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ABSTRACT

The pesticides paraquat (PQ) and maneb (MB) have been described as environmental risk factors for Parkinson’s disease
(PD), with mechanisms associated with mitochondrial dysfunction and reactive oxygen species generation. A combined
exposure of PQ and MB in murine models and neuroblastoma cells has been utilized to further advance understanding of
the PD phenotype. MB acts as a redox modulator through alkylation of protein thiols and has been previously characterized
to inhibit complex III of the electron transport chain and uncouple the mitochondrial proton gradient. The purpose of this
study was to analyze ATP-linked respiration and glycolysis in human neuroblastoma cells utilizing the Seahorse
extracellular flux platform. Employing an acute, subtoxic exposure of MB, this investigation revealed a MB-mediated
decrease in mitochondrial oxygen consumption at baseline and maximal respiration, with inhibition of ATP synthesis and
coupling efficiency. Additionally, MB-treated cells showed an increase in nonmitochondrial respiration and proton leak.
Further investigation into mitochondrial fuel flex revealed an elimination of fuel flexibility across all 3 major substrates,
with a decrease in pyruvate capacity as well as glutamine dependency. Analyses of glycolytic function showed a substantial
decrease in glycolytic acidification caused by lactic acid export. This inhibition of glycolytic parameters was also observed
after titrating the MB dose as low as 6 uM, and appears to be dependent on the dithiocarbamate functional group, with
manganese possibly potentiating the effect. Further studies into cellular ATP and NAD levels revealed a drastic decrease in
cells treated with MB. In summary, MB significantly impacted both aerobic and anaerobic energy production; therefore,
further characterization of MB’s effect on cellular energetics may provide insight into the specificity of PD to dopaminergic

neurons.
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Parkinson’s disease (PD) is a neurodegenerative movement dis-
order described by a loss of dopaminergic neurons within the
substantia nigra pars compacta of the brain (Thiruchelvam et al.,
2000) and presence of protein aggregates called Lewy bodies
(Zhang et al., 2003). Although genetic factors play a role in PD de-
velopment, recent studies have shown prevalence of idiopathic
PD, predominantly with environmental risk factors (Castello

et al., 2007; Olanow and Tatton, 1999). Therefore, there has been
extensive focus on the role of pesticides and other environmen-
tal exposures that potentiate PD, starting with the identification
of multiple metals (such as Mn) and agricultural chemicals
(Forno et al., 1986; Gorell et al., 1998; Rajput et al., 1987; Semchuk
et al., 1992). Also, discovery of 1-methyl-4-phenyl-1, 2, 5, 6-tetra-
hydropyrine (MPTP), a process impurity created during the
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manufacturing of the synthetic opioid 1-methyl-4-phenyl-4-
propionoxypiperidine (MPPP), has been studied due to its risk of
PD pathology (Langston et al., 1984). Paraquat (PQ) has been simi-
larly categorized due to its structural homology to the active
metabolite of MPTP (Hertzman et al., 1990; Rajput et al., 1987).
Additionally, the overlap of pesticide applications has led to the
potential for “multi-hit” models for describing the complex
mechanisms, one of which includes the Mn containing dithiocar-
bamate fungicide maneb (MB) (Thiruchelvam et al., 2000). MB
alone has been observed to decrease locomotor activity and in-
crease toxicity of MPTP (Morato et al., 1989; Takahashi et al., 1989).

Toxicants such as MPTP, rotenone, PQ, and MB have been
employed to create murine models for PD, and through these
models, mechanisms of toxicity have been uncovered which aid
in the description of PD pathology, including altered gene ex-
pression (Patel et al., 2008) and loss of dopaminergic neurons
through apoptosis (Fei and Ethell, 2008). Although MB and PQ
alone are cytotoxic at higher concentrations, combined expo-
sure of the 2 compounds shows altered cellular activity at much
lower concentrations (Thiruchelvam et al., 2000). For instance,
induction of catalase and glutathione (GSH) was enhanced in
combination treatment in mice and neuroblastoma cells (Patel
et al., 2006; Roede et al., 2011). Additionally, our lab has shown
that combination treatment resulted in carbonylation of pro-
teins via oxidative stress throughout the mouse brain, with MB
alone having the greatest effect on the cortex. Finally, it is im-
portant to note that MB alone has not been observed to decrease
striatal dopamine in mouse models, although there was marked
disruption of olfactory discrimination, a hallmark clinical indi-
cator of PD (Coughlan et al., 2015).

More recently, mechanistic investigation has revealed PQ-
mediated redox cycling and reactive oxygen species (ROS) gener-
ation through disruption of complex I of the mitochondrial
electron transport chain (ETC) (Castello et al., 2007). MB'’s contri-
bution to the model includes disruption of the ETC at complex III
(Zhang et al., 2003), decrease in mitochondrial membrane poten-
tial (MMP) (Domico et al., 2006), and modification of the pharma-
cokinetics for PQ in mice (Barlow et al., 2003). Of importance, it
has been reported that MB-induced inhibition of mitochondrial
respiration is completely rescued with addition of complex IV
substrates (Zhang et al., 2003). Increased ROS affects intracellular
redox states, and it has been shown that MB does not potentiate
PQ toxicity simply by increasing ROS (Roede et al, 2011).
Furthermore, MB causes increased translocation of Nrf2 to the
nucleus and induction of the antioxidant response. Additional
studies into potential mechanisms of MB-mediated toxicity have
shown thiol-reactivity of the dithiocarbamate moiety through
cysteine alkylation (Roede and Jones, 2014a). Investigation of this
mechanism may define MB’s role in disruption of redox circuits
either at active sites or allosteric cysteines. Lastly, transcriptomic
and metabolomic analyses of MB treatment in mouse catechol-
aminergic neuronal cells have also revealed alterations in meta-
bolic pathways (including glycolysis), providing insight to
another possible pathway of toxicity (Roede et al., 2014).

