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A B S T R A C T

While the underlying mechanisms of Parkinson’s disease (PD) are still insufficiently studied, a complex inter-
action between genetic and environmental factors is emphasized. Nevertheless, the role of the essential trace
element zinc (Zn) in this regard remains controversial. In this study we altered Zn balance within PD models of
the versatile model organism Caenorhabditis elegans (C. elegans) in order to examine whether a genetic predis-
position in selected genes with relevance for PD affects Zn homeostasis. Protein-bound and labile Zn species act
in various areas, such as enzymatic catalysis, protein stabilization pathways and cell signaling. Therefore, total
Zn and labile Zn were quantitatively determined in living nematodes as individual biomarkers of Zn uptake and
bioavailability with inductively coupled plasma tandem mass spectrometry (ICP-MS/MS) or a multi-well method
using the fluorescent probe ZinPyr-1. Young and middle-aged deletion mutants of catp-6 and pdr-1, which are
orthologues of mammalian ATP13A2 (PARK9) and parkin (PARK2), showed altered Zn homeostasis following Zn
exposure compared to wildtype worms. Furthermore, age-specific differences in Zn uptake were observed in
wildtype worms for total as well as labile Zn species. These data emphasize the importance of differentiation
between Zn species as meaningful biomarkers of Zn uptake as well as the need for further studies investigating
the role of dysregulated Zn homeostasis in the etiology of PD.

1. Introduction

Affecting 0.1–0.2 and 1 per 100 people at ages below and above 60,
respectively, Parkinson’s disease (PD) is the second most frequent de-
generative disorder of the central nervous system (CNS) [1]. PD is de-
noted by a progressive loss of dopaminergic (DAergic) neurons in the
substantia nigra pars compacta (SNpc) of the midbrain associated with
motor and cognitive deficits [2,3].

Numerous studies in the last several decades failed to conclusively
clarify the underlying mechanisms of PD’s etiology, but emphasized
complex interactions between genetic and environmental factors.
Although the majority of cases is idiopathic, 11 genes associated to
inherited forms of PD were identified so far. Especially mutations of the
genes encoding for parkin (PARK2), PTEN-induced putative kinase 1
(PINK1) (PARK6) and DJ-1 (PARK7) were found to elicit autosomal-
dominant early-onset forms of PD [4]. Lysosomal P-type ATPase

transporter ATP13A2 (PARK9) mutations cause an early-juvenile-onset
atypical form of parkinsonism, called the Kufor-Rakeb syndrome (KRS)
[5]. In addition, genetics and environmental factors, such as toxic metal
species or dyshomeostasis in essential metal species may also contribute
to PD etiology [6].

The essential trace element zinc (Zn) serves as a structural and en-
zymatic cofactor and signaling molecule, and plays a crucial role in
physiological processes of, e.g., development, immune response and
brain function [7–10]. Maintaining Zn2+ homeostasis, either as pro-
tein-bound or labile Zn2+ ions, is therefore essential for optimal neu-
ronal function. Excessively elevated Zn is associated with vascular-type
dementia (VD), Alzheimer’s disease (AD) and prion diseases [11–13].
Moreover, exposure to high Zn concentrations may be a risk factor for
PD. Elevated Zn concentrations were observed in the SN region of
postmortal brains of PD patients [14,15], as well as in nigrostriatal
tissue accompanied with labile Zn2+ in DAergic neurons of the SN
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region in a Zn-induced PD rat model [16]. Contradictory results can be
found in the literature regarding the relationship between circulating
Zn levels and PD. Recent meta analyses have documented decreased
serum Zn levels in PD patients, while other studies found no significant
difference or even increased Zn levels in PD patients [17,18]. Taken
together, these studies suggest that Zn imbalances may be of central
importance in the underlying mechanisms of PD.

