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Nutritive Manganese and Zinc Overdosing in Aging C.
elegans Result in a Metallothionein-Mediated Alteration in
Metal Homeostasis

Jessica Baesler, Vivien Michaelis, Michael Stiboller, Hajo Haase, Michael Aschner,
Tanja Schwerdtle, Stephen R. Sturzenbaum, and Julia Bornhorst*

Scope: Manganese (Mn) and zinc (Zn) are not only essential trace elements,
but also potential exogenous risk factors for various diseases. Since the
disturbed homeostasis of single metals can result in detrimental health
effects, concerns have emerged regarding the consequences of excessive
exposures to multiple metals, either via nutritional supplementation or
parenteral nutrition. This study focuses on Mn-Zn-interactions in the
nematode Caenorhabditis elegans (C. elegans) model, taking into account
aspects related to aging and age-dependent neurodegeneration.
Methods and Results: Chronic co-exposure of C. elegans to Mn and Zn
increases metal uptake, exceeding levels of single metal exposures.
Supplementation with Mn and/or Zn also leads to an age-dependent increase
in metal content, a decline in overall mRNA expression, and metal
co-supplementation induced expression of target genes involved in Mn and
Zn homeostasis, in particular metallothionein 1 (mtl-1). Studies in transgenic
worms reveal that mtl-1 played a prominent role in mediating age- and
diet-dependent alterations in metal homeostasis. Metal dyshomeostasis is
further induced in parkin-deficient nematodes (Parkinson’s disease (PD)
model), but this did not accelerate the age-dependent dopaminergic
neurodegeneration.
Conclusions: A nutritive overdose of Mn and Zn can alter interactions
between essential metals in an aging organism, and metallothionein 1 acts as
a potential protective modulator in regulating homeostasis.
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1. Introduction

Within the next 30 years, the share of
elderly people (aged 65 years and older)
is expected to increase to 16% of the
world’s population.[1] Concomitantly, the
incidence of cardiovascular and neurode-
generative diseases, cancer and other
pathological disorders will drastically in-
crease, since aging is the primary risk
factor for these disorders.[2] Studying to
what extent nutrition, as an exogenous
factor, contributes towards sustaining
healthy aging and limiting the progres-
sion of age-related diseases is therefore
timely.
Trace elements, such as zinc (Zn) and

manganese (Mn) play essential roles in
enzymatic reactions and signaling path-
ways, immune response or as struc-
tural components, which, in turn, also
influence aging.[3] Organisms rely on
tightly regulated homeostatic mecha-
nisms, which are sustained by various
transport and binding proteins, as well as
stress response pathways.[4,5] Nutrition,
the major route of essential trace metal
intake, may cause an imbalance in these
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complex networks, potentially contributing to the progression of
aging and age-related disorders.
In 2013, the European Food Safety Authority (EFSA) set an Ad-

equate Intake (AI) forMn in adults at 3mg⋅day-1.[6] This AI can be
exceeded by drinking Mn-adulterated water[7] or long-term par-
enteral nutrition (PN), to name a few.[8] Chronic overexposure to
Mn is known to cause neurotoxicity, referred to as manganism, a
parkinsonism-like disorder.[9]

Severe outcomes of Zn dyshomeostasis are largely due to mal-
nutrition, which is especially prevalent in the elderly population.
Vural et al., for example, reported that an insufficient daily Zn in-
take (defined as below the estimated average requirement (EAR)
of 6.8 mg Zn⋅day-1 for women and 9.4 mg Zn⋅day-1 for men) was
observed in 31–66% of older adults.[10] Zn supplements have
been shown to positively affect the immune system, but chronic
overexposure may exert negative effects on immune function,
impair metal homeostasis, and induce apoptosis.[11] Thus, exces-
sive administration of Zn and/or Mn may represent a risk factor
for degenerative disorders, such as Parkinson’s disease (PD).[12,13]

Mixtures of trace elements can alter environmental availabil-
ity, as well as their toxicokinetic and toxicodynamic properties;[14]

however specifics pertaining to their competition during absorp-
tion, distribution and cellular uptake, as well as their interactions
are rarely characterized. Mn and iron (Fe) compete for uptake
via the divalent metal transporter 1 (DMT1), ferroportin (FPN)
and the transferrin (Tf)/transferrin receptor (TfR) machinery,
which can result in dysregulation of metal homeostasis.[15,16] Zn
can affect Fe homeostasis, especially during Fe deficiency, by in-
creasing DMT1 and FPN1 expression, or by decreasing the levels
of hepcidin.[17] Mn and Zn also share several transport mech-
anisms, including DMT1,[18] as well as the cation-transporting
lysosomal p-type ATPase ATP13A2.[4,19] Likewise, the Zn trans-
porters ZIP8 and ZIP14 regulate hepatic, alveolar and renal
Mn (re)uptake,[16] and FPN is induced by Zn and acts as a Mn
transporter.[17] Taken together, a plethora of data suggest a reg-
ulatory relationship between Mn and Zn; however the effects of
concomitant exposure to multiple metals have, at large, yet to be
explored.
Accordingly, the present study aimed to outline the underlying

effects of a chronic nutritive Mn and Zn overexposure on metal
homeostasis and neurodegeneration during the aging process in
the nematode Caenorhabditis elegans (C. elegans), a powerful in-
vertebrate model for aging and neurodegeneration research.[20]

We aimed to extend the current understanding of healthy and
neuronal aging by identifying and characterizing the evolution-
ary conserved drivers of tightly regulated homeostatic networks.

