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Abstract

Mn/Zn ethylene- bis-dithiocarbamate (Mn/Zn-EBDC) fungicides are among some the most widely-
used fungicides in the world. Although they have been available for over 50 years, little is known
about their mechanism of action in fungi, or their potentially toxic mechanisms in humans. To
determine if exposure of Caenorhabditis elegans (C. elegans) to a representative fungicide
(Manzate; MZ) from this group inhibits mitochondria or produces reactive oxygen species (ROS),
we acutely (30 min) exposed worms to various MZ concentrations. Initial oxygen consumption
studies showed an overall statistically significant decrease in oxygen consumption associated with
addition of Complex I- and/or Il-substrate in treatment groups compared to controls (*p < 0.05). In
order to better characterize the individual complex activity, further studies were completed that
specifically assessed Complex Il or Complex 1V. Data indicated that neither of these two
complexes were targets of MZ treatment. Results from tetramethylrhodamine ethyl ester (proton
gradient) and ATP assays showed statistically significant reductions in both endpoints (*p < 0.05,
**p < 0.01, respectively). Additional studies were completed to determine if MZ treatment also
resulted in increased ROS production. These assays provided evidence that hydrogen peroxide, but
not superoxide or hydroxyl radical levels were statistically significantly increased (*p < 0.05).
Taken together, these data indicate exposure of C. efegansto MZ concentrations to which humans
are exposed leads to mitochondrial inhibition and concomitant hydrogen peroxide production.
Since mitochondrial inhibition and increased ROS are associated with numerous
neurodegenerative diseases, we suggest further studies to determine if MZ catalyzes similar toxic
processes in mammals.
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1.0. Introduction

While epidemiology studies have shown a link between Parkinson’s disease (PD) and
exposure to paraquat and maneb (Costello et al., 2009), the use of maneb (Mn ethylene- b/s-
dithiocarbamate) has declined in recent years due to its withdrawal from the pesticide
market (Billingslea, 2009; Nevola, 2011). This has resulted in increased market shares of
mancozeb-containing fungicides (USGS, 2013). Mancozeb (Mn/Zn ethylene- bis-
dithiocarbamate; Mn/Zn-EBDC) is the active ingredient in such fungicides as Manzate
(MZ), and it is widely sold throughout the United States. It is most-commonly applied to
vegetables and fruit (Bonide, 2010), and is used in both commercial agricultural and
household settings. As with most pesticides, formulations are available in a variety of
strengths, from ‘ready-to-apply’ to highly concentrated solutions that require dilution before
application (Bonide, 2010).

Documented cases of movement abnormalities attributed to neurotoxicity following acute
exposure to commercially available maneb or mancozeb formulations have been reported for
decades (Colosio et al., 1996; Erro et al., 2011; Israeli et al., 1983a, b). Recognition of the
potential toxicity of MZ and maneb led to studies involving the active ingredient. For
example, treatment of mesencephalic cell cultures with Mn/Zn-EBDC leads to activation of
voltage-gated potassium channels (Li et al., 2013), and production of reactive oxygen
species (ROS) and mitochondrial inhibition (Domico et al., 2007; Domico et al., 2006).
Other studies indicate that Mn/Zn-EBDC catalyzes ROS formation /n vitro (Fitsanakis et al.,
2002), and leads to mitochondrial inhibition in isolated mitochondria from treated rats
(Zhang et al., 2003). More recently, however, studies show that exposure to commercially-
available formulations of MZ lead to behavioral deficits (Harrison Brody et al., 2013) and
neurodegeneration (Negga et al., 2011; Negga et al., 2012) in Caenorhabditis elegans (C.
elegans).

While previous data generated using Mn/Zn-EBDC showed /n vitro ROS production
(Calviello et al., 2006; Domico et al., 2007) these results have not been replicated /n vivo.
Numerous cellular probes exist to determine whether specific ROS, /.e., superoxide,
hydrogen peroxide, or hydroxyl radical, are produced /n vitro, and these techniques can be
modified for use in C. elegans because they are transparent. Although careful interpretation
of data is required (Winterbourn, 2014), when multiple probes with different affinities to
specific ROS are used to assess production, this method can be useful in identifying the
probable ROS species. The same is true of assays designed to detect inhibition of
mitochondrial electron transport chain complexes (Grad et al., 2007). By combining multiple
techniques, we assayed both mitochondrial function and oxidative stress to determine if
exposure to a commercial formation of MZ would result in either of these toxic responses in
C. elegans. Thus, by elucidating the potential site of mitochondrial inhibition at the
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respiratory complexes and the putative oxidative species involved, this work anticipates
shedding light on mechanisms responsible for the observed toxicity of this organometallic
fungicide.

2.0. Materials and Methods

2.1. Worm and Escherichia coli strains

Wild-type (N2) and CL2166 nematodes, as well as NA22 Escherichia coli (E. coli) and
OP50-1 E. coli, were provided by the Caenorhabditis Genetics Center (CGC). CL2166
worms (avis19[(pAF15)gst-4p.:GFP::NLS] 111) are genetically modified such that a green
fluorescent protein gene (g7p) is fused with a nuclear localization sequence driven by the
promoter for the glutathione- S-transferase gene, gst-4p. This construct results in a strain that
shows increased fluorescence in the presence of oxidative stress (Leiers et al., 2003).
Concentrated (37%) Mancozeb Flowable with Zinc (Bonide, Oriskany, NY) was purchased
at a local lawn and garden store.