The invertebrate model organism Caenorhabditis elegans (C. elegans)
is frequently used to model PD due to its several advantages as its
transparent appearance, fully described nervous system, tractable ge-
netics and pathways highly conserved across species [19]. A number of
worm models of PD have been generated by reproducing the genetic
defects present in inherited forms of PD with multiple characteristic
phenotypic abnormalities [20,21]. Loss of function mutations of pdr-1
and catp-6 for example, C. elegans orthologues of human PD-linked
genes parkin and ATP13A2, resulted in increased DAergic neuronal loss
in adult worms, as well as impaired DA signaling and reduced stress
resistance [22].

Genetic traits are not only a risk factor for developing PD, they also
play a role in age of onset, disease progression, responsiveness to
therapeutics, and importantly, sensitivity and response to environ-
mental factors. Therefore, the role of PD-related genes in Zn home-
ostasis was studied herein, focusing on alterations in Zn status in the
background of mutated pdr-1 and catp-6 in C. elegans. Our main ob-
jective was to determine total and labile Zn2+ levels in worms, the
latter potentially serving as a biomarker of the Zn status.

2. Material and methods

2.1. C. elegans strains and culture

The following nematodes strains were used and maintained at 20 °C
on 8P agar plates covered with the Escherichia coli (E. coli) strain NA22
as a food source, as previously described [23]: N2, wildtype, as well as
the mutant strains RB2510 (W08D2.5(ok3473) IV.) and VC1024
(pdr1(gk448) III).

Eggs were isolated from gravid adults by sodium hypochlorite
treatment (1% NaOCl and 0.25M NaOH) and seeded onto Nematode
Growth Media (NGM) plates covered with the E. coli strain OP50 to
obtain age-synchronous populations. To ensure the homogeneity of age
even in fecund worms, adults were daily relocated onto fresh plates
after segregating them from their offspring by sedimentation in M9
buffer without centrifugation until they became day 4 adults.

2.2. Solutions

For all solutions and experiments purified water provided by a
water purification system (10MΩ∙cm-1, Elix®, Merck Millipore) was
used, unless otherwise mentioned.

1M ZnSO4 (ZnSO4∙7H2O, ≥ 99.5%, Merck KGaA, Darmstadt,
Germany) stock solution in 85mM NaCl was freshly prepared weekly
and stored at 4 °C. Stock solutions of 5mM ZinPyr1 (≥ 95%, biomol
GmbH, Hamburg, Germany) in DMSO (Invitrogen, Carlsbad, USA) and
2mM N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
(Sigma Aldrich Chemie GmbH, Steinheim, Germany) were aliquoted,
stored at -20 °C and thawed right before usage.

2.3. Zn and TPEN treatment

200 μM Zn, 500 μM Zn or 200 μM TPEN diluted in OP50 were
streaked onto NGM plates and allowed to dry at 25 °C, before E. coli was
inactivated by irradiating the plates with 40 kJ/m2 UV-A, UV-B, UV-C
using an Atlas-Suntest+ (Atlas Material Testing Technology, Bishop
Court, USA) to prevent further growing and metabolizing of the bac-
terial lawn.

For experimental settings worms of either L4 stage or day 4 of

adulthood were exposed by placing them on inactivated NGM plates
covered with native or supplemented OP50 with either Zn (200 and 500
μM) or the metal chelator TPEN (200 μM) for 24 h. These doses were
chosen as non-effective to C. elegans health, according to existing lit-
erature [24].

2.4. Total Zn quantification in C. elegans

After treatment, either day 2 or day 5 adult worms were collected,
segregated and washed in M9 buffer until no bacterial residues, eggs
and larvae remained in the supernatant, to determine the total Zn
content via inductively coupled plasma mass spectrometry (ICP-MS/
MS).