Neuroblastoma cell lines are common in vitro models for
neurodegenerative diseases and are commonly used for PD re-
search (Rcom-H'cheo-Gauthier et al., 2017; Roede et al., 2011).
Specifically, the SK-N-AS cell line is derived from the same pri-
mary patient samples as SH-SY5Y with a similar dopaminergic
profile including dopamine receptors, glial cell line-derived
neurotrophic factor, tyrosine hydroxylase, and dopamine trans-
porter (Michelhaugh et al., 2005; Zhai et al., 2018). For consider-
ation of Seahorse extracellular flux (XFp) analysis, SH-SY5Y
create poorly adherent aggregates in cell culture, whereas

SK-N-AS have uniform adherence to culture plates (Biedler
et al., 1973). Furthermore, SK-N-AS have been found to not re-
quire insulin-like growth factor II for proliferation, adapting
them for culture and growth in serum-free media such as
Seahorse XFp Assay Medium (El-Badry et al., 1991). In this study,
SK-N-AS human neuroblastoma cells were acutely treated with
MB and analyzed utilizing Seahorse XFp technology in order to
better characterize MB’s effects on mitochondria and ATP-
generation. Utilizing this method, we further confirmed lowered
mitochondrial respiration and ATP production commonly ob-
served in MB exposure. Novel parameters of energetics such as
proton leak and nonmitochondrial oxidation were increased
with MB treatment. Flexibility of mitochondrial oxidative sub-
strates was nearly eliminated for all 3 major fuel sources after
MB exposure. Additionally, acidification of the extracellular ma-
trix (ECM) related to glucose metabolism was drastically de-
creased, presenting a potential new candidate pathway of
altered bioenergetics after MB treatment.

MATERIALS AND METHODS

Reagents. DMSO (Product number 472301), MB (Product number
45554), Manganese chloride in solution (Product number M1787-
10X1ML), and nabam (Product number 45593) were purchased
from Sigma-Aldrich (St Louis, Missouri). MB and nabam stock
solutions (10-30 mM) were prepared in DMSO. MnCl, stock solu-
tion was diluted with deionized water to prepare working solu-
tions. Reagents for Seahorse XFp were purchased directly from
manufacturer (Agilent, Santa Clara, California).

Cell culture of SK-N-AS cells. Human SK-N-AS cells were obtained
from American Type Culture Collection (ATCC) (Rockville,
Maryland). They were cultured in Dulbecco’s modified Eagle
Minimal essential medium (Life Technologies, Inc., Grand
Island, New York) containing 10% Fetal bovine serum (Product
number A316040, Gibco, Gaithersburg, Maryland) and 1% non-
essential amino acids (Invitrogen) at 37°C under 5% CO,. Cells
used for all assays were between passages 5 and 12.

Cell viability and ATP assays. For the evaluation of cell viability,
SK-N-AS cells were plated in a 96-well plate (50 000 cells/well)
and allowed to recover and adhere overnight. Cells were treated
with MB (0400 uM, n = 5) or DMSO (0.5%, n = 5) for 1 or 24 h.
After the treatment period, a WST-1 colorimetric assay (Roche,
Product number 05015944001) was used to assess cell viability
as per the manufacturer’s protocol. A SpectraMax 190 micro-
plate reader (Molecular devices, Sunnyvale, California) was used
to read the absorbance at 450 nm. Additionally, flow cytometry
was performed on the Muse Analyzer (Millipore Sigma,
Carlsbad, California) using the Annexin V/Dead Cell Assay kit
(Millipore, product number MCH100105). Cells were plated in a
12-well plate at 200 000 cells per well in 1 ml culture medium.
Cells were grown to approximately 80% confluence and
then treated with 0.5% DMSO (negative control, n = 3), 50 uM MB
(n = 3), or 10 mM H,0, (positive control, n = 3) for 2 or 24 h. The
concentration of H,O, was optimized by testing a range of con-
centrations from 5 to 20 mM. After the treatment period, cells
were prepared and 2000 total events per sample were measured
according to manufacturer’s protocol. Briefly, cells were har-
vested and reconstituted in 1 ml fresh culture media. 100 pl of
cells were aliquoted into 1.5 ml in triplicate and combined with
100 pl of reagent for analysis. To investigate the effect of MB
treatment to cellular ATP production, the CellTiter-Glo Assay
was used (Promega, Catalog number G7570). SK-N-AS cells were
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plated in a 96-well plate (50 000 cells/well) and allowed to re-
cover and adhere overnight. Cells were treated with MB (50 pM,
n =5) or DMSO (0.5%, n = 5) for 1 h. After the 1 h treatment, cell
culture medium was replaced with medium containing
CellTiter-Glo reagent (1:1 ratio). Cells were incubated for 10 min
and chemiluminescence was measured by an EnVision plate
reader (Perkin Elmer, Waltham, Massachusetts).