2.2. Synchronization

C. elegans strains were maintained at 20°C and synchronized according to standard
protocols (Brenner, 1974), and as previously published (Negga et al., 2011). Briefly, C.
elegans were grown on 8P plates (51.3 mM NacCl, 25.0 g bactoagar/L, 20.0 g
bactopeptone/L, 1mM CaCl,, 0.5 mM KH,PO4 (pH 6), 0.013 mM cholesterol (dissolved in
95% ethanol), ImM MgSO,) with a lawn of NA22 E. coli (grown in 16 g tryptone/L, 10 g
yeast extract/L, 85.5 mM NaCl) until gravid. Nematodes were then washed from plates into
15-mL conical vials using sterile dH,0, and treated with a bleaching solution (0.55%
NaOCl, 0.5 mM NaOH) permitting the release of eggs from gravid hermaphrodites. The
egg/bleach mixture was diluted and washed 3X with M9 solution (20 mM KHyPQOy4, 40 mM
Na,HPO,4, 68 mM NaCl) prior to addition of 30% sucrose to facilitate isolation of eggs via
centrifugation. Once removed, eggs were placed in a separate 15-mL conical tube, and
washed 3X with sterile dH»0 and centrifuged. The dH,0O was then replaced with M9, and
eggs were stored at 20°C on a nutator for 18 h. At the time of treatment, worms are in a
starved state in the first larval stage.

2.3. Treatments

Following independent synchronizations on separate days, 5000 worms per treatment group
(n = 3 treatment groups/treatment concentration/synchronization) were exposed to various
concentrations of the commercially-available fungicide, Manzate (MZ), all of which were
within the application range recommended by the manufacturer (Bonide, 2010). Based on
previous lethality and neurodegeneration studies (Negga et al., 2011; Negga et al., 2012), the
following final concentrations were used: 0.1% Mn/Zn-EBDC as MZ, 7.5% Mn/Zn-EBDC
as MZ, or 17.0% Mn/Zn-EBDC as MZ. In addition to encompassing a range of
concentrations to which humans could be exposed (Bonide, 2010), these also included
concentrations on either side of the LDsgq in worms (Negga et al., 2011). Furthermore, all
concentrations used in these studies and following the same treatment protocol have shown
evidence of neurodegeneration in C. elegans (Negga et al, 2011; Negga et al., 2012, Harrison
Brody et al., 2013). All final concentrations were made by diluting the stock solution (37%
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Mn/Zn-EBDC) with dH,O, as directed by the manufacturer. The final volume of each
treatment vial was always maintained at 1000 uL of solution (water, worms, and MZ), with a
total of 5000 worms in each microcentrifuge tube. To facilitate comparison of our results
with other Mn/Zn-EBDC fungicides, concentrations are reported as percent active ingredient
(Mn/Zn-EBDC) rather than percent commercial formulation (Negga et al., 2011; Negga et
al., 2012). The worms were exposed to the various concentrations for 30 min, washed with
sterile dH,0 to remove residual MZ, and subsequently placed on nematode growth media
plates (NGM; 51.3 mM NacCl, 17.0 g bactoagar/L, 2.5 g bactopeptone/L, 1 mM CaCl,, 1
mM MgSQOy, 0.5 mM KH,PO,4 (pH 6.0), 12.9 mM cholesterol (95% ethanol), 1.25 mL
nystatin/L, 0.2 g streptomycin/L) with a lawn of OP50-1 E. coli. Washed worms were then
incubated (without MZ) for 24 h at 20° C. Respective assays for each endpoint were then
carried out.

Since concentrated MZ formulations are diluted with H,O to the proper application
concentration (Bonide, 2010), control worms were treated with sterile dH,0. Following the
incubation period, control worms were also assessed for mitochondrial function or ROS
production.

2.4. Mitochondrial Assays

2.4.1. Complex I- and lI-stimulated mitochondrial oxygen consumption—
Following MZ treatment, nematodes were washed from plates with sterile M9 into 15-mL
conical vials, centrifuged, and washed an additional 3X to remove bacteria and residual MZ.
After final washing, live worms were counted and normalized to yield 10 nematodes/uL per
treatment group. Worms and M9 were added to heated (22°C) water bath chambers (YSI
5301B Standard Bath) and an oxygen probe (YSI 5304) was inserted and equilibrated to
100% oxygen in the sample chamber. Measurements were recorded every ten seconds. After
an initial ten minute recording period to allow for equilibration, Complex | respiration was
stimulated by injection of 100 mM glutamate into the assay chamber per modified published
protocols (Grad et al., 2007). Fifteen minutes post-glutamate addition, Complex Il
respiration was stimulated by injection of 100 mM sodium succinate into the assay chamber
per modified published protocols (Grad et al., 2007).

