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Supplementary Material

Table S1: Detailed overview of alterations in biometals across neurological disorders (*conflicting data). PIXE: Particle Induced X-
ray Emission; XFM: X-ray Fluorescence microprobe imaging; XRF: X-Ray Fluorescence Spectroscopy; WB: Western Blot; ICP:
Inductively Coupled Plasma Mass Spectrometry; INAA: Instrumental Neutron Activation Analysis; ELISA: Enzyme Linked
Immunosorbent Assay; AAS: Atomic Absorption Spectroscopy; eCp: Enzymatic Oxidase Assay; GFAAS: Graphite Furnace Atomic
Absorption Spectroscopy; MRM: Magnetic resonance microscopy; EPR: Electron paramagnetic resonance spectroscopy (= electron
spin resonance (ESR)); ESI-MS: Electrospray lonisation Mass Spectrometry; MRE: Magnetic resonance elastography; EDX: Energy
Dispersive X-ray spectroscopy.
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Table S2: Identification of common motifs of alterations in biometals across neurological disorders. (AD: Alzheimer’s Disease;
ASD: Autism Spectrum Disorder; ALS: Amyotrophic Lateral Sclerosis; MD: Mood Disorders; HD: Huntington’s Disease; E:
Epilepsy; PD: Parkinson’s Disease; SCZ: Schizophrenia). AD is shown in a separate table given the more complex alterations of
trace metals depending on the regional distribution of metals and senile plaques within the brain, which creates rather local than
systemic changes.

Metal A Metal B Diseases
Zn| Cut ASD (hair, nails), D (hair, serum), E (hair, serum),
Cu e ADHD (serum, plasma, hair)
Znt Cu e PD (hair)
Zn| Fet E (hair)
Fe | ASD (hair, nails), D (serum, blood)
Zn 1 Fe | PD (hair)
Zn | Se | ASD (hair, nails), MD (serum, blood)
Znt Se & PD (hair)
Zn | Mn t ADHD (serum, plasma, hair)
Mn | ASD (hair, nails)
Zn | Pb 1 ASD (hair, nails), ADHD (serum, blood), MD (serum,
Zn | Hg 1 ASD (hair, nails), ADHD (serum, plasma)
Cu1 Zn | ASD (hair, nails, serum), D (hair, serum), E (serum,
Cul Fe 1 PD (hair)
Cu?t Fe 1 E (hair)
Fe | ASD (hair, nails), PD (serum)
Cul Se | PD (serum)
Cut Se | ASD (hair, nails)
Cul Mn 1 PD (serum) Prion Disease (blood, brain, frontal cortex
Cu?t Mn | ASD (hair, nails)
Cut Pb 1 ASD (hair, nails), PD (serum)
Cu?t Hg 1 ASD (hair, nails), PD (serum)
Fe | Zn 1 PD (hair)
Zn | ASD (hair, nails), D (serum, blood)
Fe 1 Zn| E (hair)
Fe | Cut ASD (hair, nails), PD (serum)
Cu e ADHD (serum, plasma)
Cu| PD (hair)
Fe 1 Cut E (hair)
Fe | Se | ASD (hair,nails), MD (blood), PD (serum)
Fe | Mn 1 PD (serum)
Mn | ASD (hair, nails)
Fet Mn t ALS (CSF), HD (brain), ADHD (plasma)
Fe | Pb 1 ASD (hair, nails), MD (blood), PD (serum)
Fe 1 Pb 1 ADHD (serum, blood), ALS (plasma)
Fe | Hg 1 ASD (hair, nails), PD (serum)
Fe 1 Hg 1 ALS (plasma, blood)
Se | Zn | ASD (hair, nails), MD (serum, blood)
Se | Cu1t ASD (hair, nails)
Cul PD (serum)
Se | Fe | ASD (hair,nails), MD (blood), PD (serum)
Se | Mn 1 PD (serum)
Mn | ASD (hair, nails)
Se | Pb 1 ASD (hair, nails), MD (blood), PD (serum)
Se | Hg 1 ASD (hair, nails), PD (serum)
Mn | Zn | ASD (hair, nails)
Mn 1t Zn | ADHD (serum, plasma, hair)
Mn | Cut ASD (hair, nails)
Mn 1t Cu| PD (serum) Prion Disease (blood, brain, frontal cortex
Mn | Fe | ASD (hair, nails)
Mn t Fe 1 ALS (CSF), HD (brain), ADHD (plasma)
Fe | PD (serum)
Mn | Se | ASD (hair, nails)
Mn 1 Se | PD (serum)
Mn | Pb 1 ASD (hair, nails)
Mn t Pb 1 PD (serum), ALS (CSF), ADHD (serum, plasma)
Mn | Hg 1 ASD (hair, nails)
Mn t Hg 1 PD (serum)
Hg 1 Zn | ASD (hair, nails), ADHD (serum, plasma)
Hg 1 Cut ASD (hair, nails), PD (serum)
Hg 1 Fe 1 ALS (plasma, blood)
Fe | ASD (hair, nails), PD (serum)
Hg 1 Se | ASD (hair, nails), PD (serum)
Hg 1 Pb 1 ASD (hair, nails), PD (serum), ALS (plasma, blood)
Hg 1 Mn 1 PD (serum)
Mn | ASD (hair, nails)
Pb 1 Zn | ASD (hair, nails), ADHD (serum, blood), MD (serum,
Pb 1 Cu1t ASD (hair, nails), PD (serum)
Pb | Fe 1 ADHD (serum, blood), ALS (plasma)
Pb 1 Fe | ASD (hair, nails), MD (blood), PD (serum)
Pb 1 Se | ASD (hair, nails), MD (blood), PD (serum)
Pb 1 Hg 1 ASD (hair, nails), PD (serum), ALS (plasma, blood)
Pb 1 Mn 1t PD (serum), ALS (CSF), ADHD (serum, plasma)
Mn | ASD (hair, nails)