Seahorse XFp analysis. Live cell analyses of oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were mea-
sured with the Seahorse XFp system (Agilent). New cell charac-
terization was performed on SK-N-AS cells according to
manufacturer’s protocol, yielding an FCCP concentration of 1.5
uM. Cells were plated at 30 000 cells per well and allowed to
seed overnight in a cell culture incubator at 37°C with an XFp
cartridge hydrating overnight in a nonCO, incubator at 37°C. On
the day of the analysis, assay media was prepared similar to
culture media (25 mM glucose, 1 mM sodium pyruvate, and 4
mM L-glutamine) and pH was adjusted to 7.4 * 0.1. The XFp
miniplate was washed twice with 1x PBS and a final volume of
180 pl assay media was added to cells. Then, the XFp miniplate
was allowed to equilibrate in nonCO, incubator at 37°C for 30-
60 min prior to assay initiation.

Acute injections. Port A on the XFp cartridge was designated for
acute treatment of control (0.5% DMSO) or 50 uM MB at 20 pl per
well. Ports B-D were assigned for each stress test at varying vol-
umes to account for injection into each well (B =22 pl, C = 25 pl,
D = 27 pl). MB/DMSO was prepared fresh in assay media at 10x
concentration prior to each day’s experiments, giving a final
well concentration of 50 uM.

Cell energy phenotype. Manufacturer’s protocol was followed for
the Cell Energy Phenotype kit with port B containing the FCCP/
oligomyecin stressor mix at 1.5/1.0 uM (final well concentration).

Cell mito stress. Manufacturer’s protocol was followed for the
Cell Mito Stress Test kit with port B containing oligomycin (ATP-
Synthase inhibitor) at 1.0 uM, port C with 1.5 pM FCCP (mito-
chondrial membrane depolarizer), and port D with a mixture of
0.5 uM of each rotenone (complex I inhibitor) and antimycin A
(complex III inhibitor) (final well concentration).

Glycolysis stress. Manufacturer’s protocol was followed for the
Glycolysis Stress Test kit with port B containing 10 mM glucose,
port C with 1.0 pM oligomycin, and port D with 50 mM 2-deoxy-
glucose (2-DG) (competitive hexokinase inhibitor) (final well
concentration). NOTE: Assay media for this test does not in-
clude glucose or sodium pyruvate.

Fuel flex. Manufacturer’s protocol was followed for the Fuel Flex
Test kit to test dependency, capacity, and flexibility of the 3 ma-
jor fuel sources of mitochondrial oxidation (glucose, glutamine,
and fatty acids). For all assays, cell culture media was replaced
with assay media containing DMSO (0.5%) or 50 uM MB immedi-
ately before equilibration for approximately 30 min in nonCO,
incubator prior to assay initiation. Three pathway inhibitors
(pyruvate = 2 pM UK5099, glutamine = 3 uM Bis-2-(5-phenylace-
tamido-1,3,4-thiazol-2-yl)ethyl sulfide (BPTES), fatty acids = 4
uM etomoxir) are utilized in succession to evaluate percentage
of total oxygen consumption reduced by either a single pathway
inhibitor, or a combination of all other pathway inhibitors.
NOTE: The calculation of flexibility involves the mean values for
capacity and dependency, and has no associated error.
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Normalization and calculations. Aside from a normalized plating
protocol, each run is normalized to control basal ECAR or OCR
(for ECAR, basal is represented after glucose injection) to ac-
count for between-run variation (Eakins et al., 2016; Mdaki et al.,
2016). Figures represent parameters calculated using normal-
ized percentage values. All calculations were made within each
individual well. n = 7-9 represents 3 separate analyses in which
significant outlier wells are removed from data analysis using
Grubb’s test.

Total lactate dehydrogenase activity. For the evaluation of total lac-
tate dehydrogenase (LDH) activity, SK-N-AS cells were plated in
a 96-well plate (50 000 cells/well) and allowed to recover and ad-
here overnight. Cells were treated with a single dose of MB
(50 pM, n = 5) or DMSO (0.5%, n = 5) for 1h. After the 1 h treat-
ment, a LDH colorimetric assay (Sigma-Aldrich, product number
TOX7) was used to assess total LDH activity as per the manufac-
turer’s protocol. A SpectraMax 190 microplate reader (Molecular
devices, Sunnyvale, California) was used to read the absorbance
at 490 nm with a background reading for subtraction at 690 nm.

LC/MS/MS nucleotide analysis. Extraction of nucleotides and nico-
tinamide adenine dinucleotide (NAD) metabolites coupled with
Liquid chromatography-tandem mass spectrometry (LC/MS/MS)
analysis was performed according to a recently published proto-
col (Evans et al., 2010). Briefly, cells were treated in 6-well plates
at 80%-90% confluence with DMSO or 50 uM MB for 1 h. After
treatment, cells were extracted and suspended in 500 pl of ice
cold 70:30 methanol:water with the addition of 20 pl of isotopi-
cally labeled internal standard mix. Samples were centrifuged
and supernatant was removed. A 500 pl of ice-cold methanol
was added to samples to resuspend the pellet, with supernatant
removed and combined with previously removed portion.
Supernatant solution was centrifuged and newly generated su-
pernatant transferred into new 1.5 ml tube for drying in a vac-
uum centrifuge. Dried samples were reconstituted in 100 ul of
1:1 methanol: water, with supernatant transferred to auto-
sampler vial for LC/MS/MS analysis. Samples were run on an
Agilent 1200 series HPLC using a Luna NH, column from
Phenomenex in HILIC mode with a mobile phase gradient of
buffer A (100% ACN) and 5%-100% buffer B (95:5 water: ammo-
nium acetate) with a total run time of 20 min. Mass spectromet-
ric analyses were performed on an Agilent 6410 triple
quadrupole mass spectrometer in positive ionization mode.