2.4.2. Fixation and permeabilization of C. elegans—Similar to the protocol
published by Grad et al. (2007), during the process of fixation and permeabilization, C.
elegans were washed from plates and placed in microcentrifuge tubes with M9 buffer
solution. Worms were centrifuged and washed with dH,O. After a subsequent centrifugation
to pellet worms, supernatant was removed, and pellet was placed on ice where 500 L ice-
cold 2X Modified Ruvkun’s Witches Brew (MRWB; 160 mM KCI, 40 mM NaCl, 20 mM
Na,EGTA (ethylene glycol tetra-acetic acid), 10 mM spermidine HCI, 30 mM Na-PIPES
(piperazine-N,N’- bis-(2-ethanesulfonic acid)) pH 7.4, 50% methanol), 400 uL dH,0, and
100 pL 20% (w/v) paraformaldehyde was added to the microcentrifuge tubes. Tubes with
worms were vortexed, and incubated for 35 min at 4°C with constant nutation. Fixed worms
were centrifuged and washed 2X with a Tris-Triton buffer (TTB; 10 mM Tris (pH 7.4), 100
mM NaCl, 1 mM EDTA (ethylenediaminetetraacetic acid), 1 mM EGTA, 1% Triton X-100,
10% glycerol and 0.1% sodium dodecylsulfate). Following fixation, the worms were
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incubated with TTB and 1% (v/v) p-mercaptoethanol, and incubated for 15 min at room
temperature with constant mixing. Worms were then centrifuged and washed in borate buffer
(100 mM boric acid, 75 mM NaCl, 25 mM sodium tetraborate, pH 8.4), then incubated with
10 mM dithiothreitol for 15 min. Worms were centrifuged and washed 2X with phosphate
buffered saline (PBS), pH 7.4. Finally, all but 200uL of the supernatant was removed prior to
the performing the respective chromophore-based assays. Although this protocol is
inappropriate for mammalian cell or tissue culture, the highly structured collagen scaffold,
insoluble glycoproteins proteins, and lipids that compose the protective cuticle of C. elegans
require these conditions. Care must be taken, however, to adhere to the incubation times to
prevent damage to the electron transport chain enzyme complexes.

2.4.3. Complex Il activity—Similar to the Complex | assay, following acute MZ
treatment, worms were washed with sterile dH,O from NGM plates. Afterwards, samples
were normalized to contain 1,000 live nematodes/mL per treatment concentration. Following
fixation and permeabilization (see Section 2.4.2), Complex Il activity was assayed using 5
mM EDTA, 1mM KCN, 0.2 mM phenazine methosulfate, 50 mM sodium succinate, 0.25
mM nitroblue tetrazolium (NBT) in 10 mL PBS (Grad et al., 2007). In order to verify that
the assay measured succinate dehydrogenase activity, a negative control was included that
contained 100 mM sodium malonate, but no sodium succinate. After incubation in the assay
solution, stained nematodes were washed 3X and counted to yield 1 worm/pL, per treatment
group. A total of 250 worms were pipetted into a 96-well plate, and absorbance was read at
560 nm using a Promega® GloMax-Multi+ Detection System (Promega Corporation,
Madison, WI).

2.4.4. Complex IV activity—Similar to Complex Il preparation, worms were washed
with sterile dH,O and counted to yield 1,000 nematodes/mL per treatment group. Following
fixation and permeabilization, Complex IV activity was assayed using 0.1% (w/v) 3,3’-
diaminobenzidine (DAB), 0.1% (w/v) cytochrome c, 0.02% (w/v) catalase in 10 mL PBS
(Grad et al., 2007). Similar to the Complex Il assay, a negative control was used containing
50 mM KCN in the absence of cytochrome c. After incubation in assay solution, stained
nematodes were read at 450 nm as described in Section 2.4.3.

2.4.5. Proton gradient integrity—Following MZ treatment, nematodes were washed 2X
with sterile dH,0, and once with M9. After final washing, live nematodes were counted and
standardized at 1,000 nematodes/mL per treatment group. In order to determine proton
gradient integrity, nematodes were assayed using a final concentration of 50 uM
tetramethylrhodamine ethyl ester (TMRE; Biotium, Hayward, CA) in dimethyl sulfoxide
(DMSO0). C. elegans were incubated for 1 h, and then washed 3X with sterile dH,0.
Afterwards, they were photographed using a digital camera attached to a fluorescence
microscope (see Section 2.7).

2.4.6. Relative ATP amount and verification of live worms—~Following MZ
treatment, nematodes were washed as described. Worms were then counted to yield 10 live
nematodes/pL per treatment group, and 200 pL (200 worms) was added to each well. Per the
protocol provided by Promega, relative ATP concentration was measured using the Promega
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Mitochondrial ToxGlo™ Assay (Promega Corporation, Madison, WI). Initially, 20 uL of a
fluorogenic peptide substrate, provided in the ToxGlo™ assay kit (Promega Corporation,
Madison, WI) was added, and incubated at 20°C for 60 min to determine percent live worms
compared to control. Fluorescence was measured at an excitation wavelength of 495 nmgy
and an emission wavelength of 520-530 nmg, using a Promega® GloMax-Multi* Detection
System. Next, 100 pL of a luciferin-containing ATP detection reagent, also provided in the
ToxGlo™ assay kit (Promega Corporation, Madison, WI), was added to each well and
incubated at room temperature for 15 min. Luminescence was measured using the Promega®
GloMax-Multi* Detection System.

