57BL/6J mice were purchased from a commercial supplier (http://jaxmice.jax.org/jaxnotes/
507/507r.html; Jackson Laboratories, Bar Harbor, MA, USA); typically 9 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 sulfate (commonly used as food additive and
water purification;http://www.labdiet.com/cs/groups/lolweb/@]labdiet/documents/
web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf; 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; both websites accessed 21 November 2017). Control animals
received drinking water containing 0.2 mg/L aluminum (endotoxin-free Ultra-Pure Water,
TMS-011 EMD Muillipore; Sigma-Aldrich, St Louis MO, USA); see https://www.wga.org/
Portals/0/Technical/Technical%20Fact%20Sheets/2014Aluminum.pdf; http://www.who.int/
water_sanitation_health/publications/aluminium/en/; both websites accessed 21 November
2017. In addition aluminum-sulfate treated animals received aluminum-sulfate supplemented
water (2.0 mg/L aluminum). The aluminum content of both food and water are consistent
and realistic in the consumer environment for daily range of human exposure; both food and
water were provided ad /ibitum 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, blood (about ~1 ml per animal) was
harvested under RNAse-free clean conditions and were subjected to pro-inflammatory
cytokine, acute phase protein and sncRNA (miRNA) analysis. All animal procedures were
followed and murine tissues handled in strict accordance with the Institutional Biosafety
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Committee/Institutional Review Board (IBC/IRB) ethical guidelines at the LSU Health
Sciences Center, LA 70112 (IBC#12323; IRB#6774).

Chemicals and reagents, RNA and protein extraction and quality control

Analytical chemicals and reagents used in these experiments were obtained from standard
commercial suppliers and were of the highest grades commercially available; 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-
fed C57BL/6J mice at 0, 1, 3 and 5 months of age were analyzed for IL-6, TNFa and CRP
from both aluminum-fed and control animals; total blood serum RNA and protein were
isolated using TRIzol reagent as previously described and 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) [18,21,22].

ELISA analysis for IL-6, TNFalpha (TNFa) and C-reactive protein (CRP)

ELISA analysis for the pro-inflammatory cytokines and reactive factors IL-6, TNFa and
CRP were performed using a sandwich ELISA system and a mouse IL-6 ELISA Kit
(ab222503; Abcam, Cambridge MA, USA; sensitivity 11.3 pg/ml; range 15.6 pg/mi-1000
pg/ml), a mouse TNF alpha ELISA Kit (ab100747, ab208348; colorimetric; sensitivity 9.1
pg/ml; range 46.88-3000 pg/ml; Abcam), and a mouse CRP ELISA Kit (PTX1) (ab157712;
colorimetric, sensitivity 0.159 ug/ml; range 0.78 ug/ml-100 ug/ml; Abcam) according to the
manufacturer’s instructions.

Quality control and small non-coding RNA (sncRNA) analysis

RNA was isolated using TRIzol reagent (for blood serum; a monophasic solution of phenol
and guanidine isothiocyanate; Cat. No. 15596026, Invitrogen, Carlsbad, CA, USA) and
samples were enriched for small RNAs using spin columns, QlAzol lysis reagent, and
RNase-free reagents, buffers, RNAse inhibitors and miRNeasy Mini kits (Cat. No. 217004,
Qiagen, Germantown MD, USA). RNA quality was assessed using an Agilent Bioanalyzer
2100 (Lucent Technologies, Murray Hill NJ, USA; Caliper Technologies, Mountain View
CA, USA). Typically, 1 uL of total RNA sample was loaded on an RNA chip (6000 Nano
Labchip; Caliper Technologies, Mountainview, CA, USA) and analyzed for quality control;
RNA integrity values were typically between 8.05 and 8.15; all sSncRNA- and/or miRNA-
enriched samples were made up to a final concentration of 1ug/uL in UltraPure™ DNase/
RNase/protease-Free distilled water (Cat No. 10977015, ThermoFisher Scientific, Waltham
MA, USA). sncRNA abundance analysis including microRNA (miRNA) abundance analysis
for miRNA-9, miRNA-125b, miRNA-146a, miRNA-183 and 5S RNA were quantified using
microfluidic sncRNA and miRNA arrays as previously described in detail (LC Sciences,
Houston TX, USA) [11,18,21].