Amounts of 500 to 1000 worms were pelletized in M9, frozen in
liquid nitrogen and stored at −80 °C. The worm pellet, agar or E. coli
were transferred into TFA microwave vessels including a mixture of
2mL 15% HNO3 (65% HNO3, suprapur, Merck KgaA), 5% H2O2 (Sigma
Aldrich Chemie GmbH) and 1 μg/L Rh (Rh stock solution 10mg/L,
Merck KgaA) as an internal standard (ISTD). Digestion was performed
with the MARS 6 microwave system (CEM, Kamp-Lintfort, Germany),
applying 650W to raise the temperature up to 200 °C within 15min and
holding this temperature for further 20min. Obtained clear fusion so-
lutions were transferred into 15mL tubes without further dilution.
Blank samples without worms, as well as trace element references with
15–25mg of certified reference materials fish muscle (ERM®-BB422) or
single cell protein (BCR®-274) were treated the same way, except from
an additional 1:10 dilution of digested single cell protein in purified
water.

Total Zn was determined using an Agilent ICP-QQQ 8800 system
(Agilent, Waldbronn, Germany) with a verified multielement on-mass
technique in He mode and external calibration. Underlying ICP-MS/MS
settings are listed in table 1 (see table 1 in the supplementary). At least
six calibration standards were prepared by diluting a stock solution
(multi element mix containing i.e. 100mg/L Zn, Cu, Fe, Mn) (Spetec,
Erdingen, Germany) in 15% HNO3 containing 1 μg/L Rh in a range of
0.05 – 500 μg Zn/L.

A maximum sensitivity of the measurement was ensured by daily
tuning of nebulizer gas flow, lens parameters and quadrupoles. For
validation of the method limits of detection and quantification (LOD
and LOQ) were determined for Zn by applying the 3-σ- and 10-σ-cri-
terion. Obtained parameters were 2.63 μg Zn/L and 8.76 μg Zn/L, re-
spectively.

Additionally, blank samples and trace element references were
measured periodically for quality assurance (recovery ≥ 95.6%).

2.5. ZinPyr-1 loading

After Zn treatment, either day 2 or day 5 adult worms were col-
lected, segregated and washed in incubation buffer (25mM HEPES pH
7.35, 120mM NaCl, 5.4mM KCl, 5mM Glucose, 1.3mM CaCl2, 1 mM
MgCl2, 1 mM NaH2PO4, 0.3% BSA) until no bacterial residues, eggs and
larvae remained in the supernatant, to determine labile Zn content with
fluorescence of the Zn-selective probe ZinPyr-1.

400 worms each were incubated with 0.5 mL of 40 μM ZinPyr-1 in
incubation buffer for 3 h in the dark under mild shaking. Excessive dye
was removed by 5 times washing with ZP buffer (incubation buffer
without BSA).

2.6. Fluorescence microscopy

After ZinPyr-1 loading, worms were paralyzed in 5mM levamisole
(Sigma Aldrich Chemie GmbH) on 4% agarose pads on microscope
slides. Fluorescence images were taken with a Leica DM6 fluorescence
microscope (Leica Camera AG, Wetzlar, Germany) by maintaining un-
changed settings and exposure times.
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2.7. Labile Zn quantification in C. elegans

After ZinPyr-1 loading, 400 worms per 0.2mL ZP buffer per well
were transferred into 96 well plates (CELLSTAR® black polystyrene 96-
well plate with micro-clear flat bottom, Greiner Bio-one,
Kremsmünster, Austria). All measurements were carried out as bottom
readings using a Tecan infinite 200 Pro multidetection microplate
reader (Tecan, Männedorf, Switzerland) and wavelengths of 485 nm
and 535 nm for excitation and emission, respectively. The minimum
fluorescence (Fmin) was determined after adding three portions of 2mM
TPEN to each well with a respective incubation time of 30min, up to a
resulting concentration of 0.86mM TPEN. Measurement of maximal
fluorescence (Fmax) was conducted after addition of two portions of 1M
ZnSO4 to each well, with a respective incubation time of 20min each,
up to a resulting concentration of 0.1 M ZnSO4. Concentrations of labile
Zn per worm were calculated using the formula = ∙

−

−

[Zn] KD
F F
F F

min
max

[25].
KD of the probe ZinPyr-1 was previously determined as 0.7 nM [26].
Worm’s viability and the number of worms were controlled using a
ZEISS CL9000 LED stereomicroscope (Carl Zeiss GmbH, Jena, Ger-
many) after the measurements.