2.5. Reactive oxygen species detection

2.5.1. Superoxide detection—As previously described, treated nematodes were washed
with sterile dH,O and normalized to 5,000 live worms/mL for each treatment group. Worms
were placed in 1.5-mL microcentrifuge tubes and centrifuged to promote sedimentation of
worms, then 10 uL of supernatant was removed and replaced with 10 uL of 0.5 mM
dihydroethidium (DHE; Merck KGaA, Darmstadt, Germany) for a final concentration of
0.25 mM DHE. C. elegans were incubated for 3 h, and then washed 3X with sterile dH,O.
Afterwards, they were photographed using a digital camera attached to a fluorescence
microscope (see Section 2.7).

2.5.2. Hydrogen peroxide detection—Following MZ treatment, nematodes were
washed with sterile dH,0 and counted to yield an average of 4 live nematodes/uL per
treatment group. A total of 200 nematodes per control or treatment group were loaded into
each well of a 96-well plate. To the negative control, 50 uL of 1X reaction buffer supplied
with the Amplex® Red kit (Life Technologies, Grand Island, NY) was added, while the
positive control also had 50 uL of 10 uM H,0,. Next, 50 L of the Amplex® Red mixture
was added to all groups. The plate was covered with aluminum foil, to protect the reaction
mixture from light, placed on a nutator, and incubated at room temperature for 1 h.
Afterwards, fluorescence was read at an excitation wavelength of 525 nmg, and an emission
wavelength of 580-640 nmgy, using a Promega® GloMax-Multi+ Detection System.

2.5.3. Hydroxyl radical detection—Following 30 min treatment of various MZ
concentrations, nematodes were washed with sterile dH,0O, and live nematodes were counted
to yield 1,000 nematodes/mL per treatment group. Worms were placed in 2.0-mL
microcentrifuge tubes with 500 L of the hydroxyphenyl fluorescein probe (HPF; Life
Sciences, Grand Island, NY) and 500 pL of worms. Each group was vortexed and incubated
for 1.5 h at 20°C. Following incubation, worms were washed 3X, and counted again to yield
1 live nematode/pL per treatment group. A total of 200 nematodes/well were then added to a
96-well plate, and fluorescence was read at an excitation wavelength of 490 nmgy and an
emission wavelength of 510-570 nmgyy, using a Promega® GloMax-Multi+ Detection
System.

2.6. GST Up-regulation

In order to determine if up-regulation of glutathione- S-transferase (GST), an enzyme that
facilitates the conjugation of reduced glutathione to electrophilic xenobiotics, occurred
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following MZ exposure, CL2166 (aV/sIdpAF15gst-4..9fp..NLS)] I11) worms were treated
with varying concentrations of MZ. Following exposure, worms from each treatment group
were photographed using a digital camera attached to a fluorescence microscope (see
Section 2.7).

2.7. Fluorescence microscopy

For studies involving TMRE fluorescence or GFP fluorescence in CL2166 worms,
photomicrographs were taken of nematodes on a 4% agarose pad similar to the protocol
already published (Negga et al., 2012). Worms were imaged using a fluorescence
microscope (Leitz & Wetzlar, Halco Instruments, Inc.) equipped with a 50-W AC mercury
source lamp (E. Leitz, Rockleigh, NJ) and 40X objective (Leitz & Wetzlar, Halco
Instruments, Inc.). The microscope was coupled to a digital camera (Micrometrics, MilesCo
Scientific, Princeton, MN) operated by Micrometrics software (SE Premium, v2.7). Images
were obtained under identical exposure time, gain, gamma, saturation, and color gain.
Photomicrographs were then imported into Adobe Photoshop 6.0.1, to determine red
(TMRE) or green (GFP::GST) pixel intensity + standard deviation (SD).

2.8. Statistical analysis

All data were analyzed using GraphPad Prism (version 4.03 for Windows, GraphPad
Software, San Diego California USA, www.graphpad.com). For Complex I- and I1-
stimulated mitochondrial respiration studies, data are presented as mean + standard error of
the mean (SEM) and represent N > 4 separate synchronizations, with 15,000 worms (n > 3)
per intra-experimental replicates. Following normalization to percent oxygen consumption at
the conclusion of each segment, differences in slope were determined using linear regression
followed by one-way analysis of variance (ANOVA) of the regression lines. If the ANOVA
resulted in an overall significant p value (p < 0.05), a post-hoc Bonferroni test was
performed.