Incucyte S3 live-cell analysis. Images of SK-N-AS cells were cap-
tured before and after treatment at 10 min intervals using the
Incucyte S3 Live Cell Analyzer (Essen Bioscience, Inc., Ann
Arbor, MI) at 10x magnification. A 6-well plates of SK-N-AS cells
were brought to approximately 80% confluence, imaged once in
the Incucyte analyzer, then treated with 0.5% DMSO or 50 puM.
The plates were then analyzed for 24 h with 3 image locations
per well at 10-min intervals. Incucyte software was used to ap-
ply confluence mask and calculate confluence over the 24 h ex-
posure. Videos were created of images in progression for both
control and MB exposed samples and uploaded to Dryad data
service.

Statistics. All data sets were analyzed using GraphPad v7 with ei-
ther student’s t-test (with Welch’s correction where applicable)
or either 1- or 2-way ANOVA with post hoc testing (unless other-
wise noted). All Seahorse XFp experiments were conducted
in triplicate with at least 3 replications per experiment. *p < .05,
*p <.01, *p < .001.
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Figure 1. A 50 uM MB does not induce cell death in neuroblastoma cells. WST-1 activity was measured in SK-N-AS cells after (A) 1 h and (C) 24 h with varying concentra-
tions of MB (n = 10, mean + SEM). Flow cytometry of SK-N-AS cells was performed after (B) 2 h and (D) 24 h treatments in 6-well plates with 10 mM H,0, as a positive
control (n = 6, mean * SEM). NOTE: Dead cells across all treatments measured between 0 and 0.2%. E, Images obtained at 10x magnification on the incucyte S3 Live
Cell Analyzer at preexposure, 1, and 24 h treatment of DMSO or 50 pM MB. F, Confluence analysis (Supplementary Figure 2) using a phase mask in the Incucyte S3 soft-

ware (n = 6, mean * SEM).

RESULTS

50 uM MB Disrupts Cellular Metabolism without Cytotoxicity in
Neuroblastoma Cells

To assess cytotoxicity of MB in SK-N-AS cells, a WST-1 assay
was employed. According to Sigma-Aldrich, the WST-1 colori-
metric assay measures metabolic activity as a sign of health via
mitochondrial dehydrogenase enzymes that reduce a tetrazo-
lium salt to a formazan dye. Comparisons between acute (1 h)
and 24 h treatment show a shift in metabolic activity at the
50 uM concentration (Figs. 1A and 1C). This result shows that
MB causes an immediate decrease in formazan dye formation,
with compensation leading to higher activity at the 24 h mark.
Because the WST-1 dye is converted by mitochondrial dehydro-
genase enzymes, and that we observed both a decrease in dye
conversion at 1h, but an apparent compensatory increase at 24
h it was necessary to investigate cell death and viability using
an alternate assay. Therefore, the effect of the 50 pM MB treat-
ment was further validated with flow cytometry and an
Annexin V/Dead Cell assay in which no acute toxicity was ob-
served (Figure 1B). It should be noted that the 2-h time point
was chosen to represent the total length of an average seahorse
XFp analysis, eg, the total length of time cells would be exposed
to MB. There was a statistically significant, but not substantial

decrease in the percent live cells after 24 h (Figure 1D) compared
with control (Control = 89.9% vs 50 yM MB = 85.9%). The SK-N-
AS cells were microscopically analyzed using the Incucyte S3
Live Cell Analyzer pretreatment and at 1 and 24 h, showing
morphological changes occurring after acute MB exposure
(Figure 1E). At 1 h, pockets of MB exposed cells lose their shape
and size, confirmed by the drop in confluence (Figure 1F,
Supplementary Figure 2). However, recovery of proliferation can
be observed both in the images and confluence analysis at 24 h.
Video compilations of microscope images at 10-min intervals
visualize a recovery in proliferation at approximately 8 h in MB
exposed neuroblastoma cells (Supplementary Videos 1 and 2).
Therefore, due to the lack of impact on cellular viability, a con-
centration of 50 uM MB was used for the subsequent analyses of
mitochondrial and glycolytic activity after acute injection.

Acute Injection of 50 pM MB Immediately Alters the Energy
Phenotype of Neuroblastoma Cells

The Seahorse Extracellular Flux analyzer offers several assays
for live-cell assessment of bioenergetic parameters such as mi-
tochondrial oxygen consumption, glycolysis, energy phenotype,
and fuel dependency. The Cellular Energy Phenotype kit meas-
ures OCR and ECAR at baseline and stressed conditions, and
this assay was modified to include an acute injection and
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Figure 2. XFp analysis of cellular energy phenotype shows acute response to 50
pM mb in basal and stressed conditions in neuroblastoma cells. Seahorse XFp
analysis using the cellular energy phenotype kit was performed with acute in-
jection of DMSO or 50 pM MB. A, The phenotype map of OCR and ECAR within
basal, acute, and stressed parameters (n = 7-9, mean * SEM). B, Acute response
as a percentage of the mean control basal OCR/ECAR (n = 3 per well) and (C) met-
abolic potential as a percentage of the mean acute OCR (n = 3 per well) were cal-
culated according to manufacturer’s protocol.