2. Results

2.1. Mn and Zn Bioavailability in Aging Wildtype

The chosen concentrations of Zn and/orMn did not affect overall
lifespan, suggesting that the chronic feeding regime with metal
enriched Escherichia coli (E. coli) did not affect C. elegans lifespan
(Figure 1A). The concentrations following Mn and Zn supple-
mentation exceeded the physiological need to represent a chronic
overexposure which is able to induce dyshomeostases. The me-
dian lifespan was 12 days (after L4) (Figure 1A), and this time
point was chosen as the experimental “late-life” condition. Young

(fecund state) and middle-aged worms (end of reproductive pe-
riod exhibiting first aging characteristics) were defined as 2 days
or 5 days post L4, respectively.
The basal trace element status (Mn, Fe, Cu and Zn) of

aging worms (Figure 1B) showed an age-dependent increase
in Fe levels, and a tendency towards an enrichment of Mn
and Zn. Nutritive Mn overexposure during the aging process
led to a time-dependent increase in Mn in wildtype worms
(Figure 1C). Moreover, the combined supplementation of Mn
with Zn further increased Mn concentrations by about two-fold
inmiddle-aged (day 5 post L4) and old (day 12 post L4) worms. Zn
levels increased in young and middle-aged wildtype C. elegans,
but not significantly in old worms (Figure 1D). The combined
supplementation of 5 mMMn and 1 mM Zn increased Zn levels
compared to their respective controls at all tested life stages, and
also increased Zn levels in young and middle-aged worms when
compared to high-dose single metal Zn supplementation. This
effect was also observed in worms challenged for 5 days with
5 mMMn and 0.5 mM Zn, where Zn levels increased by 6.3-fold
compared to worms exposed solely to 0.5 mM Zn.

2.2. Transcriptional Regulation of Metal Homeostasis Upon
Chronic Mn and Zn Supplementation

Transcripts previously identified as key players in the homeosta-
sis ofMn and Zn, were chosen to assess their response within the
context of combined metal exposure in aging worms. qPCR anal-
ysis of smf-3, which encodes the main Mn importer in C. elegans
and is orthologous to the mammalian DMT-1,[25] was induced in
young worms exposed to Mn, in the presence or absence of Zn
supplementation (Figure 2A). This effect was observed in aged
worms co-exposed to Mn and Zn, but notably not in worms ex-
posed to a single metal (Figure 2A). Gene expression of fpn-1.1
(the main Mn exporter in C. elegans and the orthologue of mam-
malian FPN[26]) was indistinguishable between Mn supplemen-
tation only and the combined metal-enriched diets (Figure 2B).
mRNA levels of the cytosolic Zn sequester cdf-2 (the orthologue
of mammalian ZnT2)[27] was induced by a diet supplemented
with Zn and Mn, but was not affected by single Zn or Mn sup-
plementation (Figure 3C). Changes in expression of ttm-1, which
is related to the mammalian zinc transporters of the cation diffu-
sion facilitator (CDF) family,[28] were less marked. In young and
late-life worms the combined supplementation with Mn and Zn
induced ttm-1 gene expression (Figure 2D). C. elegans expresses
metallothioneins, mtl-1 and mtl-2, although both are involved
in metal metabolism, they are thought to exhibit differential
metal binding preferences.[29,30] Mtl-1 expression was strongly
up-regulated in young andmiddle-aged worms co-exposed toMn
and Zn (Figure 2E). In contrast, we observed only minor changes
in mtl-2 expression levels with most changes limited to young
worms co-exposed to 5 mMMn and 1 mM Zn (Figure 2F).

2.3. Alterations of Metal Homeostasis in mtl-1 Deletion Mutants

Since Mn and Zn co-exposure resulted in a substantial up-
regulation of mtl-1 mRNA expression in C. elegans wildtype, the
effects on Mn and Zn homeostasis in mtl-1 knockout mutants
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Figure 1. Mn and Zn homeostasis in aging wildtype (WT) worms. A) Kaplan-Meier survival curves of WT chronically fed with metal enriched E. coli
during adulthood. EC50/median survival plotted as dotted line. B) Total metal content in young (day 2), middle-aged (day 5) and late-life (day 12) WT
adults. */** indicate age-related changes identified by one-way ANOVA. C) Mn and D) Zn bioavailability in young (day 2), middle-aged (day 5) and
late-life stage (day 12) WT adults upon chronic Mn and/or Zn supplementation with respective metal concentrations during adulthood with one-way
ANOVA statistics indicated as follows: *, #, § and ◊: compared to control, 5 mMMn, 0.5 mM Zn, or 1 mM Zn values of the respective same age. Values
of B-D were determined by ICP-MS/MS, normalized to protein content and expressed as means + SEM of 3 replicates.