Absorbance data from Complex Il and Complex IV assays are represented as mean + SEM,
and represent N > 4 separate synchronizations, of at least 750 nematodes per intra-
experimental replication (n = 3), per treatment paradigm. Differences in absorbance were
determined using one-way ANOVA, followed by a post-hoc Bonferroni test. Luminescence
and fluorescence data from Mitochondrial ToxGlo™ assays are represented as mean + SEM
and represent N > 3 separate synchronizations, of at least 500 nematodes per intra-
experimental replication (n = 3), per each treatment paradigm. Differences in luminescence
or fluorescence were determined using ANOVA, followed by a post-hoc Bonferroni test.

For TMRE and GST regulation studies, pixel intensity of individual worms was measured.
Data are represented as mean + SEM and represent N = 3 separate synchronizations, of at
least three replicates (n = 3) per treatment group with at least eight worms per analysis.
Differences in pixel number were analyzed by one-way ANOVA, followed by a post-hoc
Bonferroni test. For all studies, data from treatment groups were considered to be
statistically significantly different from control when p < 0.05.
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3.0. Results

3.1. Decreased Complex I- and lI-stimulated mitochondrial respiration

To assess the effect that acute exposure of worms to MZ had on Complex I- and Complex I1-
stimulated mitochondrial respiration, oxygen consumption in whole worms was determined
during an equilibration period, following the addition of glutamate (Complex 1), and
following the addition of succinate (Complex Il; Figure 1A-1C). Linear regression analysis
of data collected during the initial equilibration period (Figure 1A) indicated that oxygen
consumption from all treatment groups was statistically significantly decreased relative to
control (**p < 0.01, ***p < 0.001, or ***p < 0.001, respectively). The percentage of oxygen
consumed during this phase, and the corresponding concentrations are presented in Table 1.
When oxygen consumption was stimulated with glutamate (Figure 1B), worms exposed to
only the lowest (0.1%) or highest (17%) concentrations of the fungicide showed a
statistically significant decrease in oxygen consumed compared to control (***p < 0.001).
Furthermore, succinate—stimulated (Complex I1) respiration (Figure 1C) indicated a
statistically significant decrease in oxygen consumption compared to control (***p < 0.001)
for all three treatment groups. As with the oxygen consumption associated with the
equilibration period, the amount of oxygen used during the Complex I- and Complex Il-
stimulated phases are shown in Table 1.

3.2. Increased Complex Il activity

Oxygen consumption studies are based on the premise that functional mitochondria will use
a measurable amount of oxygen during the respiration process. The endpoint, amount of
oxygen reduced/consumed, requires function of all electron transport chain enzyme
complexes. Thus, to determine Complex Il activity, independently of other mitochondrial
complexes, nematodes were again acutely exposed to MZ followed by addition of the
electron acceptor nitro blue tetrazolium (NBT). In the presence of functional Complex II,
NBT is reduced, resulting in the formation of a blue precipitate (Grad et al., 2007).
Absorbance, as a result of NBT conversion, was analyzed for each concentration (Figure 2).

Data indicated that, while acute treatment with 0.1% MZ showed a trend towards increased
NBT conversion (p = 0.11), treatment with 7.5% MZ resulted in a statistically significant
increase in NBT absorbance compared to control (***p < 0.001). Since the oxygen
consumption studies suggested Complex I and Complex Il inhibition, we interpreted the
increase in Complex ll-related NBT conversion as an indication that Complex Il was not
actually inhibited. Rather, it was unable to send its electrons to Complex 111 due to inhibition
at this complex (cytochrome bc, complex). The subsequent trend in reduction in Complex Il
activity from the highest MZ concentration to the 7.5% Mn/Zn-EBDC concentration (p =
0.10) suggests an increase in non-specific mitochondrial inhibition, which is also consistent
with data in Figure 1.

3.3. Increased Complex IV activity

To determine Complex 1V activity following exposure to MZ, worms were incubated with
the electron donor diaminobenzidine (DAB). In the presence of Complex 1V activity, DAB is
oxidized, leading to the formation of a brown precipitate (Grad et al., 2007). Absorbance
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data from DAB conversion was analyzed via one-way ANOVA (Figure 3), which indicated
that acute treatment with 7.5% or 17.0% MZ resulted in a statistically significant, and dose
dependent, increase in DAB absorbance compared to control (*p < 0.05 and ***p < 0.001).
Since Complex Il was not inhibited (Figure 2), these results suggest that Complex IV was
electron starved, further consistent with MZ inhibition of Complex I11.

3.4. Decreased proton gradient integrity

Since the establishment of the proton gradient (Aw) relies on the ability of Complex | to
shuttle electrons to Complex I11 (and for Complex 1V to accept electrons from Complex IlI),
we anticipated a significant decrease in Ay in treated worms when compared to control
worms. To test this hypothesis, tetramethylrhodamine ethyl ester (TMRE) was used to assay
the integrity of the proton gradient. TMRE accumulates within mitochondria in the presence
of an intact Ay. Following exposure to MZ and TMRE, analysis indicated that treatment
MZ resulted in a statistically significant decrease (**p < 0.01 or ***p < 0.001) in red
fluorescence compared to control worms (Figure 4). Taken together, these data suggested
that the observed mitochondrial inhibition was sufficient to partially dissipate Ay.