measurements of MB-mediated and 0.5% DMSO-mediated
(Control) alterations prior to stressor (oligomycin and FCCP mix-
ture) injection (Figure 2). With the acute injection of 50 pM MB,
we observed an immediate and significant decrease in ECAR
(Control = 103% basal, MB = 77% basal), while DMSO treatment
seemed to have a small increase in ECAR with a complimentary
small decrease in OCR (Control = 93% basal, MB = 99% basal;
Figs. 2A and 2B). After injection of the stressor mix, the cells
treated with MB were unable to increase oxygen consumption
to the same extent as control (Control = 132% acute respiration,
MB = 113% acute respiration; Figs. 2A and 2C). These results
show 2 distinct effects of MB on energy phenotypes. First, there
is a significant decrease in acidification of the extracellular
compartment after acute exposure. Second, MB exposure signif-
icantly dampens the induced mitochondrial respiration in re-
sponse to the stressor mix in comparison to control. Together,
these results provide rationale for further examination of MB’s
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impact on both mitochondrial oxygen consumption and cellular
glycolysis.

Acute Injection of 50 uM MB Alters Mitochondrial Oxygen
Consumption and Decreases ATP-Linked Respiration in
Neuroblastoma Cells

To further investigate the effects of MB on mitochondrial func-
tion, the Cell Mito Stress Test kit was performed with a similar
acute injection of DMSO or 50 pM MB (Figure 3). Acute injection
of 50 uM MB caused a slight increase of OCR, indicating a possi-
ble uncoupling of the MMP, which has been previously observed
with MB or mancozeb (Domico et al., 2006; Iorio et al., 2015;
Pavlovic et al., 2016; Shukla et al., 2015; Srivastava et al., 2012), or
may be explained by the significant difference in nonmitochon-
drial oxidation (Control = 14%, MB = 20%) represented by the
difference in respiration after ROT/AA injection (Figure 3A). It
should be noted that all parameters within the Cell Mito Stress
assay are calculated with subtraction of nonmitochondrial oxy-
gen consumption. With injection of oligomycin, cells treated
with 50 M MB maintained much higher oxygen consumption
than control (Figure 3A), leading to significant differences in
ATP-linked respiration (Control = 55%, MB = 29%; Figure 3E),
proton leak (Control = 14%, MB = 20%; Figure 3G), and coupling
efficiency (Control = 79%, MB = 64%; Figure 3F). Induction of
maximal respiration with FCCP injection resulted in similar ox-
ygen consumption in both treatments; however, with adjust-
ment of the nonmitochondrial oxygen consumption, MB-
treated cells had significantly reduced maximal mitochondrial
respiration (Control = 107%, MB = 80%; Figure 3D). Last, ATP-
linked respiration was nearly cut in half in the MB-treated cells
(Control = 55%, MB = 29%). Similar to previous reports, ATP pro-
duction through mitochondrial respiration is diminished with
MB exposure (Domico et al., 2006).

Acute Injection of 50 uM MB Eliminates Fuel Flexibility across All 3
Major Fuel Sources

Although many studies have shown mitochondrial dysfunction
in both MB exposure and PD models, the effect on mitochon-
drial fuel utilization has not been defined. The Seahorse XFp
Fuel Flex Test kit was used to test parameters of substrate utili-
zation in acute exposures of DMSO and 50 pM MB (Figure 4).
This procedure involves using pathway specific inhibitors to
compare decreases in oxygen consumption after single or com-
bined pathway inhibition. As reported by the Fuel Flex Test User
Guide from Agilent, UK5099 inhibits glucose oxidation via the
mitochondrial pyruvate carrier. BPTES inhibits glutamine oxida-
tion through allosteric inhibition of glutaminase. Etomoxir acts
on fatty acid oxidation through inhibition of the carnitine pal-
mitoyl-transferase. By first inhibiting the targeted pathway fol-
lowed by inhibition of all other pathways, one can determine
dependency of that specific fuel source. Conversely, inhibiting
other pathways first and hitting the targeted pathway second
allows for calculation of fuel capacity. Simply put, flexibility is a
calculation of fuel dependency subtracted from fuel capacity.
Targeting of the pyruvate oxidation pathway revealed a
MB-mediated increase of pyruvate dependency (Control = 45%,
MB = 55%; Figure 4A) and a decrease in pyruvate capacity
(Control = 72%, MB = 52%; Figure 4A). This discrepancy is dis-
played as an elimination of flexibility for pyruvate metabolism
after MB exposure. Targeting the glutamine oxidation pathway
resulted in a drastic increase in glutamine utilization after MB
exposure (Control = 3%, MB = 41%,; Figure 4B) along with a sig-
nificant increase in capacity (Control = 33%, MB = 41%;
Figure 4B). Again, MB exposure results in an elimination of
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Figure 3. XFp analysis of cell mito stress shows acute disruption of ATP-linked oxygen consumption with 50 pM MB in neuroblastoma cells. Seahorse XFp analysis us-
ing the Cell Mito Stress Test kit was performed with acute injection of DMSO or 50 M MB. A, The time course and live measurement of OCR with injections of stressor
compounds (n = 7-9, mean *+ SEM). Individual parameters of mitochondrial function (C) basal respiration, (D) maximal respiration, (E) ATP production, (F) coupling effi-
ciency, and (G) proton leak were calculated according to manufacturer’s protocol with (B) nonmitochondrial oxygen consumption adjustment.

glutamine flexibility after acute exposure (Control = 30%, MB =
0%,; Figure 4B). Although MB exposure causes an increase in FA
dependency (Control = 34%, MB = 49%; Figure 4C), there is no
change in FA capacity between control and MB treatments. This
alteration causes a decrease in FA flexibility (Control = 19%, MB
= 4%). Combined, these results represent MB-mediated meta-
bolic stress in which exposed neuroblastoma cells operate at
maximal fuel utilization across all 3 metabolic substrates.