(tm1770) were explored further, in order to elucidateMTL-1’s role
in regulating the overexposure to metals.
Since mtl-1 deletion mutants exhibited a reduced lifespan

phenotype (median lifespan of 8.5 days) compared to wildtype
worms (Figure 1A), analyses were carried out only in young
(day 2) and middle-aged worms (day 5) (Figure 3A). Feeding a
Mn-supplemented diet to mtl-1mutants until day 2 and day 5 of
adulthood caused an increase inMn compared to their respective
controls (Figure 3B), with values comparable to those in wildtype
worms. However, combined exposure to Mn and Zn did not alter
Mn levels above those inherent to worms exposed to Mn alone
(as seen with wildtype worms). Interestingly, Mn concentrations
in mutants fed with E. coli only or Zn-enriched diets was typically
lower (about 10-fold in day 5 adults) than the values obtained
from their respective wildtype counterparts (statistical param-
eters of strain comparisons are summarized in supplementary
table S4). An increase in Zn levels in day 2 adults was only
observed in worms fed with 1 mM Zn or the combination of
1 mM Zn and 5 mM Mn (Figure 3C). Exposure of mtl-1-mutant
worms to the metal mixtures resulted in accumulation of Zn at
day 5, however, their values were significantly lower than those

in wildtype worms of similar age and dosing-protocol, namely
-54% (5 mM Mn + 0.5 mM Zn) and -44% (5 mM Mn + 1 mM
Zn) (see Figure 3C and Table S4).
To better understand the interplay between drivers of home-

ostatic regulation, further transcripts were assessed in the mtl-1
mutant. The mtl-2 mRNA levels were generally about 10-fold
higher in the mtl-1 transgenic worms than the corresponding
values in wildtype worms (see Figure 3D, 2F and Table S4). In ad-
dition, mtl-2 gene expression in the mutants typically increased
significantly upon supplementation with the combined metals.
The expression of cdf-2 in mtl-1-deficient worms was induced
by high Zn as well as Mn and Zn co-exposures in day 2 adults,
but only in day 5 adults grown on plates containing 1 mM Zn
and 5 mM Mn (Figure 3E). However, the strain comparison
revealed that Zn increased cdf-2 expression in the mtl-1 mutant
to a significantly higher extent than in wildtype worms (Table
S4). Furthermore, aging effects emerged, since the expression of
smf-3 was significantly higher in day 2 and day 5 adults in mtl-1
mutants compared to wildtype, and similarly, fpn-1.1 mRNA
levels increased in middle-aged mtl-1 mutants (see supplemen-
tary Figure S5 and Table S4).

Mol. Nutr. Food Res. 2021, 65, 2001176 2001176 (3 of 12) © 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 2. Relative mRNA expression of metal homeostasis-associated genes in aging wildtype worms (day 2, 5 and 12 of adulthood) following chronic
Mn and/or Zn supplementation during adulthood. Relative gene expression was determined by RT-qPCR analysis and normalized to 𝛽-actin homologue
afd-1. Data are expressed as means + SEM of three biological replicates relative to day 2 controls. One-way ANOVA statistics are indicated as follows:
*, #, § and ◊: compared to control, 5 mM Mn, 0.5 mM Zn, or 1 mM Zn values of the respective same age.

Figure 3. Mn and Zn homeostasis and related gene expression inmtl-1-deficient mutant worms. A) Kaplan Meier survival curves of tm1770 chronically
fed with metal enriched E. coli during adulthood. EC50/median survival plotted as dotted line. B) Mn and C) Zn bioavailability of young (day 2), middle-
aged (day 5) and late-life stage (day 12) tm1770 adults upon chronic Mn and/or Zn supplementation during adulthood as determined by ICP-MS/MS
analysis. D) Mtl-2 and E) cdf-2 mRNA expression relative to WT day 2 controls, as measured via RT-qPCR and normalized to 𝛽-actin homologue afd-
1. Data of B-E are expressed as means + SEM of three biological replicates each with one-way ANOVA statistics indicated as follows: *, #, § and ◊:
compared to control, 5 mM Mn, 0.5 mM Zn, or 1 mM Zn values of the respective same age.

Mol. Nutr. Food Res. 2021, 65, 2001176 2001176 (4 of 12) © 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 4. Relative mRNA expression of toxicologically relevant genes in aging wildtype worms (day 2, 5 and 12 of adulthood) following chronic Mn
and/or Zn supplementation during adulthood. Relative gene expression was determined by RT-qPCR analysis and normalized to 𝛽-actin homologue
afd-1. Data of heat map (A) and graphs B-D are expressed as means or means + SEM of three biological replicates relative to day 2 controls. One-way
ANOVA statistics in B-D are indicated as follows: *, #, § and ◊: compared to control, 5 mMMn, 0.5 mM Zn, or 1 mM Zn values of the respective same
age.