3.5. Decreased relative ATP levels

Relative ATP levels following MZ exposure were also assayed to determine whether
mitochondrial inhibition and decreased Ay correlated with lower ATP concentrations in
treatment groups. As before, worms were acutely exposed to MZ, and then assayed with a
luminescent probe specific for ATP levels (Figure 5A). Results showed a statistically
significant decrease in ATP production in all treatment groups compared to control (***p <
0.001). Since lower measured ATP could result from mitochondrial inhibition or fewer living
worms, a fluorogenic peptide substrate was used to detect necrotic protease activity (Figure
5B), and thus death. Since these results indicated no statistically significant difference
among any groups, the data suggest the actual decrease in ATP was due to mitochondrial
inhibition and not decreased worm viability.

3.6. Superoxide detection following MZ treatment

Following the studies indicating that MZ treatment leads to mitochondrial inhibition in C.
elegans, we wanted to determine if ROS were increased /17 vivo, and if so, the identity of the
particular ROS. Initially, we used dihydroethidium (DHE) to determine whether superoxide
(-Oy) was produced following acute exposure to MZ. DHE is oxidized in the presence of
-Oo, resulting in the formation of a red fluorescent product. Analysis of red fluorescence
indicated that there was no statistically significant difference between treatment groups
compared to control (Figure 6).

3.7. Hydrogen peroxide detection following MZ treatment

To determine whether hydrogen peroxide (H202) was produced following acute exposure to
MZ, N2 worms were assayed using Amplex®Red (Figure 7). Data analysis suggests that
acute treatment with all MZ concentrations resulted in a statistically significant, and dose-
dependent, increase in H,O, production compared to control (**p < 0.01 for 0.1% Mn/Zn-
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EBDC, and ***p < 0.001 for 1.0% and 1.5% Mn/Zn-EBDC). Furthermore, these increases
approached eight-fold in the highest MZ treatment group.

3.8. Hydroxyl radical detection following MZ treatment

Finally, since hydroxyl radicals (-OH) can be produced from the abstraction by H,0, of a
single electron, we wanted to determine if this highly toxic ROS could be detected following
exposure of C. elegansto MZ. To this end, worms were acutely exposed to varying
concentrations of MZ and further incubated with hydroxyphenyl fluorescein (HPF). In the
presence of -OH, HPF is oxidized and fluoresces. Following acute exposure to MZ, analysis
indicated that treatment with 0.1% MZ resulted in a statistically significant increase in
fluorescence compared to control (Figure 8).

3.9. GST regulation

In light of the inverse relationship between H,O, and -OH, we wanted to determine if
increased H,0, would correlate to an up-regulation of GSH-related proteins, which can
detoxicate -OH among other toxicants. In order to determine if glutathione-S-transferase,
which catalyzes the conjugation of reduced GSH to electrophiles, CL2166 worms
(gst-4p::gfp) were exposed to varying concentrations of MZ. Green pixel analysis indicated
that a trend towards an increase in green fluorescence from worms exposed to 0.1% MZ (p =
0.067). This reached the level of statistical significance in the two higher treatment groups (p
< 0.0001) in a dose-dependent manner (Figure 9). Consistent with changes in H,O levels,
the magnitude of change in fluorescence approached three-fold by the middle treatment
group (Figure 7).

4.0. Discussion

Both mitochondrial inhibition (Hauser and Hastings, 2013; Zhu and Chu, 2010) and
increased oxidative stress (Van Laar and Berman, 2013; Zuo and Motherwell, 2013) are
common mechanisms of toxicity. Both are also well-documented mechanisms of
neurodegeneration (Palomo and Manfredi, 2014; Wang et al., 2013). Furthermore, elevated
ROS and mitochondrial dysfunction have been implicated in idiopathic and familial PD
(Coppede, 2012; Lesage and Brice, 2009; McLelland et al., 2014), Alzheimer’s disease
(Chen and Zhong, 2014), Huntington’s disease and amyotrophic lateral sclerosis (Federico
et al., 2012). Since we have shown abnormal morphology in neuronal populations in C.
elegans following MZ treatment (Negga et al., 2011; Negga et al., 2012), we wanted to
determine whether MZ exposure resulted in mitochondrial inhibition and/or ROS production
in intact multicellular organisms rather than isolated organelles or cell culture.

Although the exact mechanism of the fungicidal activity of Mn/Zn-EBDC containing
pesticide is unknown, this family of agrochemicals is typically classified as having multi-
modal or multi-action effects. This broad categorization is used when it likely that the
fungicide has multiple cellular or intracellular targets. For Mn/Zn-EBDC formulations, some
mechanisms of action include inhibition of metal-containing enzymes (perhaps through
chelation) and decreased ATP production (Cornell, 1987), disruption of lipid synthesis (Delf
et al., 2012), and inactivation of amino acid sulfhydryl groups (Limited, 2014). As none of

Neurotoxicology. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Todt et al.