Statistical analysis, data interpretation and integrated bioinformatics analysis

For ELISA and miRNA analysis all statistical procedures were analyzed using (o, ANOVA)
a two-way factorial analysis of variance using algorithms and procedures in the SAS
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language (Statistical Analysis Institute, Cary, NC, USA) and as previously described
[18,21,22]. In the results p-values of less than 0.05 (ANOVA) were considered to be
statistically significant. All IL-6, TNFa,, CRP and miRNA abundance 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). Figures were generated using Excel
2008 (Microsoft), Adobe Illustrator CS3 ver 11.0 and Photoshop CS2 ver 9.0.2 (Adobe).

Results

The abundance of the CRP, IL-6, and TNFa levels at 0, 1, 3 and 5 months in murine blood
serum (approximately blood serum volume per mouse ~1 ml) is shown in bar graph format
in (Figures 1A and 1B). CRP, IL-6 and TNFa each showed steady increases over the 0-5
month time period indicating the proliferation of pro-inflammatory markers in blood serum
and the potential propagation of a systemic inflammation (Sl); at the 1 month time-point
CRP, IL-6 and TNFa had increased to ~3.1, 2.1 and 2.7-fold, respectively, over age matched
controls; at the 5 month time-point CRP, IL-6 and TNFa were found to increase ~13.1, 8.1
and 9.1-fold over age-matched controls; all 3 inflammatory biomarkers showed very
significant increases in the blood serum after 5 months (Figures 1A and 1B). For ease of
comparison all CRP levels are shown relative to the CRP levels at ‘0’ time which was ~2.0
ug/ml (Figure 1A); similarly for ease of comparison all IL-6 and TNFa levels are shown
relative to the IL-6 and TNFa levels at ‘0’ time which was ~5 pg/ml (Figure 1B). CRP, IL-6
and TNFa all showed progressive increases in abundance from 0 to 5 months. Importantly,
there were no significant changes in total body weight between the aluminum-sulfate and
‘no additions’ group’ or magnesium-fed C57BL/6J female mice at any time point over the
0-5 month time course; at 1 month all female mice weighed 10.1 + 1.7 g (N=36); at 5
months of age control mice weighed 21.2 + 2.5 g and Al-treated mice weighed 21.7 + 2.3 g
which was not significant; see also for example https://www.jax.org/jax-mice-and-services/
strain-data-sheet-pages/body-weight-chart-000664; last accessed 21 November 2017).

Figure 2A shows the levels of 3 serum and brain-abundant microRNAs (miRNA-9,
miRNA-125b and miRNA-146a) and controls (miRNA-183 and 5S RNA); C1 and C2=blood
serum from 2 control C57BL/6J mice receiving magnesium sulfate in their diet; A1 and
A2=blood serum from 2 C57BL/6J mice receiving aluminum sulfate in their diet. In the
same sample an unchanging control regulatory miRNA (miRNA-183) and an abundant
unchanging structural control 5S RNA were included as two sncRNA controls in the same
sample; 5S RNA was loaded at one twentieth the concentration of the microRNAs. Figure
2B shows the results of miRNA abundance in bar-graph format of these 3 miRNAs in
aluminum-fed over magnesium-sulfate fed controls; both miRNA-9 and miRNA125b
showed modest up-regulation to ~1.8 and 2.1-fold over control, respectively, in aluminum
sulfate fed animals; the most significantly up-regulated miRNA in these studies was the
inflammation and neurodegeneration-associated miRNA-146a to about ~9.1-fold over
controls in blood serum after 5 months. Regarding the controls: both ‘no addition’ and
‘magnesium-sulfate supplemented’ diets gave identical results. miRNA increases appear to
be the consequence, in part, of an inducible miRNA-9, miRNA-125b and miRNA-146a
being up-regulated under conditions of stress as has been observed in both human neuronal-
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glial (HNG) primary cells and in human brain obtained from short post-mortem interval AD
tissue samples [18,21,22].