Acute Injection of 50 M MB Nearly Eliminates Glycolytic
Acidification of the ECM in Neuroblastoma Cells

Our results above indicate a significant impact of MB exposure
on mitochondrial oxygen consumption and ATP production.

Domico et al. have previously reported MB-mediated mitochon-
drial dysfunction, eg, altered oxygen consumption. They also
observed that these cells did not increase lactate production in
response to MB (Domico et al., 2006), but there has been no fol-
low up on this observation; therefore, we next attempted to as-
sess the impact that MB had on glycolytic ATP production. To
test this, the Glycolysis Stress Test kit was also performed with
the acute injection protocol described earlier. The assay media
for these analyses does not contain glucose or sodium pyruvate,
yielding initial readings of nonglycolytic acidification rates
(Figure 5A). Glucose is injected as the first kit reagent, allowing
for basal ECAR linked to glycolysis. 50 uM MB-treated cells
exhibited lower nonglycolytic acidification after the inhibition
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Figure 4. XFp analysis of fuel flex shows reduced flexibility in all 3 fuels after acute 50 uM MB exposure in neuroblastoma cells. Seahorse XFp analysis using the fuel
flex test kits was performed with pretreatment (30 min) with DMSO or 50 pM MB. Dependency (n = 9, mean * SEM), Capacity (n = 9, mean * SEM), and flexibility were
calculated per manufacturer’s protocol for (A) pyruvate (glucose), (B) glutamine, and (C) fatty acids.

of hexokinase by 2-DG (Control = 24%, MB = 19%; Figure 5B).
Interestingly, nearly all glycolytic parameters were substantially
blunted in the 50 pM MB-treated cells, including glycolysis
(Control = 91%, MB = 2%; Figure 5C) and glycolytic capacity
(Control = 148%, MB = 3%; Figure 4D). Additionally, glycolytic re-
serve, which represents the cells ability to increase glycolysis to
compensate for stressors within the cell, was also virtually
inhibited (Control = 57%, MB = 1%; Figure 4E). Together, these
data indicate that 50 pM MB treatment have extensive impact
the glycolytic pathway.

The 50 uM concentration of MB was chosen based upon the
cell viability and apoptosis results (Figure 1), but might not be
biologically relevant in regards to human exposures. Therefore,
to determine effects of MB at more biologically relevant concen-
trations, the Glycolysis Stress test was performed on neuroblas-
toma cells at 25, 12.5, and 6.25 uM MB (Figure 5). Comparison of
the various doses of MB shows increasing suppression of ECAR
in a dose-dependent manner (Figure 5A). In summary, these
data show an impact of MB on glycolysis at low micromolar
concentrations indicating greater biological relevance.

Neuroblastoma Cells Show Adaptation to 50 pM MB after 24 h

To observe any possible lasting effects of the MB treatment,
cells were treated within the Seahorse XFp microplates with
DMSO/MB for 24 h and subjected to the Cellular Energy
Phenotype test. Results from these experiments show a modi-
fied basal phenotype in the MB-treated cells in comparison to

control (Figure 6A). Basally, MB-treated cells had significantly
lowered oxygen consumption (Control = 100%, MB = 60%) and
generally elevated, but more variable, ECAR measurements
(Figure 6B). After injection of the stressor mix, MB-treated cells
were able to increase OCR to the same extent as DMSO treat
controls (Control = 134%, MB = 139%; Figure 6C); however, in-
duction of glycolysis to compensate for stress was significantly
decreased in the MB-treated cells (Control = 156%, MB = 107%;
Figure 6C). These data indicate that MB-mediated alterations in
both mitochondrial oxygen consumption and glycolysis are not
transient and can be observed at least 24-h postexposure.

MB’s Effect on Bioenergetics in Neuroblastoma Cells Is Primarily
Caused by the Dithiocarbamate Mechanism

To further investigate if MB-mediated alterations in mitochon-
drial oxygen consumption and glycolysis can be attributed to
the metal component (Mn) or the dithiocarbamate moiety of
MB, 2 additional compounds were tested and compared with ve-
hicle controls, MnCl, and nabam (Figure 7). To investigate the
role of Mn, 50 uM MnCl, was acutely injected similar to previous
MB assays and both the Cell Mito Stress and the Glycolysis
Stress Tests were performed. The time course profiles of MnCl,
treatment and control (water) were similar with no apparent
Mn-mediated effect on either oxygen consumption or glycolysis
in our model (Figs. 7A and 7B). Next, neuroblastoma cells were
treated with control (DMSO) and 50 pM nabam, a dithiocarba-
mate similar to MB in structure containing Na instead of Mn.
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Figure 5. XFp analysis of glycolysis stress shows acute elimination of glycolysis-associated acidification with acute MB exposure in neuroblastoma cells. Seahorse XFp
analysis using the Glycolysis Stress Test kit was performed with acute injection of DMSO or MB at varying concentrations. A, The time course and live measurement of
ECAR with injections of stressor compounds and substrates (n = 7-9, mean + SEM). Individual parameters of glycolysis (B) nonglycolytic acidification, (C) glycolysis, (D)
glycolytic capacity, and (E) glycolytic reserve were calculated according to manufacturer’s protocol.