2.8. Statistical analysis

All figures and statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software, La Jolla, USA). Statistics were calculated
by two-way ANOVA, followed by Dunnett’s or SIDAK’s multiple com-
parison test. P-values< 0.05 were considered significant and are in-
dicated as *: p < 0.05, **: p < 0.01, and ***: p < 0.001 for Dunnet’s
or §: p < 0.05, §§: p < 0.01, and §§§: p < 0.001 for SIDAK’s test in
the respective figure legends.

3. Results

3.1. Effect on the survival of C. elegans

To assess the effect of Zn supplementation on C. elegans survival,
either L4 larvae or day 4 adults were exposed to native, TPEN- or Zn-
enriched E. coli as food source for 24 h.

The survival data (Fig. 1A) of TPEN as well as Zn exposure at day 2
(exposing L4 for 24 h) did not show an effect in wildtype worms, nor
the mutated pdr-1 and catp-6 worms. However, at day 5 catp-6 deletion
mutants showed reduced survival (Fig. 1B), which was not affected to a
greater extent by any of the treatment conditions. Survival of wildtype
worms and the pdr-1 deletion mutants was not affected by age, TPEN or
Zn exposure (exposing day 4 adults for 24 h).

3.2. Total Zn quantification (bioavailability)

To investigate whether the uptake of an enriched E. coli food source
with either high concentrations of Zn or the divalent metal chelating
agent TPEN results in altered Zn content in C. elegans, ICP-MS/MS

analysis was conducted. Total Zn concentrations (Fig. 2) of both, day 2
(Fig. 2A) and day 5 (Fig. 2B) adults of all tested strains, showed a
slightly decreased trend with TPEN supplementation, as well as a dose-
dependent increase following Zn supplementation. Fig. 2A shows a
significant increase in the Zn content in catp-6 and pdr-1 deletion mu-
tants upon treatment with 500 μM Zn. Fig. 2B establishes a moderate
basal increase in Zn content with age especially in wildtype worms. 500
μM Zn exposure resulted in a significant increase in Zn levels in all
worm strains at day 5 (Fig. 2B). Comparing day 2 and day 5, worms
showed an age-dependent Zn uptake in WT worms.

3.3. Labile Zn quantification in C. elegans by ZinPyr-1

Based on previously published work [27], a ZinPyr-1-based dye
incubation protocol was utilized, allowing for [Zn]2+ visualization by
fluorescence microscopy, as well as a multi-well semi-quantitative
analysis of [Zn]2+ in living nematodes. Accordingly, fluorescence mi-
croscopy was performed to verify worms’ uptake of ZinPyr-1 following
dye loading. Fig. 3 shows that the fluorescent probe is taken up by
living worms and a corroborating ZinPyr-1 fluorescence signal could be
attained. Optimal dye loading was achieved upon incubation of 40 μM
ZinPyr-1 for 3 h, showing regular distribution and reproducible intense
signals in the multi-well semi-quantitative analysis.

The semi-quantitative analysis of [Zn]2+ using a multi-well based
method was further optimized. Since non-ratiometric fluorescent
probes require determination of the fluorescence in the absence of
metal ions (Fmin) and maximum fluorescence when the probe is satu-
rated with Zn2+ (Fmax), the chelator TPEN was added to reach Fmin in
the multi-well analysis, and Zn sulfate was added to obtain a precise
Fmax [25,28].