2.4. Influence of Metal Supplementation and Aging on
Toxicity-Related Pathways

Oxidative stress responses, neurodegeneration, DNA repair and
mitochondrial function have been linked to Mn toxicity, Zn
toxicity, as well as aging.[31,13,32] In order to evaluate the conse-
quences of overdosing Mn and/or Zn in greater depth, changes
in 24 transcripts within these pathways were investigated as
summarized in Figure 4A. The majority of expression levels was
not affected by metal supplementation, but several aging effects
were observed, the most striking ones depicted in Figure 4B–D.
Daf-2 expression, the orthologue of mammalian insulin/insulin-
like growth factor 1 (IGF1) receptor and upstream target of the
insulin/IGF1 signaling cascade (IIS),[33] was age-dependently
increased by a factor of 2 (Figure 4B). In contrast, mRNA level of
gas-1, which encodes for a component of complex I in the mito-
chondrial respiratory electron chain,[34] was reduced by 50% in
middle-aged and late-life worms (Figure 4C). Interestingly, day 12
adults exhibited an increase in gas-1 expression when co-exposed
to Mn and Zn. Likewise, expression of the Mn-dependent super-
oxide dismutase sod-3 decreased in an age-dependent manner
(Figure 4D).

2.5. Influence of Metal Supplementation and Aging on
Dopaminergic Neurodegeneration

Neurodegeneration is a key outcome of Mn and Zn toxicity as
well as aging. Accordingly, we investigated outcomes of neu-
ronal damage upon chronic metal supplementation. As shown
in Figure 5A, dat-1 expression declined age-dependently in
wildtype worms at day 12 of adulthood. A similar decrease at this
late-life stage was also noted for cat-2 and eat-4, which encode
for tyrosine hydroxylase and a vesicular glutamate transporter,
respectively (Figure 4A, not shown in detail). Furthermore,
damage to cephalic dopaminergic neurons in the form of occur-
rence of discontinuous or lost dendrites, dendritic blebbing and
shrunken, splinted or lost soma was quantified in BY200 worms,
which express the Pdat-1::GFP transgene (examples depicted in
Figure 5C). While an age-dependent increase in neurodegen-
erative events was observed, dietary metal exposure had only
minor effects on neuronal health (Figure 5B). Generally, the
fluorescence signal of dat-1 was indistinguishable between the
different supplementation groups, but consistently became
weaker and blurred with increased age (Figure 5D, not all
conditions shown).

Mol. Nutr. Food Res. 2021, 65, 2001176 2001176 (5 of 12) © 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 5. Dopaminergic neurodegeneration in aging wildtype worms (day 2, 5 and 12 of adulthood) following chronic Mn and/or Zn supplementation
during adulthood. A) Relative mRNA expression of dat-1 relative to day 2 controls determined by RT-qPCR analysis of three biological replicates normal-
ized to 𝛽-actin homologue afd-1 and expressed as means + SEM with one-way ANOVA statistics indicated as follows: *, # and §: compared to control,
5 mM Mn or 0.5 mM Zn values of the respective same age. B) Neurodegeneration of dopaminergic neurons in BY200. CEP neurons of 15 transgenic
worms with GFP-tagged DAT-1 were categorized according to mild, moderate, or severe damages of neurons using fluorescence microscopy. Data are
expressed as means + SEM from three replicates. One-way ANOVA statistics are indicated as follows: *: compared to control of the respective same
age and ⧫: compared to day 2 and day 5 of the respective same condition. C) Representative fluorescence images of typical neurodegenerative events of
dopaminergic neurons. D) Representative fluorescence images of BY200 dopaminergic neurons following chronical feeding of control or metal enriched
(1 mM Zn + 5 mM Mn) E. coli during adulthood. Scale bars represent 50 µm.

2.6. Homeostatic and Neurodegenerative Effects of Mn and Zn
Supplementation on pdr-1-deficient Worms Resembling a PD
Model

Dopaminergic neurodegeneration is a known endpoint of
chronic metal exposure in PD, and Mn has been established as a
causative metal in the etiology of this disease.[35] Here, we exam-
ined effects of a chronic metal supplementation on PD mutants
deficient for the E3 ubiquitin ligase parkin, which is encoded by
pdr-1.[36]

ICP-MS/MS analysis of pdr-1 mutants revealed increased Mn
levels upon chronic supplementation with Mn or Mn and Zn
combined at all age stages (Figure 6A). However, compared to
wildtype worms, the loss of pdr-1 resulted in decreased Mn levels
in late-life stage worms fed with Mn or Mn and Zn enriched E.
coli. The bioavailability of Mn in day 12 adult wildtype worms
was approximately twice as high (compare with Figure 1C).
The accumulation of Mn was less pronounced in late-life pdr-1
mutants compared to wildtype worms exposed to Mn and Zn.
Zn levels in middle-aged and late-life worms remained, at large,

Mol. Nutr. Food Res. 2021, 65, 2001176 2001176 (6 of 12) © 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 6. Mn and Zn homeostasis, gene expression, and neurodegeneration of young (day 2), middle-aged (day 5), and late-life stage (day 12) pdr-
1-deficient PD mutants (VC1024) following chronic Mn and/or Zn supplementation of indicated concentrations during adulthood. A) Mn and B) Zn
bioavailability as determined by ICP-MS/MS analysis. C-G) mRNA expression of genes related to metal homeostasis and toxicity relative to WT day 2
controls, as measured via RT-qPCR and normalized to 𝛽-actin homologue afd-1. H) Neurodegeneration of dopaminergic neurons in MAB8. CEP neurons
of 15 transgenic worms with GFP-tagged DAT-1 each were categorized according to mild, moderate or severe damages to neurons using fluorescence
microscopy. Data of A-B and D-H are expressed as means + SEM of three biological replicates each with one-way ANOVA statistics indicated as follows:
*, #, §, and ◊: compared to control, 5 mM Mn, 0.5 mM Zn, or 1 mM Zn values for the respective same age and ⧫: compared to day 2 and day 5 of the
respective same condition. Data in C depict mean values of three replicate measurements.