Metal A Metal B Alzheimer’s disease (AD)

Zn| Cul AD (serum)

Zn 1t Cut AD (senile plaques, neuropil, substantia nigra)
Znt Fe 1 AD (senile plaques, neuropil, substantia nigra)
Zn 1t Mn 1 AD (senile plaques, neuropil, substantia nigra)
Cu| Zn| AD (serum)

Cut Zn 1 AD (senile plaques, neuropil, substantia nigra)
Cut Fe 1 AD (senile plaques, neuropil, substantia nigra)
Cu?t Mn 1t AD (senile plaques, neuropil, substantia nigra)
Fe 1 Zn 1 AD (senile plaques, neuropil, substantia nigra)
Fe 1 Cu1t AD (senile plaques, neuropil, substantia nigra)
Fe 1 Mn 1 AD (senile plaques, neuropil, substantia nigra)
Mn t Zn 1t AD (senile plaques, neuropil, substantia nigra)
Mn 1 Cut AD (senile plaques, neuropil, substantia nigra)
Mn 1 Fe 1 AD (senile plaques, neuropil, substantia nigra)




Table S3: Identification of alterations in the behavioural phenotypes of rodent models for trace metal deficiency or overload.

Lz Publicatio

I}

Over-

Metal load cienc  Timepoint Behavior General health/Other

spatial memroy deficits in Morris water

Al . adult nerve degeneration 67
maze
Al . adult reduced locomotor activity, hypoactivity dose depender;ltjrlr:g;esase in localized 68
adult adult & prenatal: reduced locomotor activity;
Al . renat,al prenatal: more time in light box (light/dark 69
P box test)
dose-dependent growth retardation in
Al . crinatal reduced locomotor activity, learning offspring; delays in opening of eyes, 70
P capability, and cognitive behavior appearance of body hair fuzz; deficits in
sensory motor reflexes of the pups
at weaning, forelimb grasp strength
influenced by Al exposure; negative
Al . perinatal geotaxis was influenced by lactation growth retardation in offspring n

exposure; hindlimb grasp and temperature
sensitivity were influenced by both gestation
and lactation exposure
reduction in the rate of ultrasonic
Al . prenatal volcaization by pups; shift in the timing of growth retardation in offspring 2
peak calling; no change in pup retrieval test

reduced maternal behavior, no chnage in

Al . prenatal pup retrieval

reduced birth weight 7

reduced activity in open field, changes in
Hg . adult locomotor behavior (footprint analysis and ™
vertical pole test)

reduced motor coordination and balabce in
Hg . adult Rotarod, foorptint analysis and vertical pole s
test; reduced activity in open filed test;

adults show deficits in motor abilities,
coordination, and overall activity, as
Hg . prenatal measured by rotarod, footprint analysis and 76
open field; impaired reference memory in
Morris water maze

reduced activity of the mice (open filed test) .

