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We examined serum and erythrocyte lead and manganese levels in the Australian Imaging, Biomarkers and
Lifestyle Flagship Study of Ageing (AIBL), which contains over 1000 registrants including over 200 cases

of Alzheimer's disease (AD) and 100 mildly cognitively impaired (MCI) individuals. After correcting for

confounding effects of age, collection site and sex, we found a significant decrease in serum manganese
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levels in AD subjects compared to healthy controls. Analysis of smaller subset of erythrocytes revealed no
difference in either lead or manganese levels in AD. Although lead and manganese have neurotoxic effects
and may be involved in AD pathology, our results showed that neither metal in serum nor erythrocytes are

suitable biomarkers in our cohort. However, prospective studies might reveal whether the burden of either

www.rsc.org/metallomics metal modifies disease outcomes.

Introduction

Lead is a potent and chronic toxin in the brain, where it exerts
adverse effects through a range of mechanisms, including
inducing mitochondrial dysfunction, impairing normal neuro-
transmitter activity, and substituting calcium and zinc ions to
cause inappropriate neuronal responses.’ Although most atten-
tion is paid to the neurotoxicity of lead during development,”™
this heavy metal is able to cross the fully-formed blood-brain
barrier with relative ease,” and thus retains significant potential
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for neurotoxicity in adults. Manganese is an essential element,
though it can also exert neurotoxicity when present in excess.
Much attention has been paid to manganism, a Parkinson’s
disease-like condition that is highly prevalent in cases of
occupational exposure.® However, the proposed mechanism of
manganese neurotoxicity stems from its ability to induce heigh-
tened oxidative stress and mitochondrial dysfunction,” which
is not necessarily specific to the degenerating dopaminergic
neurons common to Parkinson’s disease and may be involved
in other neurodegenerative disorders, including Alzheimer’s
disease (AD).

Around 95% of the total body burden of lead is in bone,®
where it exchanges for calcium and is stored in hydroxyapatite.
There is some conjecture regarding the influence of bone lead
concentrations as it relates to circulating lead versus acute
exogenous exposure,”'® though it is certain that some contri-
bution to circulating lead levels occurs through remobilisation
of lead from mineralised storage. Bone lead has a half-life
measured in decades, whilst blood lead has an average turnover
of around 30 days."* There are potentially many confounding
factors that influence lead release from bone into circulation,'?
and thus large cohorts of subjects are required to study potential
relationships between disease and circulating lead levels. This
is further compounded by the low levels at which endogenous
lead is found within blood products. However, these issues
aside, blood lead levels do appear to reflect the steady-state lead
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concentrations at a given time point,"*> and with sufficiently
sensitive analytical methods for measuring lead in biological
fluids it can be used to assess potential relationships between
metal levels and a clinical classification.

Circulating manganese is differentially distributed throughout
the components of blood, with 66% found in erythrocytes and
4.4% in plasma."* Although manganese is an essential cofactor in
several enzymes in the brain,' it is also a chronic neurotoxicant,
and prolonged low-level environmental exposure causes significant
degeneration throughout the basal ganglia.'® Manganese transport
in the periphery is closely related to that of iron, another redox-
active metal that has been widely implicated in AD pathology,"”
which may present an avenue through which manganese can
also impart neurotoxicity in the disease.

We analysed the Australian Imaging, Biomarkers and Lifestyle
Flagship Study of Ageing (AIBL) cohort to examine possible relation-
ships between cognitive decline and serum lead and manganese
levels. Metals have long been associated with AD,'® and AIBL
provides a well-characterised cohort of over 1000 individuals
including over 200 cases of AD and 100 cases of mild cognitive
impairment (MCI),"® which is an age-related decline in memory
and cognition that has been described as ‘prodromal AD’.*° This
significant cohort provides a unique opportunity to examine
blood lead and manganese levels and how they relate to AD.