lower than in wildtype worms (Figure 6B). However, Mn and
Zn co-supplementation resulted in increased Zn levels in young
and middle-aged worms, when compared to Zn-only exposures.
Interestingly, the expression of smf-3 and cdf-2 in pdr-1mutants

was higher upon co-supplementation of Mn and Zn (compared
to single metal exposures) in all tested life stages (with the ex-
ception of day 12 adults exposed to 0.5 mM Zn and 5 mM Mn)
(Figure 6C–E). In addition, the increase in smf-3 expression at
day 5, as well as the expression of cdf-2 in young and middle-
aged worms was markedly higher when compared to wildtype
worms (Figure 2A,C, supplementary Table S4). The expression
of both genes declined at late-life stage in the pdr-1 mutant. In
addition, mtl-1 expression was also found to be up-regulated in
the pdr-1 mutant in an age-dependent manner, even in the ab-
sence of metal supplementation. The expression of mtl-1 was 3-
fold higher in young and middle-aged pdr-1 mutant worms ex-

posed to 1 mM Zn and 5 mM Mn, compared to their wildtype
counterparts (Figure 6F).
Finally, we investigated dopaminergic neurodegeneration in

pdr-1-deficient C. elegans, since it is one of the key characteristics
of PD andmanganism. As depicted in Figure 6G, the basic levels
of dat-1 expression were lower in young pdr-1 mutants, when
compared to wildtype worms. In addition, dat-1 expression in
young and middle-aged pdr-1 mutants was partly induced by
1 mM Zn or the metal co-exposure. Figure 6H shows the age-
dependent increase of degenerated neurons in pdr-1-deficient
mutants. In general, the neurons of the pdr-1 mutants seemed
less degenerated than those observed in BY200 (Figure 5D and
supplementary Figure S6). However, late-life stage pdr-1 mu-
tants fed with 1 mM Zn or Mn and Zn enriched diets revealed
moderate degenerative changes when compared to controls
(Figure 6H).

Mol. Nutr. Food Res. 2021, 65, 2001176 2001176 (7 of 12) © 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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3. Discussion

Essential trace elements, such as Mn and Zn, are essential for a
plethora of physiological functions associated with aging. How-
ever, little is known about the molecular mechanisms of trace el-
ement interactions, and to what extent their profiles change dur-
ing aging. Our study corroborated previous results regarding the
age-dependent accumulation of Fe and Zn in worms.[37–39,22] Re-
garding Cu homeostasis, our findings failed to reveal increased
levels in this trace metal as a function of age, as previously
reported by Klang et al. and Sauzéat et al., which might be
due to differences in study design, such as worm propagation
methods.[37,38] A comparison of the observed age-specific trace
element alterations in worms with those encountered in body
fluids (i.e., serum/plasma) of aging patients is challenging, re-
quiring additional data.[40]

Given that metal exposure can impair early development,[39]

we opted to start the supplementation at the late L4 larvae
stage with continuation throughout the adult stage. In wildtype
worms, the single metal supplementation resulted in an increase
of Mn or Zn levels over the exposure time. Mn supplementation
did not increase Zn levels, as observed in another study where
worms were raised for 24 h onMn-enriched agar.[41] Kumar et al.
reported increased Zn levels, but no effect on Mn bioavailability
in young worms supplemented with Zn,[39] corroborating our
findings. Compared to single metal supplementation, chronic
co-exposure to Mn or Zn with the respective other trace element
further increased their bioavailability, especially during aging,
indicating the presence of synergistic homeostatic mechanisms
formetal regulation. Although comparative data forC. elegans are
lacking, studies in other organisms partly corroborate our find-
ings. For example Mn-exposure resulted in elevated Mn and Zn
levels in brains of Sprague-Dawley rat pups, and a co-incubation
of Mn and Zn was found to increase Mn levels and alter sub-
cellular distribution of Mn in primary chick glial cells.[42,18]

Furthermore, Mercandate et al. noted that the route of exposure
may play an important role for the homeostatic interaction of
metals, since Zn accumulated in male Sprague-Dawley rats
chronically exposed by gavage to Mn, but not when introduced
via dietary supplementation.[43] However, other studies were not
able to pinpoint changes in the Zn levels of rat brains upon Mn
exposure.[44] This highlights the current controversy regarding
the impact of interacting factors within the field of trace element
homeostasis.
The homeostasis of trace elements is crucial for maintaining