Hg . Se e prenatal in presence of Se deficiency

differences in a 2-way active avoidance
shuttle box and in a punishment situation;
Hg . prenatal no alterations in an open field test, a water
escape runaway and a conditioned
suppression paradigm

pups display decreased weight after 8
birth and through weaning

open field tests of the offspring showed an
increase and decrease in voluntary activity

Hg . przzra]t:tla‘l& in male and female mice, respectively; I
P Morris water maze tests showed a delay in
the latency to reach the platform in males
H . prenatal & significant decrease in activity (open filed a total of 131 genes were differentially- 0
9 perinatal test), no change in ultrasonic vocalizations, regulated in pup brains
decreased exploratory activity in male mice,
especially at young age; disturbances in
H . prenatal & reference memory in male mice. no behavioral changes in female mice 81
9 perinatal Predisposition to depressive-like behavior in 9
male offspring (forced swimming test), no
motor coordination deficits
less locomotion when the open field was
H . prenatal & new; impaired working memory in females 82
9 perinatal in a modified T maze; no motor coordination
deficits
Pb . adult increased aggression age dependent effects 83
iron-deficient mice treated with lead had
more and longer seizures than controls lower rates of body-weight gain over
Pb . Fe e adult treated with lead. Mice not exposed to lead the 3-months treatment period and 84
did not seize. Changes in activity in the lower hemoglobin values

open field as a function of exposure to lead.




no change in locomotor behavior, reduced

elevated corticosterone blood levels

Pb adult social behavior, increased anxiety (plus affecting the level of stress responsivity 8
maze) of the offspring
. - impaired motor behavior, peripheral 86
Pb perinatal hyperactivity ataxia in the hind limb and spryed gait
Pb perinatal somal_anqlsexual investigation beha\(lor is no effect on body weight a7
significantly lower in both sexes;
Pb pergzﬁl‘?l & altered jumping behavior in the open field 88
early exposure may contribute to
distubances both in circadian rhythmicity, 89
Pb prenatal - .
and general reactivity to environmental
changes
Pb prenatal & reduction in the duration of social interaction 9
perinatal (juvenile and adult mice)
male-specific decreased spontaneous motor
Pb prenatal & activity, increased amphetamine-induced year-old male but not female mice o
perinatal motor activity, and decreased rotarod exhibited late-onset obesity
performance in one year old mice
significant alterations in exploratory
behavior and water maze performance; gene expression data pointed to
Pb preqatal & rotaroc_l performa_nce was not_ affected, evidence of neuroinflammation in the 2
perinatal males displayed violent behavior towards . ’
) ; brain of both female and male mice
their cage mates, but not to a stranger in the
resident-intruder assay.
prenatal & age dependent effects in hyperactivit
Pb perinatal & increased aggression 9 P test P ¥ s
adult
M . adult enhanced anxiety-related behavior in a Mg deficiency caused an enhanced set- o
9 battery of established anxiety tests point of the HPA axis
Mg . adult enhanced dgpresglon—llke behavior sensitive 95
to chronic antidepressant treatment.
Mg . adult increased anxiety- aqd depression-like %
behavior
increased immobility time in the forced swim
test, indicating enhanced depression-like
M . adult behavior. Partial Mg-depletion increased -
9 anxiety-related behavior in the light/dark and
open field test, while locomotor activity or
motor coordination was not influenced.
Cu and Zn similarly induced
M 0 adult intraperitoneally (i.p) injection of MgCI2 has antinociceptive effects, only Mg and Cu %
9 antinociceptive effects (hot plate, tail flick) showed effects in an activity cage test
for spontaneous behavior
adult (males reduced conditional freezing behavior,
Mg . only) reduced CLS (conditioned lick suppression). 9
y Spatial learning was normal
adult (males impairments in contextual and cued fear
Mg . only) conditioning. No changes in locomotor 100
Y activity, exploration, or pain sensitivity.
hyperaggressiveness increased with 101
Mg * adult (rat) magnesium deficiency severity.
a severe magnesium deprivation induces an
Mg . adult (rat) interspecific aggressive behavior (muricidal 102
behavior, MB) in different strains of rats.
adult improves depressive symptoms and
anxiety-like behaviors: significantly
postpartum decreased immobility time in forced swim
Mg O depression . h £ both ti administration of Mg, Zn and Vit B1 103
induced test, |nc_reasedt e'percentage [¢) bot time
. spent in- and entries to open arms in the
mice
elevated plus-maze
Se 0 adult facilitation of formation of long-term object systemic administration of Diphenyl 108

recognition memory

diselenide




less locomotor activity (open field), more
defecation, and less entry to the center