Based on these data, [Zn]2+ levels were calculated. Exposing
wildtype worms to 200 and 500 μM Zn for 24 h by feeding Zn-supple-
mented E. coli revealed a dose-independent 3-fold increase in [Zn]2+ in
day 2 adults compared to the control. This effect was not observed in
PD models (Fig. 4A). However, all strains showed a TPEN-induced de-
creasing trend in [Zn]2+. Furthermore, after exposing day 4 adult
wildtype worms for 24 h, no increase in [Zn]2+ was noted (Fig. 4B),
and an age-dependent decrease in [Zn]2+ in exposed WT worms was
evident. Interestingly, [Zn]2+ was only increased by 500 μM Zn ex-
posure in older pdr-1 deletion mutants.

4. Discussion and conclusion

The essential trace element Zn acts in various biological pathways of
cell signaling, enzymatic catalysis and immune function as well as
protein stabilization. Hence, dysregulation of Zn homeostasis by both,
deficiency and excess may cause developmental and metabolic defects
eliciting various health disorders, including neurodegenerative diseases
[6].

While the involvement of several essential trace elements in PD’s
etiology has been the subject of multiple investigations, Zn’s role

Fig. 1. Survival of WT, catp-6Δ and pdr-1Δ
after exposure to 200 μM TPEN, 200 μM or 500
μM Zn. Survival rates of [A]: day 2 adults and
[B]: day 5 adults evaluated after 24 h of feeding
with enriched OP50 E. coli of the respective C.
elegans strains. Data are expressed as means of
4 independent determinations+ SEM. *:
p < 0.05, **: p < 0.01, and ***: p < 0.001
compared to WT controls.
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remains controversial (see [29] as a detailed review). Protein-bound or
complexed and labile zinc ions are known to affect distinct PD-asso-
ciated pathways. Therefore, herein we focussed on the role of Zn
homeostasis in the background of different PD models. Specifically, we
quantified total and labile Zn to determine the latter’s potential to serve
as a biomarker of PD.

Pdr-1 and catp-6 deletion worm mutants, which lack the orthologues
of mammalian Parkin and ATP13A2 respectively, have served to study
PD etiology. Parkin, an E2-dependent E3 ubiquitin ligase with four zinc-
coordinating domains, is normally recruited to depolarized mitochon-
dria promoting their autophagy by proteasomal degradation [30–32].
But further studies are needed to fill the gap of knowledge of Zn’s im-
pact on parkin function. ATP13A2 is a cation transporter, whose phy-
siological function remains unknown. It has been suggested to be in-
volved in manganese (Mn) and Zn metabolism as well as mitochondrial
pathways, but it is also associated with lysosomal proteolysis and α-
synuclein metabolism [5,33,34]. Since ATP13A2 is highly expressed in
DAergic neurons of the substantia nigra and found to be increased in
sporadic forms of PD, its involvement in Zn dysregulation and PD-as-
sociated malfunctions is of particular interest [35].

While the incidence of PD increases with age, symptoms of

genetically related cases, such as Parkin-associated forms of parkin-
sonism or KRS (ATP13A2 deficiency) have a juvenile age onset. Hence,
we focussed our studies on early (L4 larvae to day 2 adults) and midlife
(day 4 to day 5 adults) developmental stages in C. elegans. Zn exposure
was carried out by dietary intake via feeding of bacteria supplemented
with Zn. The supplemented bacteria were coated on agar plates and
inactivated to avoid metabolizing processes by the bacteria. Because Zn
is naturally present in the agar and peptone of the agar plates, as well as
in the bacterial lawn [23,36], its amount was quantified with ICP-MS/
MS and taken into account. Consequently, even the control group in this
study is naturally exposed to 64.1 ± 3.3 μg Zn/kg NGM agar and 30.59
μM Zn in the E. coli strain OP50. Since high Zn exposure can affect
lifespan secondary to changes in zinc burden [24,37], an effort was
made to maintain Zn exposure at 500 μM or less for 24 h in early and
midlife animals (Fig. 1).