biological functions and preventing metal-induced health issues.
Thus, the potential competition in transport ofMn andZn as well
as homeostasis-related proteins need to be considered, especially
in the context of co-exposure and aging. At the transcriptional
level, analysis of the most important regulators of Mn and Zn
homeostasis in aging C. elegans revealed only minor regulatory
effects, although acute Mn exposure in L1 larvae decreased smf-3
gene and protein expression.[25] Both, Mn and Zn did not affect
gene expression of the FPN1 homologue fpn-1.1 in wildtype
worms, although FPN1 was previously shown to attenuate Mn
and Zn toxicity in frogs and bone marrow macrophages of
mice.[45,46] This could partly be due to different signaling, since
Zn, (but not Fe) have been shown to induce ferroportin expres-
sion inmacrophages dependent on themetal-activated transcrip-

tion factor MTF1,[45] which notably is not expressed in C. elegans.
Combined Mn and Zn supplementation significantly increased
the expression of cdf-2, which encodes a zinc transporter of the
cation diffusion facilitator family, highly homologous to human
ZnT2 and ttm-1, a gene related to humanZn transporters ZnT2-8
and predicted to be involved in Zn excretion by transporting Zn
into the intestinal lumen.[27,28] CDF-2 is expressed in intestinal
cells and transports Zn from the cytosol into lysosome-related
gut granules.[47] The implied enhanced metal detoxification was
supported by the substantial increase in mtl-1 expression in
young and middle-aged wildtype worms co-supplemented with
Mn and Zn, but not Zn alone. Mtl-1 is known to be involved in
metal detoxification, but is thought to have a preference for Zn
binding, thereby preventing a hyperaccumulation of Zn.[29,30,48]

C. elegans mtl-1 andmtl-2 seem to exhibit distinct roles, and this is
supported by observation that whilstmtl-1 expression was highly
responsive to Mn and Zn supplementation,mtl-2 expression was
less affected.[29,30] The expression of mtl-1 is affected by age[49]

consistent with our observations that mtl-1 increased until day 5
of adulthood, with its levels declining thereafter, especially in C.
elegans challenged with Mn and Zn. The results ofmtl-1 deletion
mutants obtained in this study demonstrate that mtl-1 plays a
crucial role in enhancing the bioavailability of Mn and Zn when
administered simultaneously. Although not via co-exposure, a
relationship between these two metals and metallothioneins was
previously found in mice, as Mn treatment caused interleukin-6
and ZIP14 induction in the liver, resulting in induced levels of
hepatic Zn metallothionein.[50]

Mn and Zn play essential roles in apoptosis, oxidative stress re-
sponses and mitochondrial function. The maintenance of their
physiological function is highly dependent on tightly regulated
homeostasis. The present study confirmed aging effects in some
of these pathways. For example, the gas-1 gene, which encodes
an integral protein of complex I of the mitochondrial electron
transport chain,[34] was age-dependently decreased, supporting
the theory that mitochondrial dysfunction acts as one of the hall-
marks of aging.[32] The expression of daf-2 was, however, not
age-dependently altered. Likewise, no significant changes in ex-
pression of other typical IIS mediators such as skn-1, daf-16, or
age-1 were observed, suggesting that within the context of this
study IIS may not be the main driver responsible for compensat-
ing metal-induced stress. The Mn-dependent superoxide dismu-
tase sod-3 decreased as worms aged, as well as in young worms
co-exposed to Mn and Zn, which broadly corroborates previous
reports,[51] but contradicts Schetinger et al. who found increased
sod-3 expression in worms co-exposed to Mn and mercury (Hg),
but not to the respective single metals.[52] However, it should
be noted that the applied exposure methods differed, namely
Schetinger et al. investigated the effect of acute exposures to L1
larvae andmeasured gene expression 24 h post treatment. There-
fore, sod-3 might serve as an acute antioxidative response mech-
anism and demonstrates that the route and duration of metal
exposure may alter the acute and adaptive responses to exoge-
nous stressors.Whilst antibodies specific for the respectiveC. ele-
gans proteins are currently not available, they could, in the future,
be used to establish the correlation between mRNA and protein
expression.
Various mechanisms such as oxidative stress, protein aggre-

gation, mitochondrial dysfunction or energy deficiency have
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linked excessive Mn exposure and resulting dyshomeostasis to
the pathogenesis of neurodegenerative disorders, e.g. by causing
dopaminergic cell death.[53] The role of Zn remains contro-
versially discussed in this context, but some studies suggested
intracellular Zn accumulates in in vitro and in vivo PD mod-
els, accompanied by dopaminergic cell death.[54] A decrease in
dopamine levels and the loss of dopamine neurons are hallmarks
of human PD brains.[55] Here, aging affected the expression of
the dopamine reuptake transporter gene dat-1, and the number of
degenerated cephalic dopaminergic neurons (CEPs) significantly
increased in wildtype worms of late-life stage. Butmetal exposure
did not alter the expression of dat-1, nor did it induce damage to
dopaminergic neurons, which contradicts theMndose- and time-
dependent induction of neuronal damage reported by others.[35]