Experimental

Australian Imaging, Biomarkers and Lifestyle Flagship Study
of Ageing

Details of clinical review and diagnosis of MCI and AD in AIBL
can be found in Ellis et al.’® AIBL has two collection sites in
Australia: Melbourne, Victoria and Perth, Western Australia.
Demographic details are shown in Table 1.

Sample collection and preparation

Serum was extracted from whole blood drawn by venepuncture
from overnight fasted participants. Filled Sarstedt s-monovette
serum-gel 7.5 mL tubes (Sarstedt, Niimbrecht, Germany) were
left standing upright for a minimum of 20 minutes at room
temperature. Samples were centrifuged at 1800g for 15 minutes
at 20 °C with braking on. The serum was then split into 250 pL
aliquots, and stored in Nunc Cryobank polypropylene tubes
(Nunc, Rochester, NY, USA) in liquid nitrogen vapour tanks
until required for metal analysis. For erythrocytes, whole blood was
collected from overnight fasted participants with a 27 gauge
needle, into Sarstedt S-Monovette® Lithium-Heparin 7.5 mL tubes.
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The blood was spun at 3200g for 30 minutes at room tempera-
ture and the plasma was carefully removed. Erythrocytes were
then washed 3 times in 0.9% (w/v) normal saline. Erythrocytes
were distributed by tube inversion, and then centrifuged at
650g for 10 minutes at 20 °C. The supernatant was removed and
the tubes centrifuged at 1500¢ for a further 10 minutes at 20 °C.
Erythrocytes were then resuspended to a volume of 6 mL in
phosphate buffered saline (PBS) (pH 7.4) and aliquoted into
polypropylene (Nunc) tubes for storage in liquid nitrogen.

Lead and manganese analysis

For lead and manganese analysis, we used inductively coupled
plasma-mass spectrometry according to the methods previously
described.”" After cryogenically-stored serum was retrieved on
the day of analysis, it was briefly spun at 1800g, transferred to
1.5 mL polypropylene tubes (Techno Plas, St Marys, Australia)
and then diluted 1 in 10 with 1% HNO; (Merck Millipore,
Bayswater, Australia). For a subset of lead and manganese
levels in red blood cells (nyc = 40; nap = 40), 50 puL of washed
erythrocytes were digested in equivalent volumes of concen-
trated (65%) HNO; and H,0, (Merck Milipore) in 1.5 mL
polypropylene tubes (Techno Plas) at 80 °C for 5 minutes, then
diluted 1:20 with 1% HNO;. Samples were analysed using an
Agilent 7700x Series ICP-MS (Mulgrave, Australia). Lead-206 (>**°Pb)
was the isotope chosen for analysis, as was the monoisotopic
manganese-55 (>>Mn). Analytical validity was confirmed using
commercial standard serum (Seronorm L1 and L2) as previously
described.”® All analysis was performed on baseline samples
taken at the study’s inception.

Statistical analysis

All analysis was performed in R (Version 3.2.2),>* using the

following packages: NADA,*® ggplot2,>* car®® and multcomp.>®
As the serum lead levels contained 38% left censored data
(data points below lower limit of detection, <0.063 pg L"), the
mean, medians and standard deviations of these data were
estimated by maximum likelihood estimation, in a log-normal
distribution (assumption confirmed by inspection of the prob-
ability plot, Fig. S1, ESIt). To assess the effects of age, sex,
diagnosis and collection site, log likelihood tests were performed. All
other data used was complete and above limits of detection. Serum
manganese and erythrocyte lead and manganese were not normally
distributed. Box-Cox analyses™ indicated the suitability of an inverse
transformation for serum manganese, natural log transform for
erythrocyte lead and square root transform for erythrocyte
manganese. Analysis of covariance (ANCOVA - type II SS) was

Table 1 Demographic characteristics for healthy controls (HC), mild cognitive impairment (MCI) and Alzheimer's disease (AD) groups

HC MCI AD
Clinical classification (n) 758 128 206
Site of collection
Melbourne (n) 422 80 145
Perth (n) 322 48 61
Sex (n) F = 236; M = 222 F=73; M =55 F=127; M =79

Age (years + SD) 70.0 £ 7.0
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performed to assess the effect of age, sex, diagnosis, collection
site, ApoE &4 carrier presence, and for serum manganese batch
effects. All models reported are the parsimonious models using
the Akaike’s Information Criterion (AIC).>® Cook’s distance and
leverage plots of residuals® did not identify outliers or influ-
ential data points.