Discussion and Conclusion

Aluminum exposure in humans

Aluminum is the most abundant neurotoxin and genotoxin in our biosphere to which we are
constantly exposed over the course of our lives [4,9]. Humans intake an average of about 10
mg Al/day (range 10-1000 mg Al/day) and this occurs mainly via the ingestion of food,
water, medicine and inhalation of airborne particulate matter [5-14]. The remarkably low
solubility of aluminum at biological pH, and the highly evolved epithelial-, and endothelial-
cell-based gastrointestinal (GI) and blood-brain barriers (BBB) prevent this ubiquitous
metallotoxin from passage through vascular wall barriers and access to human biological
compartments [9,13-16]. Certain physiological molecular carriers and transporters may
facilitate aluminum passage through these biological barriers [9]. Ingestion of aluminum
from the diet and aluminum that enters the blood stream has been previously shown: (i) to
bind with, and be transported by, the serum anion transporters citrate and transferrin in the
systemic circulation [9,23-25]; (ii) to selectively associate with micro vessel endothelial
cells that line the arteries of the systemic vasculature [26]; (iii) to induce the formation of
reactive oxygen and nitrogen species (ROS, RNS), lipid peroxidation in both the central and
peripheral CNS [9,26-30]; and (iv) to induce chronic inflammation, systemic oxidative
stress, mitochrondrial dysfunction, pro-apoptotic gene expression programs and a
progressive inflammatory neurodegeneration in both human brain cells in primary culture
and in the CNS and PNS of mammals [6,15,18,27-31].

Systemic Inflammation, CRP, IL-6, TNFa, miRNA-9, miRNA-125b and miRNA-146a

The purpose of the current research work was to quantify the concentrations and clarify the
contributions of CRP, IL-6, TNFa and the levels of the pro-inflammatory microRNAs,
including miRNA-9, miRNA-125b and miRNA-1464a, in the blood serum of wild-type
C57BL/6J mice that were fed aluminum-sulfate in their diet over a time course of 0, 1, 3 and
5 months. The following is a brief discussion of each of these 6 inflammatory mediator-
markers quantified to be moderately-to-significantly increased in the systemic circulation of
aluminum sulfate-fed animals:

C-reactive protein (CRP)—The 224 amino acid (25 kDa; encoded at chr 1923.2)
homopentamer pentraxin, C-reactive protein (CRP), present at an average of between 1.0
and 3.0 ug/mL of blood serum in humans was found to have an average of ~2.0 ug/ml in
mouse blood serum at ‘0’ time (Figure 1A). Significantly higher levels of this host innate-
immune and inflammatory marker are commonly found in altered physiological states
including viral infections, mild inflammation and in the late stages of pregnancy to 10-40
ug/ml, in active inflammation and low grade bacterial infection to 40-200 ug/ml, and in
severe burns and in moderate to high grade bacterial infections in excess of 200 ug/ml [31-
34]. /nC57BL/6J mice fed with aluminum sulfate for 5 months CRP was found to increase
to ~26.2 ug/ml or ~13.1-fold over ‘0’ time controls consistent with the notion of a mild
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systemic inflammation in aluminum-sulfate fed C57BL/6J mice versus age-matched,
magnesium sulfate-fed controls.