The effect on neurodegeneration was assessed in pdr-1mutants,
worms lacking the parkin orthologue, an E2-dependent E3 ubiq-
uitin ligase that promotes autophagy of mitochondria by protea-
somal degradation.[56] In general, the pdr-1mutants’ response to
Mn and/or Zn supplementation was similar to wildtype worms,
but the number of degenerative events increasedmore drastically
in late-life worms. The results corroborate findings by Cooper
et al. who claimed that the loss of pdr-1 fails to cause loss or death
of dopaminergic neurons.[57] Compared to wildtype, the PD
model exhibits altered bioavailability of Zn and Mn, with a trend
towards diminished metal load at late-life stage and changed ex-
pression patterns of homeostasis-associated genes upon chronic
co-exposure to Mn and Zn, as reflected by the massive increase
inmtl-1 expression. This implicates a link between the induction
of detoxifying metal transporters and impaired proteasomal
degradation of mitochondria. In a recent study Pretsch et al.
have shown the age-dependent potential of supplemented Zn
to increase and prolong metallothionein induction and thereby
decrease proteotoxicity in amyloid 𝛽 and 𝛼-synuclein expressing
worms.[58] Taken together, this indicates that the induction of
metal dyshomeostasis seems to be alleviated during aging and
in terms of PD due to altered regulation mechanisms, in turn,
rendering organisms more susceptible to the toxicity of metal
mixtures.
In summary, this study revealed that chronic nutritive co-

exposure to the essential metals, Zn and Mn, in C. elegans aug-
mented their uptake and the expression of target genes. Further-
more, the metal-chelating molecule, metallothionein 1, seems to
play a prominent role in themediation of age- and diet-dependent
alterations of Zn and Mn homeostasis.
Mn and Zn are typically added as micronutrients to food, sup-

plements or PN formulas, and therefore their effects should not
be studied in isolation, but rather considered in concert, in partic-
ular in the context of aged organisms. The route and length of ap-
plication seems to play a critical role in this context, since chronic
co-supplementation of Mn and Zn alters both their bioavailabil-
ity and their homeostatic regulation. Chronic supplementation of
Mn and Zn seems to affect metal homeostasis to a greater extent
than acute intake, but, in turn, facilitates the activation of adap-
tive mechanisms. Taken together, our novel results highlight the
need to further study the interplay ofmetalsmore closely, as their
effects are likely to be synergistic in nature and thus represent
critical underpinnings in the etiology of neurodegenerative dis-
eases. Furthermore, future research might explore whether pa-
tients with elevatedMn andZn levels (for example in brain tissue)

are characterized by increased expression of genes that regulate
metal homeostases.

4. Experimental Section
C. elegans Strains and Maintenance: Mixed populations of C. elegans

were grown on 8P agar plates covered with NA22 E. coli according to
published protocols.[21] Eggs were isolated following sodium hypochlorite
treatment (1% NaOCl and 0.25 MNaOH) and allowed to develop at 20 °C
to age-synchronous L4 populations on Nematode Growth Media (NGM)
plates containing OP50 as a bacterial food source.

Strains: N2 Bristol, wildtype and the deletion mutant VC1024
(pdr1(gk448) III) were obtained from the Caenorhabditis Genetics Center
(CGC) at the University of Minnesota, Minneapolis, USA. The mtl-1 dele-
tion strain tm1770, MAB8 (pdr-1(gk448) III; vtIs7[Pdat-1:GFP]) and BY200
(vtls1 [Pdat-1::GFP; rol-6] V, roller phenotype rarely detectable) were kindly
provided by the Sturzenbaum laboratory (King’s College, London, UK), the
Aschner laboratory (Albert Einstein College of Medicine, NY, USA) and the
Blakely laboratory (Vanderbilt University Medical Center, Nashville, USA).

Chronic Metal Supplementation: All solutions were prepared with pu-
rified water (10 MΩ∙cm–1) obtained from an Elix water purification sys-
tem (Merck Millipore, Merck KGaA, Darmstadt, Germany). Stock solu-
tions of 1MZnSO4 (ZnSO4∙7H2O,≥ 99.5%,Merck KGaA) and 2MMnCl2
(MnCl2·4H2O, 99.99% trace metals basis, Honeywell, Morristown, USA)
in 85mMNaCl (>99.8%, Carl Roth GmbH+ Co. KG, Karlsruhe, Germany)
were freshly prepared weekly and stored at 4 °C.

To chronically expose the worms, inactivated OP50 solution (control),
which normally contains 30.59 µM Zn and 0.91 µM Mn, was enriched
with either 1 M ZnSO4 and/or 2 M MnCl2 to obtain concentrations of
5mMMn, 0.5mMZn, 1mMZn, or their respective combinations. Prior to
experimentation, the OP50 solution was prepared by inoculating LB/Strep
medium (25 mg⋅mL-1 LB Broth, 1 mg⋅mL-1 streptomycin sulfate, ≥ 720,
I.E. mg−1, Cellpure, both from Carl Roth GmbH + Co. KG) with OP50 bac-
teria (CGC) for 2 days at 37 °C and mild shaking. Bacterial growth was
inhibited by heat-inactivation for 4 h at 70 °C in a water bath to prevent
transformation of added metal species by the bacteria.

750 L4 larvae were placed onto control or metal-enrichedOP50-covered
NGM plates. To ensure age homogeneity as well as ad libitum food sup-
ply, adult worms were washed off the plates and separated (daily) from
their offspring until they reached day 6 of adulthood, afterwards this was
repeated every other day, as described elsewhere.[22] On days 2, 5and 12 of
adulthood, worms were washed in 85 mM NaCl to remove offspring and
bacterial residues.