Catp-6 deletion mutants showed decelerated development and re-
duced egg-laying rates, as previously described by other groups
[38–40]. Due to reduced lifespan, mutants of catp-6 showed a treat-
ment-independent higher mortality rate in midlife age, compared to
wildtype worms (Fig. 1B), corroborating the important role of CATP6 in
maintaining healthy development and aging. These effects remained

Fig. 2. Total Zn in WT, catp-6Δ and pdr-1Δ
following TPEN or Zn exposure. Zn concentra-
tions in [A]: day 2 adults and [B]: day 5 adults
of the respective C. elegans strains were de-
termined using ICP-MS/MS after exposing L4
larvae or day 4 adults to 200 μM TPEN, 200 μM
or 500 μM Zn via feeding enriched OP50 E. coli
for 24 h. Data are expressed as means of at least
4 determinations+ SEM normalized to worms’
weight. *: p < 0.05, **: p < 0.01, and ***:
p < 0.001 compared to WT controls. §:
p < 0.05, §§: p < 0.01, and §§§: p < 0.001
compared to respective same conditions in day
2 adults.

Fig. 3. [Zn]2+ visualization after loading of C. elegans with ZinPyr-1. Fluorescence images of ZinPyr-1 signal in living WT day 2 adults after exposure to 200 μM
TPEN, 200 μM and 500 μM Zn via feeding enriched OP50 E. coli for 24 h and respective bright field images. Scale bars represent 100 μm.

Fig. 4. [Zn]2+ in WT, catp-6Δ and pdr-1Δ fol-
lowing TPEN or Zn exposure. [Zn]2+ in [A]:
day 2 adults and [B]: day 5 adults of the re-
spective C. elegans strains after exposing L4
larvae or day 4 adults to 200 μM TPEN, 200 μM
or 500 μM Zn via feeding enriched OP50 E. coli
for 24 h. Determination was realized by mea-
suring [Zn]2+-dependent fluorescence as the
difference between Fmax and Fmin as previously
described [27]. Data are expressed as means of
at least 3 determinations+ SEM normalized to
WT control. *: p < 0.05, **: p < 0.01, and
***: p < 0.001 compared to WT controls. §:
p < 0.05, §§: p < 0.01, and §§§: p < 0.001
compared to respective same conditions in day
2 adults.
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unchanged by varying Zn exposure, confirming that acute Zn stimuli in
the tested concentrations were in the subtoxic ranges [24,36]. Although
Zn is being supposed as essential signaling molecule, binding of labile
Zn2+ by exposing worms to the Zn selective metal chelator TPEN had
no detrimental effect on survival as described elsewhere [24].

Metal dysregulation is a common feature throughout the aging
process [41]. In wildtype nematodes, essential trace elements, such as
iron and Mn accumulate with accelerated age, whereas Zn content only
moderately increases with age [42]. Compliant to these findings our
study ruled out a marked aging-dependent Zn increase in non-treated
wildtypes. However, Zn supplementation increased the worms’ Zn
content, whereas Zn chelation decreases total Zn, respectively [24]. It is
established that C. elegans conserved Zn transporters (CDFs (cation
diffusion facilitators), ZIPs (Zrt- and Irt- like proteins)) and me-
tallothioneins that are involved in Zn metabolism, but their regulation
and expression have yet to be completely understood in the nematode
[36]. Interestingly, Zn exposure only significantly increased the total Zn
content in middle-aged wildtype worms compared to controls. A 5-fold
increase in total Zn content after 200 μM Zn exposure in young adults
for 24 h as described by Roh et al. could not be affirmed, which might
partly be due to different study designs [43]. TPEN supplementation
caused a slightly decreasing trend in worms Zn content, which has al-
ready been observed in other studies [24]. TPEN is a membrane-
permeable zinc-selective chelator that binds Zn with high affinity. The
underlying mechanisms for this effect may be associated with binding
of labile Zn species as signaling molecules and alteration of specific Zn
importing processes [44].