Results

Analysis of the serum lead data revealed that the collection site
produced a measurable effect; with Melbourne-based AIBL
subjects having significantly higher serum lead levels than
Perth-based counterparts. Age had a slight positive relationship
with serum lead (Table 2). After correcting for these two
variables, there was no apparent difference in serum lead levels
according to clinical classification (Fig. 1; Table S1, ESIY).
Examination of the serum manganese data (Table S2, ESIt)
revealed effects according to diagnostic classification (p < 0.001),
sex (p < 0.05), collection site (p < 0.001), and a batch effect
(p < 0.001; Table S3, ESIT). Using simultaneous tests for a
general linear hypothesis to correct for this variation, a sig-
nificant decrease in serum manganese levels was observed
between healthy controls and AD subjects, though not in MCI
subjects (p < 0.001, Fig. 2; Table 3; Table S3, ESIT).

In comparison to the serum levels, the subset of erythrocytes
analysed (Table S4, ESIT) did not show a collection site difference
or a relationship with age, but a slight sex difference for lead
(p = 0.053). No difference between HC and AD was observed
(Fig. 3a). Erythrocyte manganese did not show a difference
across the diagnostic groups (Fig. 3b), nor age or site. However,
males showed a small elevation in erythrocyte manganese
(p = 0.053). Comparing serum and erythrocyte lead and manga-
nese levels obtained from the same AIBL subjects revealed no
measurable relationship between the sample types (ANOVA Type
II sum of squares test).

Discussion

To date, while there has been no causative relationship between
AD and lead exposure found; studies in animals have yielded
interesting results. Numerous transgenic animal models expres-
sing a range of protein mutations associated with AD have shown
that lead exposure can recapitulate AD disease phenotypes. In a
particularly interesting study, monkeys exposed to lead during

Table 2 Likelihood test of log transformed and corrected serum lead
levels according to clinical classification, collection site, sex and age. The
collection site showed the most significant effect (p < 0.001), with age
having a moderate influence on serum lead levels (p < 0.05). Clinical
classification showed no association with serum lead levels

p-Value
Clinical classification 0.374
Site of collection <0.001
Sex 0.096
Age 0.012
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Fig. 1 Boxplot of all analysed AIBL serum samples for serum lead concen-
tration (n = 1093), including left censored values (beneath the thin black
horizontal line; 0.063 pg L™ based on maximum likelihood (Neen: = 411;
37.6% of all measured values). No significant difference was identified
between clinical classifications. Data reported as median + SD. HC =
healthy control (n = 758); MCI = mild cognitive impairment (n = 129); AD =
Alzheimer's disease (n = 206).
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Fig. 2 Boxplot of difference in serum manganese levels (mean + SD;
n = 1093) by clinical classification. The y-axis is presented as a log scale.
Serum manganese was decreased (p < 0.001; ***) in AD compared to HC.
HC = healthy control (n = 758); MCI = mild cognitive impairment (n = 129);
AD = Alzheimer's disease (n = 206).

infancy showed marked neuropathology in the frontal cortex
consistent with the characteristic f-amyloid deposition found
in AD.*° Cumulative lead exposure, measured in bone, has been
shown to have a negative effect on cognition in elderly males,*!
and that accurate measures of historic lead exposure may be
of use in a epidemiological setting for identifying a potential
relationship between AD and heavy metal exposure.*” In the