Lifespan Assay: L4 larvae (20–30) were placed, in duplicates, on 3.5 cm
NGM plates covered with concentrated (control) or metal enriched OP50
(see section above). Living worms were counted daily and transferred onto
fresh plates with a platinumwire to separate them from offspring and dead
worms. From day 6 of adulthood, worms were transferred to fresh plates
every other to third day until no living worms remained. Worms were cen-
sored when they were stuck in the agar or showed signs of worm bagging
or vulva ruptures. Worms were scored as dead when they failed to move
after gentle prodding of their heads with fine wire.

Metal Quantification via ICP-MS/MS: To determine the total metal
content (Mn, Zn, Fe, Cu) by inductively coupled plasma tandem mass
spectrometry (ICP-MS/MS), pellets of 1500 C. elegans in 0.5 mL 85 mM
NaCl were collected, flash frozen in liquid nitrogen and stored at -80 °C on
days 2, 5 and 12 of adulthood.

Total metal concentrations were normalized to the protein content.
Briefly, pellets were thawed, resuspended and sonicated (according to
worms age and size 5–8 alternating cycles of 20 s sonication with 100%
amplitude and 30 s cooling on ice to prevent denaturation). After centrifu-
gation (4 °C, 5 min, 24 100 rcf) the protein content of the supernatant
was determined with the bicinchoninic acid (BCA) assay (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany).

Acid mineralization of pellets and metal analysis in digested samples
were performed as previously described[22] with a MARS 6 microwave
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system (CEM, Kamp-Lintfort, Germany) and an Agilent ICP-MS/MS (ICP-
QQQ-MS 8800, Agilent, Waldbronn, Germany), respectively. ICP-MS/MS
settings are provided in Table S1. The certified reference material ERM-
BB422 (fish muscle) (Institute for Reference Materials and Measurement
of the European Commission, Geel, Belgium) was used for quality control
purposes. Measured concentrations for analyzed metals were in good
agreement with certified concentrations of respective elements as shown
in Table S2 (supplementary information).

Quantitative Real-Time PCRAnalysis: Pellets of 500C. elegans in 0.5mL
85 mM NaCl were collected (days 2, 5 and 12 of adulthood), mixed with
1 mL TRIzol reagent (Ambion® by Life Technologies, Thermo Fisher Sci-
entific,Waltham,USA) shock frozen in liquid nitrogen and stored at−80 °C
prior to RNA extraction. As published elsewhere,[23] the content of isolated
RNA was measured using a NanoDrop One spectrophotometer (Thermo
Fisher Scientific) and cDNA synthesized using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific),
according to the manufacturer’s protocol. TaqMan Gene Expression PCR
analysis was conducted with half of the recommended volumes of 1:2 di-
luted cDNA, 20X TaqMan Gene Expression Assays and 2X TaqMan Gene
Expression Master Mix (both Applied Biosystems) and DEPC water (Carl
Roth GmbH + Co. KG). The respective probes (Applied Biosystems) are
listed in supplementary Table S3. Fold-change of gene expression was cal-
culated by applying the 2−ΔΔCt method, normalized to mRNA levels of
the house-keeping gene afd-1 (orthologous to human 𝛽 actin)[24] and pre-
sented in relation to N2 wildtype day 2 control values.

Dopaminergic Neurodegeneration: BY200 and MAB8 were chronically
supplemented and propagated until day 2, day 5 and day 12 of adulthood
as described above. About 25 worms per condition were anesthetized by
picking them into 5mM levamisole (Sigma-Aldrich Chemie GmbH) on 4%
agarose pads on microscope slides. Z-series images of the head neurons
were captured with a Leica DMB6 fluorescence microscope (Leica Cam-
era AG, Wetzlar, Germany) equipped with a CTR5 LED lamp and 64x mag-
nification objective applying identical settings and exposure times (40X
magnification, 25 ms exposure time, gain 1). Images were processed and
edited with Leica LAS X software with Thunder Imager to obtain blur-free
detailed overlays of 20 Z-stacks each. Neurodegenerative events per 15
worms were scored according to morphologic characteristics defined as
mild (discontinuous signal of dendrites (gaps or breaks, very small blebs)
and/or dendritic blebbing), moderate (splinted and/or shrunken soma) or
severe (lost soma and/or dendrites).

Statistical Analysis: Statistical analyses and figures were compiled
using GraphPad Prism 7 (GraphPad Software, La Jolla, USA). Signifi-
cances of intraday (# compared to 5 mM Mn, § compared to 0.5 mM
Zn and ◊ compared to 1 mM Zn of the respective same age), interday
(⧫ compared to day 2 and day 5 of the respective same condition)
and respective same-day control (*) comparisons were analyzed using
one-way ANOVA with Tukey’s multiple comparison test. Significant
differences are denoted as */#/§/◊: p < 0.05, **/##/§§/◊◊: p < 0.01
and ***/###/§§§/◊◊◊/⧫⧫⧫: p < 0.005. An unpaired Student t-test was
applied for strain comparisons and depicted as *p < 0.05, **p < 0.01,
and ***p < 0.005 compared to respective same condition of N2 wildtype.
Unless otherwise stated, experiments were conducted in three biological
replicates.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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