Interleukin-6 (IL-6)—The 212 amino acid (23.7 kDa; encoded at chr 7p15.3) pro-
inflammatory cytokine interleukin-6 (IL-6), involved in the immune response,
hematopoiesis, platelet production and the acute phase reaction is a circulating inflammatory
mediator and biomarker. In previous independent studies IL-6 was found to average between
~3 pg/ml to 67 pg/ml in human blood serum and this value is similar to the ~2.5 pg/ml found
in C57BL/6J mice in the current investigation [35,36]. Interestingly, c/irculating 1L-6 levels
are known to increase modestly with advancing age and their excessive presence in the
blood serum is a risk factor and potential biomarker for various inflammatory diseases
including SI and various, seemingly unrelated, inflammation-associated disease states that
include AD, systemic bacterial infection, fever, autoimmune disease, type Il diabetes and
periodontal disease [35-38].

Tumor necrosis factor alpha (TNFa)—The 233 amino acid (25.6 kDa; encoded at chr
6p21.33) tumor necrosis factor alpha (TNFa.), also known as cachectin, is an O-
glycosylated, homotrimeric cytokine involved in the regulation of a wide spectrum of
biological processes that include cell proliferation, differentiation, apoptosis, lipid
metabolism, coagulation, insulin resistance and cancer. Similar to IL-6, TNFa. is a relatively
abundant circulating inflammatory mediator-biomarker whose levels are positively
correlated to the physiological state of systemic inflammation [1-4,39-43]. Interestingly this
pro-inflammatory cytokine may also play a role in neuroprotection and increases in the
serum may be part of an inflammatory sensing-and-signaling system linked to physiological
attempts at CNS and PNS cell repair and neutralization of SI [40-42]. Average published
concentrations of TNFa reported are 4-11 pg/ml in human serum [40-42]. Interestingly we
observed that after 5 months of dietary aluminum sulfate exposure there was an increase in
C57BL/6J mouse serum of TNFa, an increase that is significant and highly suggestive of the
establishment of a systemic inflammation in the murine circulatory system [1-4,42,43].

Increases in small non-coding RNA (sncRNA) microRNAs miRNA-9,
mMiRNA-125b and miRNA-146a—The pro-inflammatory microRNAs miRNA-9-1
(encoded in humans at chr 1g22), miRNA-125b (encoded at chr 11924) and miRNA-146a
(encoded at chr 5933.3): (i) are detectable in human biofluids including extracellular fluid
(ECF) and cerebrospinal fluid (CSF) [11,17,20]; (ii) are increased in ECF and CSF to
various degrees in AD patients [17,20]; and (iii) are each stress-induced miRNAs that
contain binding sites for the pro-inflammatory transcription factor NF-kB (p50/p65
complex) in their gene promoters [11,17,20,44-46]. While miRNA-9 and miRNA-125b
displayed modest increases in abundance in the blood serum of C57BL/6J mice after
aluminum-sulfate treatment, miRNA-146a exhibited the most significant increase in
aluminum-treated animals after 5 months (Figures 2A and 2B). Importantly, other single
miRNAs or families of mMiRNAs may be further involved in establishing a pathogenic, pro-
inflammatory signaling program, however in the present studies miRNA-146a was found to
be the most up-regulated microRNA in serum after aluminum-sulfate treatment. Up-
regulated miRNA-146a has been associated with inflammatory neurodegeneration and
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altered innate-immune responses in the CSF and brain of AD patients [19,22]. Notable
miRNA-146a targets in the blood serum and human CNS include the innate-immune
regulatory complement factor H (CFH) with increased CNS miRNA-146a leading to
decreased CFH in the same neurological compartments [19,21,22,46]. Notably,
miRNA-146a has been found to be significantly elevated in mild cognitive impairment
(MCI) compared to age-matched controls, suggesting that miRNA-146a or other related pro-
inflammatory miRNAs could be used as part of a panel of novel noninvasive biomarkers for
biometal dyshomeostasis, toxic metal accumulation, SI and/or the early clinical diagnosis of
AD [19,22,43-47].