Page 11

these targets are unique to fungi, it is stands to reason that human exposure to Mn/Zn-EBDC
containing fungicides could result in toxicity through similar mechanisms. Of particular
interest, however, are the reports that document decreased ATP amounts, which are likely
linked to mitochondrial inhibition (Domico et al., 2006; lorio et al., 2015).

Previous reports also demonstrate that isolated mitochondria exposed to Mn/Zn-EBDC
exhibited decreased respiration (Zhang et al., 2003), and that Mn/Zn-EBDC catalyzed redox
reactions (Fitsanakis et al., 2002). When we treated C. efegans with a commercially
available formulation of MZ, the active ingredient of which is Mn/Zn-EBDC, we also
observed mitochondrial inhibition. Initially, we assayed overall electron transport chain
function in live worms using oxygen consumption as an endpoint (Figure 1). In these
studies, MZ treatment led to decreased oxygen consumption following Complex I- and
Complex Il-stimulated respiration, particularly at the higher concentrations. This technique,
however, relies on the ability of the mitochondrial electron transport chain to transfer
electrons to molecular oxygen, resulting in a loss of oxygen from the closed system. By
adding substrates for specific mitochondrial complexes, /.e. glutamate or succinate, it is
possible to obtain relatively specific information about the overall function of the electron
transport chain. If, however, Complex | and Complex |1 are fully functional, but Complex Il
or Complex IV is inhibited, then the flow of electrons would be blocked before oxygen
could be reduced (consumed) to form water. Thus, it could appear that Complex | or
Complex Il are inhibited when, in fact, the dysfunction occurs downstream of these initial
enzymes (Figure 10). Since the goal was to determine the activity of the unique respiratory
complexes, we followed the initial study with colorimetric assays to provide specific
functional data for Complex Il and Complex IV. These are particularly important to assess
further because they of their position on either side of Complex I11, which can be difficult to
measure directly /n vivo.

As seen in Figure 2, mean Complex Il activity in worms treated with MZ is slightly
increased, but not statistically significantly (p = 0.11), in the lowest treatment group, reaches
statistical significance with the mid-range concentration, and slightly decreased at the
highest concentration compared to the mid-range group (p = 0.10). This indicated that
Complex Il is not inhibited by MZ. Furthermore, increased Complex Il reduction of NBT in
treated worms, when compared to controls, is consistent with a greater reduction of
succinate by this complex. This often results from a shift in the reliance by the cells on
Complex Il-stimulated respiration (Drose, 2013; Pfleger et al., 2015).

When data from the first two studies (Figures 1 and 2) are compared with data from
Complex IV assays (Figure 3), it becomes apparent that exposure of C. elegansto MZ does
not inhibit Complex IV. In these latter studies, the color change takes place when oxidized
Complex 1V receives electrons from DAB. In the electron transport change, Complex IV
accepts electrons from Complex I11 via cytochrome ¢ (Grad et al., 2007). Under conditions
where Complex 1V is inhibited (7.¢e., cannot accept electrons), then DAB does not change
color; if DAB is oxidized to a greater extent (increased absorbance) in worms treated with
MZ, then the data suggest that Complex IV is not only intact, but starved for electrons due to
up-stream inhibition. Since neither Complex Il (upstream of Complex I11) nor Complex IV
(downstream of Complex I11) was inhibited, this data strongly suggest that the decreased
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oxygen consumption observed in Figure 1 actually resulted from the Complex Il inhibition.
Furthermore, this inhibition leads to a reduction of ATP levels by 40%, when compared to
controls (Figure 5).

Since mitochondrial inhibition generally leads to increased production of ROS, and
increased ROS production exacerbates the positive feedback loop of further inhibiting
mitochondria, we hypothesized that ROS levels would be increased in MZ-treated worms.
Since a one-electron reduction of oxygen, which is common following Complex I inhibition,
leads to formation of superoxide, we assayed for this ROS first. No relative increases were
detected, however (Figure 6). Instead, our analysis indicated statistically significant, and
dose-dependent, increases in H,O, (Figure 7). Consistent with our mitochondrial data, it is
important to note that increased H,O5 levels are generally observed in the presence of
Complex 11, and not Complex I, inhibitors (Chen et al., 2003; Suraniti et al., 2014).
Furthermore, Complex 111 inhibition by Mn/Zn-EBDC has been previously reported /n vitro
(Zhang et al., 2003). The subsequent increase in GST::GFP expression (Figure 9), with the
correlative decrease in hydroxyl radical (Figure 8), provides additional evidence that C.
elegans exposed to MZ show increased ROS levels.