Middle-aged and even young C. elegans deletion mutants of PD-re-
lated pdr-1 and catp-6 were more susceptible to Zn uptake after sup-
plementation with higher doses. An increase in Zn content after Zn
challenge has previously been observed in PD patient derived hONs
cells lacking ATP13A2 [45], implicating its role in Zn homeostasis in
both, importing and exporting processes. Moreover, ATP13A2 defi-
ciency was described to alter Zn transporter expression in human cells
[46]. The role of ATP13A2 in maintaining Zn homeostasis remains
controversial. In addition to Zn, the ATP13A2 gene is also involved in
Mn homeostasis. Altered ATP13A2 levels impact intracellular Mn le-
vels, and modifying ATP13A2’s activity affords a therapeutic approach
against Mn-induced neurotoxicity [47]. Recently, studies in C. elegans
have shown that loss of pdr-1 can modulate Mn export through altered
transporter expression of ferroportin [48]. Knowledge regarding the
role of pdr-1 in Zn homeostasis is limited, but an impact on Zn home-
ostasis is likely. Parkin mutant flies exhibited PD-like abnormalities as
locomotor defects and Zn supplementation ameliorated these effects
[49]. Importantly, to our best knowledge, Zn uptake was not yet
quantified in parkin mutants.

Accurate assessment of clinical data at an early stage of a disease is a
requisite for successful therapies. Therefore, reliable biomarkers are
needed. Considering the fact that changes in labile Zn2+ in biological
systems can act as signaling transductors [50], monitoring of [Zn]2+

offers a promising and exciting tool. However, experimentally distin-
guishing between protein-bound and labile Zn2+ is challenging [51].
Applications of fluorescent probes have emerged, but were rarely ap-
plied to C. elegans. To date, [Zn]2+ sensing using different fluorescent
probes in nematodes served the purpose of relative quantification of
[Zn]2+ by estimating intensities of probe signals in fluorescence mi-
croscopy [24,43,52,53]. To improve the power of quantification, we
aimed to establish a method to measure [Zn]2+ in C. elegans quanti-
tatively by usage of the small molecule fluorescent probe ZinPyr-1. We
based our work on a method described for E. coli to overcome typical
problems of Zn determination as zinc phosphate precipitation and dye
specificity [27,54]. The optimized method enables adequate intake of
ZinPyr-1, as well as precise calculation of [Zn]2+ in alive worms with
reference to maximal Zn saturation and autofluorescence of the probe,
relying on the mass action law [25]. To our best knowledge this is the
first multi well-based approach to quantitatively measure labile Zn2+ in

vivo in C. elegans. Results were normalized to percentages of wildtype
controls to compensate for interday variations, which commonly occur
in living organisms. Levels of [Zn]2+ were markedly increased fol-
lowing Zn exposure in young wildtypes, but not middle-aged ones.
Total Zn levels were not altered following Zn exposure, as shown in
Fig. 2, suggesting that ratios of bound and labile Zn2+ vary age-de-
pendently, with lower availability of labile Zn2+ being noted in older
worms. Regarding the commonly described Zn deficiency in elderly
humans, this emphasizes the need for differentiated biomarkers for Zn
status assessment [32,55]. Pdr-1Δ exhibit a slightly increasing trend in
young age and significantly increased changes in [Zn]2+ in midlife-age
after exposure to higher subtoxic Zn concentrations. The underlying
mechanisms of this effect have to be clarified in future studies.

Taken together the present study in the model organism C. elegans
elucidates the importance of differentiation between total and labile
Zn2+ as potential biomarkers of the effective Zn status in living or-
ganisms, and offers a reliable method for quantitatively assessing labile
Zn2+ in living worms by usage of a fluorescence probe. Our results
revealed discerned changes in Zn2+ status following Zn exposure in
wildtypes, catp-6 and pdr-1 deletion mutant models of PD. The data
point out that a genetic predisposition by loss of catp-6 or pdr-1 affects
Zn homeostasis in C. elegans. The consequence of such changes to
worms’ healthspan will be addressed in future studies. Moreover, our
results emphasize the need for further mechanistic investigations into
Zn dyshomeostasis, especially in genetic disease models.
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