Se prz;i:{;ﬁ square areas. Morris water maze: significant 105
P impairment during the initial phase of the
trials (females only)
Fe adult initial hypoactivity fol!o_wed by a later 106
hyperactivity
increases in wake time in the 4-h period - ) .
prior to lights-on; both non-rapid eye Fe deficient mice may provide a
Fe adult y : potentially useful animal model for 107
movement (NREM) and rapid eye Restless Legs Syndrome
movement (REM) sleep were reduced gs oy
In the radial arm maze, the Days 10-12 . -
. e behavioral deficits were observed also
treatment group evidenced significantly both ) ; ; :
. . in animals treated with Fe during
. ) more errors in arm choices and longer
Fe juvenile & latencies to acquire all eight pellets: these postnatal Days 3-5, but the effects were 108
adult h S less pronounced, indicating the higher
mice showed also a severe trial-to-trial o . .
retention deficit as indexed by retention susceptlblllt)_/ of the brain for Fe-induced
A damage during Days 10-12 postpartum.
quotients.
hypokinesia for locomotion, rearing and total
activity during the first two 20-min periods in
Fe juvenile & the activity test chambers but were more 109
adult active during the final 20 min. More errors
and longer latencies on the final three radial
arm magze trials.
Fe juvenile & marked deficits in radial arm maze learning 1o
adult and retention performance
Fe prenatal significantly higher number of reference "
memory errors
Fe pre;;l}ﬂl & reduction in grip strength persistently lowered body weights 12
prenatal & P 113
Fe adult reduction in grip strength
Zn adult aggressive behavior (resident intruder) 4
Zn adult zinc def|0|en(_:y |ndyces depressmn and 115
anxiety-like behavior
significant reduction in GPR39 and
zinc deficiency, but not zinc overload was BDNF protein expression in the frontal
Zn adult observed in hi;))lp’)ocampus especially in the cortex. Decreased expression levels of e
mossy fiber-CA3 ra;nid synapse NR2A, NR2B, GIuR1, PSD-93 and
Y py ynapse. PSD-95 in hippocampus, with
significant loss of dendritic spines.
Zn adult increased immobility time in the Forced 1
Swim test (depression-like behavior)
zinc deprivation induced "pro-depressive" enhanced serum corticosterone "
Zn adult . ] . 8
behavior (forced swim test) concentration
zinc deprivation induced "pro-depressive" 119
Zn adult behavior (tail suspension test)
enhanced depression-like behavior in both
Zn adult the forced swim and tail suspension tests. 120
No change in homecage and open field
activity
increased number of entries into the open
arms in the elevated plus maze. Increased
Zn adult (rat) number of punished crossings in the four- 115
plate test and attenuated stress-induced
hyperthermia (SIH).
Zn adult (rat) Inferior learning 121
Zn adult (rat) deficits in short-term memory (water maze) cyclic anorexia, decreased weight gain 122