Conclusion

This study is the first to show that the circulating cytokines IL-6 and TNFa, CRP and the
pro-inflammatory microRNAs miRNA-9, miRNA-125b and miRNA-146 are elevated in
mouse blood serum after ingestion of physiologically realistic amounts of aluminum (as
sulfate) in the diet. After 5 months of aluminum-sulfate ingestion by C57BL/6J mice, all 6
biomarkers (CRP, IL-6, TNFa, miRNA-9, miRNA-125b and miRNA-146A) were found to
exhibit increases in the blood serum, indicating a significant stimulation of SI biomarkers in
aluminum-sulfate fed animals. These focused increases: (i) were found to be progressive and
aluminum-induced accumulation of inflammatory biomarkers in the blood serum was age-
related over the period of 0-5 months; and (ii) this may be reflective of the degree of
development of SI expression programs and ensuing neuropathology. Interestingly, similar
elevations of many of these circulating cytokines and related biomarkers are known to
increase with advancing age and in various inflammation-associated disease conditions that
include SI, systemic bacterial infection, fever, autoimmune disease, type Il diabetes,
periodontal disease and AD [35-42]. Together these blood serum metrics may be useful, as a
group, in Sl diagnosis, prognosis and/or predictive of chronic inflammatory
neurodegeneration and cell death in the CNS [47]. Studies are currently underway to further
determine the neurological-cognition status of aluminum-sulfate fed C57BL/6J mice, the
status of other pathological markers in experimental Sl, and how these compare to similar
disease biomarkers in the blood serum and other body fluids of human patients with AD and
comorbidities with an inflammatory and neurodegenerative component.

Acknowledgments

This paper is dedicated to the pioneering work in systemic aluminum neurotoxicity in part using human neuronal—
glial (HNG) cells in primary co-culture by the late Dr. TPA Kruck of the University of Toronto, Toronto Canada. In
these experiments all murine tissues obtained from normally aging C57BL/6J mice were part of other studies on
research into the inflammatory and innate-immune response and microRNA (miRNA) expression in Alzheimer’s
disease (AD), control C57BL/6J mice and murine models of AD using transgenic mice (TgAD); special thanks are
extended to Dr. C. Eicken and K. Navel for help with the microfluidic sncRNA and miRNA array analysis and
preliminary bioinformatics data analysis, and to D. Guillot for the generation of Figures 1 and 2; these studies were
supported in part through Translational Research Initiative (TRI) Grants from LSU Health Sciences Center New
Orleans (WJL), an Alzheimer Association Investigator-Initiated Research Grant IIRG-09-131729 (WJL), and NIH
NEI Grant EY006311 (WJL) and NIA Grants AG18031 and AG038834 (WJL). The content of this manuscript is
solely the responsibility of the authors and does not necessarily represent the official views of the National Institute
on Aging, the National Center for Research Resources, or the National Institutes of Health. Additional data related
to this paper may be requested from the authors.

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pogue et al.

Page 9

Abbreviations

References
1.

10

11.

12.

13.

14.

AD Alzheimer’s Disease

ANOVA Analysis of Variance

C57BL/6J Common Strain of Laboratory Mouse
C-reactive protein An acute phase protein and inflammatory marker
IL-6 Interleukin-6, a pro-inflammatory cytokine
MiRNA microRNA

miRNA-146a microRNA-146a

Sl Systemic Inflammation

Holmes C. Review: Systemic inflammation and Alzheimer’s disease. Neuropathol Appl Neurobiol.
2013; 39:51-68. [PubMed: 23046210]

. Hall JR, Wiechmann AR, Johnson LA, Edwards M, Barber RC, et al. Biomarkers of vascular risk,

systemic inflammation and microvascular pathology and neuropsychiatric symptoms in Alzheimer’s
disease. J Alzheimers Dis. 2013; 35:363-371. [PubMed: 23403534]

. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, et al. Neuroinflammation in

Alzheimer’s disease. Lancet Neurol. 2015; 14:388-405. [PubMed: 25792098]

. Lukiw WJ, Bazan NG. Neuroinflammatory signaling up regulation in Alzheimer’s disease.