While production of ROS and mitochondrial inhibition are recognized mechanisms of cell
death in many neurodegenerative diseases (Bonda et al., 2014; Camilleri and Vassallo, 2014;
Droge and Schipper, 2007), these are not unique to neurodegeneration. For example,
cardiomyopathy (Liu et al., 2014), chronic obstructive pulmonary disease (Domej et al.,
2014), and chronic liver disease (Tang et al., 2014) are likely exacerbated (or initiated) by
increases in ROS or reactive nitrogen species. Additionally, hydrogen peroxide, which was
greatly increased following MZ-treatment, is a well-documented signaling molecule,
activating both pro- and anti-survival pathways in cells (Gough and Cotter, 2011; Sies,
2014). Although reports of toxicity resulting from acute MZ exposure of humans generally
leads to signs and symptoms associated with the nervous system (Erro et al., 2011; Israeli et
al., 19833, b), others have reported immunomodulatory effects (Corsini et al., 2005; Corsini
et al., 2006), neural tube defects (Nordby et al., 2005), and contact dermatitis (Higo et al.,
1996; Koch, 1996). In many cases, no mechanism of action is provided. Thus, while our
work focuses predominantly on the neurotoxic effects of exposure to MZ, it is likely that
these results will provide further insight into the manner in which MZ may affect multiple
systems.
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Highlights

. C. elegans acutely treated with manzate show reduced ATP levels

. The decreased ATP may be attributed to Complex Il inhibition

. Mitochondrial inhibition is associated with increased hydrogen
peroxide levels

. Increased glutathione- S-transferase levels correlate with oxidative
stress

. Mitochondrial inhibition and oxidative stress may be mechanisms of

manzate toxicity
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Decreased Complex I- and Il-stimulated mitochondrial respiration following treatment with

MZ. Oxygen consumption was measured during an initial equilibration period (A),
following addition of glutamate (B), or addition of succinate (C). Worms showed a

statistically significant decrease in percent oxygen consumed under all conditions. Data are

presented as mean percent oxygen consumed and represent at least four separate and
independent synchronizations. **p < 0.01, ***p < 0.001 compared to control.
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Figure 2.
Complex Il activity following MZ treatment of N2 worms. Following acute treatment with

7.5% MZ, analysis indicated a statistically significant increase in absorbance. Data are
presented as mean absorbance + SEM, and represent N = 4 separate synchronizations. ***p
< 0.001 compared to control.
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Figure 3.
Complex IV activity following MZ treatment. Following acute treatment with 7.5% or

17.0% MZ a statistically significant increase in absorbance associated with DAB conversion
was measured. Data are presented as mean absorbance + SEM and represent N > 4 separate
synchronizations. *p < 0.05, ***p < 0.001 compared to control.
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Figure 4.
Proton gradient integrity following MZ treatment of N2 worms. Following acute treatment

Mz, analysis indicated a statistically significant decrease in number of red pixels associated
with TMRE accumulation. Data are presented as mean pixel number + SEM and represent N
> 3 separate synchronizations. **p < 0.01 or ***p < 0.001 compared to control (CN).
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Figure 5.
Relative ATP amount following MZ treatment of N2 worms. Following acute treatment with

0.1%, 7.5%, or 17.0% MZ, analysis indicated a statistically significant decrease in ATP
amount (A), but no statistically significant change in cell or worm viability (B). Data are
presented as mean intensity + SEM and represent N = 3 separate synchronizations. ***p <
0.001 compared to control.
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Figure 6.
DHE detection of superoxide following MZ treatment of N2 worms. Following acute

treatment with 0.1%, 7.5%, or 17.0% MZ, analysis indicated no statistically significant
changes in DHE fluorescence Data are presented as mean intensity + SEM and represent N
> 3 separate synchronizations.
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Figure 7.
Hydrogen peroxide detection following MZ treatment. Following acute treatment with MZ,

N2 worms showed a statistically significant increase in fluorescence in all groups, in a dose
dependent manner, compared to control. Data is presented as mean intensity + SEM and
represent N = 3 separate synchronizations. **p < 0.01, ***p < 0.001 compared to control.
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Figure 8.
Hydroxyl radical detection following MZ treatment. Following acute MZ treatment with

0.1% MZ, analysis indicated a statistically significant increase in fluorescence compared to
control. Data is presented as mean normalized intensity + SEM and represent N = 4 separate
synchronizations. **p <0.01 compared to control.

Page 25

*%*

CN 0.1% 7.5% 17.0%
Mancozeb (as % Mn/Zn-EBDC)

Neurotoxicology. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Todt et al.

Page 26

400+

Fluorescence (as % Control)

CN 0.1% 7.5% 30.0%
Mancozeb (as % Mn/Zn-EBDC)

Figure 9.
GST::GFP up-regulation following MZ treatment. Following acute treatment with 7.5% or

30.0% MZ analysis showed a statistically significant increase in fluorescence. Data is
presented as mean intensity + SEM and represent N = 3 separate synchronizations. ***p
<0.001 compared to control.
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Figure 10.
Schematic showing the movement of electrons down the electron transport chain complexes.

(A) When electrons from either Complex | or Complex 11 move successively through
Complex 111 and Complex IV, oxygen is fully reduced to water. This results in a large
decrease in the amount of oxygen detected by Clark’s electrodes. If Complex 111 (B) or
Complex IV (C) is inhibited, stimulation of Complex | or Complex Il will result in much
less reduction of oxygen to water. Scenarios depicted in (B) and (C) would be
indistinguishable from each other, and thus further assessment of Complex Il (upstream of
Complex I11) and Complex IV (downstream of Complex 1V) was warranted to determine the
specific location of the inhibition in the electron transport chain.
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