The time course of cells treated with 50 pM nabam shows
decreased glycolysis-associated ECAR compared with DMSO con-
trols, but mitochondrial oxygen consumption was not signifi-
cantly impacted (Figs. 7C and 7D). These data indicate that the
organic component (dithiocarbamate), not the inorganic (Mn), is
playing the greatest role in modulating glycolytic function.

50 uM MB Depletes Cellular ATP and NAD in Neuroblastoma Cells

Finally, to confirm the reduction in ATP-linked respiration seen
in the Cell Mito Stress Test and almost complete ablation of gly-
colytic activity with treatment of 50-uM MB, the CellTiter-Glo
chemiluminescence assay was performed across concentra-
tions of MB after 1 h of treatment to measure cellular ATP
(Figure 8). At 50 uM MB, treated cells showed significantly re-
duced cellular ATP (Control = 100%, MB = 21%, Figure 8A) while

higher concentrations showed near complete depletion of ATP
compared with control (data not shown). Next, LC/MS/MS analy-
ses of cellular nucleotides further confirmed a reduction of cel-
lular ATP in 50 uM MB-treated cells compared with control
(Control = 100%, MB = 23%; Figure 8B). The LC/MS/MS studies
also revealed a reduction in other cellular energy substrates, in-
cluding NAD (Control = 100%, MB = 13%, Figure 8C). It is impor-
tant to note that even though the acute 50 uM MB treatment
resulted in significant ATP depletion, this particular treatment
did not result in extensive apoptosis or necrosis (Figure 1).

DISCUSSION

The results presented here further confirm the ability of MB to
disrupt mitochondrial oxygen consumption and introduce
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Figure 6. XFp analysis of cellular energy phenotype after 24-h treatment of 50
uM MB in neuroblastoma cells shows adjustment of cellular energetics.
Seahorse XFp analysis using the Cellular Energy Phenotype kit was performed
after cells treated within microplates for 24 h with DMSO or 50 pM MB. A, The
phenotype map of OCR and ECAR within basal and stressed parameters (n = 7-9,
mean + SEM). B, Basal phenotype as a percentage of the mean control basal
OCR/ECAR (n = 3 per well). C, Metabolic potential as a percentage of the mean
basal OCR/ECAR (n = 3 per well) were calculated according to manufacturer’s
protocol.

novel findings of MB-mediated alterations in mitochondrial fuel
utilization and glycolysis. Similar to previous studies, MB
caused decreased respiration, specifically oxygen consumption
linked to ATP synthesis. Results from the CellTiter-Glo and
LC/MS/MS nucleotide assay helped to quantify this effect on
respiration and glycolysis by showing nearly an 80% reduction
in cellular ATP and >80% reduction in cellular NAD.
Furthermore, the analyses performed show alterations of multi-
ple pathways of cellular energy metabolism contributing to this
drastic reduction in ATP.

Pesticide exposure has been linked to mitochondrial dys-
function and protein agglomeration seen in PD pathology (Choi
and Xia, 2014). To date, MB-mediated mitochondrial dysfunc-
tion has been defined through 2 general mechanisms. First,
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inhibition of enzymes in the mitochondrial ETC with preferen-
tial suppression of complex III observed in isolated mitochon-
dria (Zhang et al,, 2003). Second, many studies have shown
decreased MMP after MB and mancozeb exposure in vitro and
in vivo (Domico et al., 2006; Iorio et al., 2015; Srivastava et al.,
2012). MMP disruptions have been linked to uncoupling of mito-
chondrial respiration leading to enhanced mitochondrial ROS
production and decreased ATP synthesis (Domico et al., 2006;
Srivastava et al., 2012). With results from several cell viability
and health assays (Figure 1), we are confident in 50 uM MB lack
of direct acute effect on cell viability. Interestingly, we actually
observed an increase in the WST-1 colorimetric assay, showing
and increase in mitochondrial activity at 24 h in neuroblastoma
cells exposed 50 uM MB when compared with the DMSO control.
This result most likely represents a cellular “rewiring” of mito-
chondrial energetics to compensate for the MB-mediated dam-
age. As our first aim, we looked to further characterize these
effects of mitochondrial uncoupling in the neuroblastoma cell
model with acute MB exposure. Using the Seahorse XFp Mito
Stress Test kit, acute exposure of MB yielded decreased basal
and maximal oxygen consumption, confirming inhibition of the
ETC in this model (Drechsel and Patel, 2008). Furthermore, the
increase in proton leak and consequential decrease in coupling
efficiency of MB-treated cells describes inhibition of ATP pro-
duction via disruption of complexes I and III of the ETC and
MMP disruption (Zhang et al., 2003). The exact mechanism of
MB-mediated ETC inhibition is still unknown as many observa-
tions are based on the production of ROS within the ETC ob-
served with disruption at complex I and III. A previous report
from our laboratory demonstrated that MB can act as a thiol re-
active substance (Roede and Jones, 2014), enabling interactions
with critical cellular thiols that may be involved in redox signal-
ing and control of metabolic processes. In this context, complex
I has been reported to be redox regulated via glutathionylation
of specific residues that result in enhanced superoxide produc-
tion (Taylor et al., 2003). Complex I has also been observed to be
redox regulated via S-nitrosylation in heart (Chouchani et al.,
2013). Although MB exposure has been reported to inhibit com-
plex III activity and PD pathology relates to inhibition of com-
plex I, both would result in increased ROS leakage and
decreased ATP production (Hu and Wang, 2016; Lismont et al.,
2015). Furthermore, dopaminergic neurons in the substantia ni-
gra pars compacta have been shown to be uniquely sensitive to
complex I inhibition (Drechsel and Patel, 2008). The involve-
ment of mitochondria and redox signaling has been highly de-
scribed as the ETC is a well-known source of ROS, specifically
mitochondrial H,0, as a signal for redox control of hypoxia-
inducible factor 1o (Lismont et al., 2015). However, MB-mediated
redox control of specific ETC complexes has not been specifi-
cally studied, and more focused experiments are required to un-
derstand this potential alkylating agent’s impact on complex
activity.