Neurochem Res. 2000; 25:1173-1184. [PubMed: 11059791]

. Garcia T, Esparza JL, Nogués MR, Romeu M, Domingo JL, et al. Oxidative stress status and RNA

expression in hippocampus of an animal model of Alzheimer’s disease after chronic exposure to
aluminum. Hippocampus. 2010; 20:218-225. [PubMed: 19405147]

. Alexandrov PN, Kruck TP, Lukiw WJ. Nanomolar aluminum induces expression of the

inflammatory systemic biomarker C-reactive protein (CRP) in human brain microvessel endothelial
cells (h(BMECs). J Inorg Biochem. 2015; 152:210-213. [PubMed: 26265215]

. Bondy SC. Low levels of aluminum can lead to behavioral and morphological changes associated

with Alzheimer’s disease and age-related neurodegeneration. Neurotoxicology. 2016; 52:222-229.
[PubMed: 26687397]

. Lukiw WJ, Kruck TP, McLachlan DRC. Aluminium and the nucleus of nerve cells. Lancet. 1989;

1:781.

. Martin RB. Aluminium speciation in biology. Ciba Found Symp. 1992; 169:5-18. [PubMed:

1490427]

. Cuciureanu R, Urzica A, Voitcu M, Antoniu A. Assessment of daily aluminum intake by food
consumption. Rev Med Chir Soc Med Nat lasi. 2000; 104:107-112. [PubMed: 12089908]
Lukiw WJ, Percy ME, Kruck TP. Nanomolar aluminum induces pro-inflammatory and pro-
apoptotic gene expression in human brain cells in primary culture. J Inorg Biochem. 2005;
99:1895-1898. [PubMed: 15961160]

Centers for disease control (CDC). Background and environmental exposures to aluminum in the
United States. Atlanta GA, USA: 2012.

Walton JR. Aluminum involvement in the progression of Alzheimer’s disease. J Alzheimers Dis.
2013; 35:7-43. [PubMed: 23380995]

Walton JR. Chronic aluminum intake causes Alzheimer’s disease: Applying sir Austin Bradford
hill’s causality criteria. J Alzheimers Dis. 2014; 40:765-838. [PubMed: 24577474]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pogue et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

Page 10

Pratico D, Uryu K, Sung S, Tang S, Trojanowski JQ, et al. Aluminum modulates brain amyloidosis
through oxidative stress in APP transgenic mice. FASEB J. 2002; 16:1138-1140. [PubMed:
12039845]

Park EJ, Sim J, Kim Y, Han BS, Yoon C, et al. A 13-week repeated-dose oral toxicity and
bioaccumulation of aluminum oxide nanoparticles in mice. Arch Toxicol. 2015; 89:371-379.
[PubMed: 24798085]

Alexandrov PN, Dua P, Hill JM, Bhattacharjee S, Zhao Y, et al. microRNA (miRNA) speciation in
Alzheimer’s disease cerebrospinal fluid (CSF) and extracellular fluid (ECF). Int J Biochem Mol
Biol. 2012; 3:365-373. [PubMed: 23301201]

Martinez CS, Vera G, Ocio JAU, Pecanha FM, Vassallo DV, et al. Aluminum exposure for 60 days
at an equivalent human dietary level promotes peripheral dysfunction in rats. J Inorg Biochem.
2016:30469-30475. S0162-0134.