This journal is © The Royal Society of Chemistry 2016
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Table 3 Simultaneous tests for general linear hypotheses for inversely
transformed serum manganese levels between clinical classifications. Tukey
contrasts multiple comparisons of means post hoc test used. A significant
difference, after corrections for differences in sex, collection site and assay
date still revealed a significant decrease in serum manganese levels

Comparison  Estimate Standard error  ¢-Value  p-Value (> |¢])
MCI vs. HC 0.0372 0.0324 1.147 0.4822
AD vs. HC 0.1005 0.0287 3.509 <0.001
AD vs. MCI 0.0634 0.0366 0.1730 0.1921
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Fig. 3 Boxplots of erythrocyte lead (a) and manganese (b) levels (mean +
SD) by clinical classification. No difference between healthy controls (HC;
n = 40) and Alzheimer's disease (AD; n = 40) was observed.

brain, substitution by lead of zinc ions in the zinc finger
proteins DNA methyltransferase 1 (DNMT1) and presenilin 1
and 2 (PSEN1/2) has clear implications for AD;* all three

This journal is © The Royal Society of Chemistry 2016
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proteins are implicated in mishandling of amyloid precursor
protein (APP), which leads to the formation of toxic B-amyloid
oligomers and proteinaceous inclusions.

Similarly, manganese has not been directly related to AD
pathology, with no significant variation in metal levels identi-
fied in AD brain tissue.** However, changes in expression of the
manganese-dependent mitochondrial antioxidant superoxide
dismutase-2 (SOD2) have been observed in circulating lympho-
cytes in AD.*® This potentially reflects a ‘double-edge sword’
paradigm regarding manganese in AD: in Tg19959 transgenic
mice that carry two mutations to APP found in familial AD
crossed with mice overexpressing SOD2, the increased activity
of this enzyme appeared to reduce amyloid deposition, oxida-
tive stress and improve memory impairment compared to the
Tg19959 mutant alone.*® Mice with the SOD2 gene ablated do
not survive past the first week of life, though treatment with
antioxidants expands lifespan to reveal significant levels of tau
hyperphosphorylation, which is characteristic of AD. Crossing
this mouse with the Tg2576 APP mutation model also resulted
in increased brain amyloid burden.’” Manganese, along with
other biometals including zinc, copper, iron and chromium has
also been shown to have an inverse correlation with human
cerebrospinal fluid f-amyloid 1-42 levels.

Our data showed a small effect of decreased manganese in
serum in AD patients compared to healthy controls, though
confounding effects of age; collection site and sex were also
observed for both lead and manganese. Though these could be
statistically corrected, even in a cohort the size of AIBL a clear
relationship between serum and erythrocyte lead and manganese
was not obvious, and was not an indicator of disease status.
Erythrocyte manganese levels have previously been correlated
with increased signal intensity in T1-weighted magnetic reso-
nance imaging (MRI) of globus pallidus manganese in exposed
individuals.®® This region is a secondary site of cholinergic
neurodegeneration in AD,* though MRI imaging found evidence
of increased pallidal manganese burden with the absence of
clinical symptoms.*® Furthermore, high occupational exposure
to manganese is not a feature of the AIBL cohort.

These results reflect that the partition of lead and manganese
(as is the case with other metals involved in AD pathology, such
as zinc®') is somewhat dichotomous, and are unlikely to have
diagnostic potential when viewed in isolation. Studies identify-
ing relationships between circulating metal levels and AD have
also used more comprehensive data sets that encompass not
only the metal itself, but also associated regulatory proteins,
such as our reported anaemia of AD*® and possible association
between decreased non-ceruloplasmin bound copper and MCI/
AD.*! Circulating metal levels have previously been described as
biomarkers of several health conditions, including total blood
lead as an indicator of hypertension** and plasma copper/zinc
ratios as a marker of heavy metal toxicity in children with autism
spectrum disorders.** However, in this case, if neurotoxic metals
like lead and manganese are involved in AD pathology within the
brain, the relatively short temporal window provided by serum
and erythrocyte metal levels does not appear to be reflective of
the chronic nature of the disease.
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