increased aggressive behavior (resident-

123

Zn Juvenile intruder test)
Zn prenatal significant memory improvement (Morris 124
(rat) water maze and a T-maze)
prenatal Zn deficiency induced "autism like
renatal & behavior" (impaired ultrasonic vocalization, decreased expression levels of NR1,
Zn P less maternal care), increased aggressivity NR2B, GIuR1, in prenatal Zn deficient 2
adult L - )
(resdient intruder test). Acute Zn deficiency mice
induced hyperresponsivity
normal movemet (open field), normal more susceptible to seizures induced
Zn MT-.?’ KO learning (shuttle box), normal spatial b_y }(alnlc acid and subs_eguer)tly 125
mice P ! exhibited greater neuron injury in the
learning in the Morris water maze CA3 field of hippocampus
social interactions were significantly shorter.
The acoustic startle response showed
MT-3 KO diminished prepulse inhibition (PPI) at all
Zn mice prepulse intensities. Normal circadian 126
rhythm, activity, and habituation to a novel
environment. Normal memory in novel
object recognition test.
ZnT3KO mice were normal in initial learning
in the standard water maze but had difficulty
Zn ZnT3 knock finding a second platform location. The 127
out mutants showed increased social interaction
but were deficient in social and object
recognition memory.
R ) altered concentration of the other
no significantl effects on beha\_/lor (open tested metal ions in the main organs as
Cu adult field, pole, predatory aggression, and well as in the brain: reduction of Fe. Al 128
habituation/dishabituation smell tests). Zn and Ca in brain P
no apparent effect on growth, ingestive
Cu adult (rat) behavior or short-term intake of 129
preferred taste stimuli
perinatal lasting impairment in motor function ’ 130
Cu (rat) (rotarod) lower brain Cu and Fe levels
mildly impaired in the rotarod and cylinder . )
Cu perinatal test, unable to acquire spatial memory in the hC| u i(;(;l:nmﬂ:tsfd ;ZXSI::”;TIJIT :]Ri 181
Morris water maze pp P
parameters of aggressiveness were not
cd adult (rat) altered by either Cd or induced stress. Cd 132
plus stress may lead to increased
aggressiveness in rats.
impaired cognition and enhanced anxiety- .
Cd adult (rat) like behavior displayed by Cd-intoxicated ngfrﬁi?:?;:s:e;;is;ieegf éggeEc:cgly 133
rats ’ ’
Cd treatment worsened the learning ability )
cd AEP/PS1 of the APP/PS1 transgenic mice (Morris Cd treatment increased the levels of 134
mice adult free Zn
water maze)
Cd prenatal fetal growth retardation 135
decreased locomotor behavior, decreases in
horizontal movement (grid crossing in open 136
Mn adult ) . . ;e
field) with no effect on rearing, swimming,
grip strength, or grip fatigue
Mn adult decrease in spontaneous motor activity 187
. " . significant loss of substantia nigra
adult (mice movement abnormalities (single pellet f ) 138
Mn ; ) compacta (SNc) dopaminergic neurons
and rats) reaching test, beam-walking test) and dopamine depletion
adult & a significant increase of Fe was
Mn ) . observed in juvenile mice exposed to 189
juvenile Mn
) no difference in the elevated plus maze or 140
Mn perinatal - X
Morris water maze and the radial arm maze.
no differences in motor resistance and
Mn prenatal coordination, or in learning at the passive 141

avoidance test




Table S4: Comprehensive overview of the underlying genetics of the discussed neurological diseases and their possible link to the
observed alterations in trace metals.

Disorder

Genetics

Relation to trace metal homeostasis

Alzheimer's disease

APP, PS1, PS2, risk factors: APOEe4, BIN1,
CLU, PICALM, CR1

PS1 and PS2 participate in cellular Cu and Zn
turnover; Amyloid-Beta peptide binds Zn as well as
Cu and Fe

Autism Spectrum disorders

polygenic; some candidate genes are part of
pathways regulating metal homeostasis
(ZnT5, MTs, MTF1, COMMD1)

ZnT5: Zn transport; MTs: Metallothioneins (metal
binding/buffering proteins); MTF1: Zn activated
transcription factor regulating expression of MTs and
several ZnTs; COMMD?1: protein involved in Cu
excretion

Attention deficit and
hyperactivity disorder

polygenic; (one candidate gene NOS1
involved in Zn signalling)

NOS1 generates NO participating in intracellular Cu
and Zn release

Mood Disorders and
Schizophrenia

polygenic

Parkinson's disease

Alpha-Synuclein, LRRK2

Alpha-Synuclein binds Cu and Fe

Amyotrophic Lateral
Sclerosis

C9orf72, SOD1, TDP-43, FUS, ANG, ALS2,
SETX, VAPB

SOD1 and ANG bind Zn and Cu, TDP-43 binds Zn

Huntington's disease

monogenic (HTT)

HTT binds Cu

Prion diseases

PrP

PrP binds Cu and is involved in Fe homeostasis; PrP
might also be involved in Zn transport

Lysosomal storage disorders

polygenic; TRPML1 (Mucolipidosis Type 1V)

TRPMLA1 transports Ca, Fe and Zn

Menke's disease ATP7A ATP7A regulates Cu import
Wilson's disease ATP7B ATP7B regulates Cu export
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