Cui JG, Li YY, Zhao Y, Bhattacharjee S, Lukiw WJ. Differential regulation of interleukin-1
receptor-associated kinase-1 (IRAK-1) and IRAK-2 by microRNA-146a and NF-kB in stressed
human astroglial cells and in Alzheimer disease. J Biol Chem. 2010; 285:38951-38960. [PubMed:
20937840]

Pogue Al, Percy ME, Cui JG, Li YY, Bhattacharjee S, et al. Up-regulation of NF-kB-sensitive
miRNA-125b and miRNA-146a in metal sulfate-stressed human astroglial (HAG) primary cell
cultures. J Inorg Biochem. 2011; 105:1434-1437. [PubMed: 22099153]

Lukiw WJ. NF- xB-regulated micro RNAs (miRNAS) in primary human brain cells. Exp Neurol.
2012; 235:484-490. [PubMed: 22138609]

Lukiw WJ, Zhao Y, Cui JG. An NF-kappaB-sensitive micro RNA-146a-mediated inflammatory
circuit in Alzheimer disease and in stressed human brain cells. J Biol Chem. 2008; 283:31315—
31322. [PubMed: 18801740]

Fosmire GJ, Focht SJ, McClearn GE. Genetic influences on tissue deposition of aluminum in mice.
Biol Trace Elem Res. 1993; 37:115-121. [PubMed: 7688525]

Golub MS, Germann SL. Long-term consequences of developmental exposure to aluminum in a
suboptimal diet for growth and behavior of swiss webster mice. Neurotoxicol Teratol. 2001;
3:365-372.

Yokel RA. Blood-brain barrier flux of aluminum, manganese, iron and other metals suspected to
contribute to metal-induced neurodegeneration. J Alzheimers Dis. 2006; 10:223-253. [PubMed:
17119290]

Bhattacharjee S, Zhao Y, Hill JM, Culicchia F, Kruck TP, et al. Selective accumulation of
aluminum in cerebral arteries in Alzheimer’s disease (AD). J Inorg Biochem. 2013; 126:35-37.
[PubMed: 23764827]

Pogue Al, Lukiw WJ. Natural and synthetic neurotoxins in our environment: From Alzheimer’s
disease (AD) to Autism spectrum disorder (ASD). J Alzheimers Dis Parkinsonism. 2016; 6:249.
[PubMed: 27747136]

Park EJ, Sim J, Kim Y, Han BS, Yoon C, et al. A 13-week repeated-dose oral toxicity and
bioaccumulation of aluminum oxide nanoparticles in mice. Arch Toxicol. 2015; 89:371-379.
[PubMed: 24798085]

Pogue Al, Zhao Y, Jaber V, Percy ME, Cong L, et al. Selective targeting and accumulation of
aluminum in tissues of C57BL/6J mice fed aluminum sulfate activates a pro-inflammatory NF-kB-
microRNA-146a signaling program. J Neurol Neurotoxicol. 2017

Iglesias-Gonzalez J, Sanchez-Iglesias S, Beiras-Iglesias A, Méndez-Alvarez E, Soto-Otero R.
Effects of aluminium on rat brain mitochondria bioenergetics: An in vitro and in vivo study. Mol
Neurobiol. 2017; 54:563-570. [PubMed: 26742531]

Clyne B, Olshaker JS. The C-reactive protein. J Emerg Med. 1999; 17:1019-1025. [PubMed:
10595891]

Torzewski M, Wagar AB, Fan J. Animal models of C-reactive protein. Mediators Inflamm. 2014;
2014:683598. [PubMed: 24872599]

http://www.genecards.org/cgi-bin/carddisp.pl?gene=CRP.

LuoY, SuY, ShenY, Zhao L, Li K. The levels of plasma IL-1beta, IL-6 of C57BL/6J mice treated
with MPTP and brain lateralization. Cell Mol Immunol. 2004; 1:219-223. [PubMed: 16219171]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 January 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pogue et al.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,
45.

46.

47.

Page 11

Lin H, Joehanes R, Pilling LC, Dupuis J, Lunetta KL, et al. Whole blood gene expression and
interleukin-6 levels. Genomics. 2014; 104:490-495. [PubMed: 25311648]

Cojocaru IM, Cojocaru M, Miu G, Sapira V. Study of interleukin-6 production in Alzheimer’s
disease. Rom J Intern Med. 2011; 49:55-58. [PubMed: 22026253]
http://lwww.genecards.org/cgi-bin/carddisp.pl?gene=1L6.
http://lwww.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=tumor,necrosis,factor,alpha.
Holmstrup P, Damgaard C, Olsen I, Klinge B, Flyvbjerg A, et al. Comorbidity of periodontal
disease: Two sides of the same coin? An introduction for the clinician. J Oral Microbiol. 2017;
9:1332710. [PubMed: 28748036]

Rojo LE, Fernandez JA, Maccioni AA, Jimenez JM, Maccioni RB. Neuroinflammation:
Implications for the pathogenesis and molecular diagnosis of Alzheimer’s disease. Arch Med Res.
2008; 39:1-16. [PubMed: 18067990]

Zindler E, Zipp F. Neuronal injury in chronic CNS inflammation. Best Pract Res Clin
Anaesthesiol. 2010; 24:551-562. [PubMed: 21619866]

Zhu H, Wang D, Xiugin, Liu X. The reduction of CSF TNFa levels in Schizophrenia: No
correlations with psycho-pathology and coincident metabolic characteristics. Neuropsychiatr Dis
Treat. 2016; 12:2869-2874. [PubMed: 27843322]

Dong H, Li J, Huang L, Chen X, Li D, et al. Serum microRNA profiles serve as novel biomarkers
for the diagnosis of Alzheimer’s disease. Dis Markers. 2015; 2015:625659. [PubMed: 26078483]

http://lwww.genecards.org/cgi-bin/carddisp.pl?gene=MIR146A.

Lukiw WJ. Micro-RNA speciation in fetal, adult and Alzheimer’s disease hippocampus.
Neuroreport. 2007; 18:297-300. [PubMed: 17314675]

Lim SL, Rodriguez-Ortiz CJ, Kitazawa M. Infection, systemic inflammation and Alzheimer’s
disease. Microbes Infect. 2015; 17:549-556. [PubMed: 25912134]

Li Y, Jiao Q, Xu H, Du X, Shi L, et al. Biometal dyshomeostasis and toxic metal accumulations in
the development of Alzheimer’s disease. Front Mol Neurosci. 2017; 10:339. [PubMed: 29114205]

J Alzheimers Dis Parkinsonism. Author manuscript; available in PMC 2018 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pogue et al.

A B 60

30— =
OCRP 1 £

— 25 £

£ % 5

g.,20 T % 30

o 151 .

5 2 S
10— -
5 10
olT——t--Tr--ric-—IF 0

0 1 3 5
months
Figurel.

50 —

OIL-6
HTNF a

40 —

Page 12

months

Relative abundance of (A) C-reactive protein (CRP) and (B) the pro-inflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFa) in C57BL/6J mouse blood
serum after receiving dietary aluminum sulfate in their food and drinking water (ad /ibitum)
for 0 (control), 1, 3 and 5 months; as determined by ELISA (see text); N=3to 5
determinations for each inflammatory marker in each mouse sampled; N=3 mice were
analyzed per group; in (A) a dashed horizontal line at 2.0 for CRP; and in (B) a dashed
horizontal line at 5.0 (for IL-6 and TNFa) is included for ease of comparison; *p<0.05;

**p<0.01 (ANOVA).
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Figure 2.
Variable up-regulation of the pro-inflammatory microRNAs miRNA-9, miRNA-125b and

miRNA-146a in the blood serum of 5 month old C57BL/6J mice receiving aluminum sulfate
in their diet versus controls (both ‘no addition’ and ‘magnesium-sulfate supplemented’ diets
gave identical results); (A) miRNA-array generated heat map or ‘cluster diagram’; and (B)
bar graph format of the data in (A); in (B) a dashed horizontal line at 1.0 (at the level of 5S
RNA) is included for ease of comparison; *p<0.01 (ANOVA).
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