Of particular interest is the observation of increased nonmi-
tochondrial oxygen consumption shown in MB-treated cells,
which may represent the immediate induction of nonETC oxy-
gen consumption or alternate pathways of ATP production. One
such pathway would include lactate oxidation as seen in other
neuronal systems (Kane, 2014). Another possibility is activation
of NADPH oxidase enzymes, which has been previously ob-
served in polymorphonuclear leukocytes after MB exposure
(Shukla et al., 2015). Further investigation of alternative oxida-
tive substrates and other oxygen consuming systems activated
by MB exposure is required to fully describe this observation
and work is currently underway to study this.
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Figure 8. 50 uM MB reduces cellular ATP and NAD in neuroblastoma cells. A, CellTiter-Glo chemiluminescence assay was performed on neuroblastoma cells at 50 M
MB or 0.5% DMSO for 1 h of treatment and displayed as percent control (n = 10, mean + SEM). B, LC/MS/MS nucleotide assay was performed with DMSO and 50 uM MB
(n =6, mean * SEM). Percent control is reported for 50 uM MB for (B) Cellular ATP and (C) Cellular NAD.

Our next aim was to expand on MB-mediated mitochondrial
alterations by investigating changes in oxidative fuel flex within
neuroblastoma cells after acute exposure. Although direct
mechanisms of disruption are not revealed, these data show an
increase in dependency across all 3 fuel pathways, defining
metabolic stress within this exposure. Furthermore, a decrease
in capacity was observed for pyruvate and gives insight to a po-
tential direct inhibition of glycolysis leading to a decrease in cel-
lular pyruvate available for oxidation. Additionally, drastic
differences in glutamine utilization were observed between
control and MB exposed cells. This increase in glutamine oxida-
tion may have an indirect effect on GSH synthesis acutely, al-
though previous reports show an increase in GSH after 24 h MB
exposure (Roede et al., 2011).

We then shifted focus to nonmitochondrial ATP-generating
processes to further define MB’s effect on bioenergetics.

Although the response to MB exposure observed during the
Glycolysis Stress Tests was quite drastic, the interpretation
must be approached with caution, as the signal being measured
is the acidification caused by export of lactic acid formed during
anaerobic processing of pyruvate from glycolysis. This signal is
far downstream of glycolysis, and perturbations of the pathway
or signal can occur at multiple protein systems such as glycoly-
sis, LDH, and lactate/pyruvate transporters. For instance, if MB
is in fact inhibiting glycolysis prior to pyruvate conversion to
lactate by LDH, it would be expected that LDH activity would be
decreased causing a reduction in lactic acid export. As LDH also
replenishes NAD pools through conversion of NADH as a cofac-
tor in pyruvate metabolism to lactate, it would potentially ex-
plain a reduction in cellular NAD (Adams et al., 1973). However,
it is possible that MB may alter the fate of pyruvate postglycoly-
sis, similar to altered glycolysis to combat oxidative stress
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(Mullarky and Cantley, 2015). It would be expected that if this
were the case, an increase in mitochondrial oxygen consump-
tion would have been observed as opposed to the actual de-
crease reported, as pyruvate is a fuel for mitochondrial
oxidation. Another possible mechanism for disruption of the
lactate pathway is the use of lactate as a fuel source as seen in
both cancer (Bonuccelli et al., 2010) and neuronal systems (Kane,
2014; Yamada et al., 2009). Due to lactate export into the extra-
cellular compartment and low cellular lactate concentrations,
reversal of LDH is rarely observed in biological systems.
However, it has been shown that LDH within the mitochondria
can oxidize pyruvate into lactate, which then can enter the TCA
cycle as fuel. Oxidation of pyruvate utilizes cellular NAD, poten-
tially contributing to depletion of the cellular pool as was ob-
served. Additionally, this could explain the increase in nonETC
linked respiration observed after acute MB exposure. Further
studies into the glycolysis and LDH pathways are needed to de-
scribe this observation in the Seahorse XFp model.

Due to the fact that NAD is a cofactor of many cellular meta-
bolic and antioxidant enzymes, this depletion caused by MB ex-
posure could explain the enhanced toxicity when in
combination with PQ (Belenky et al., 2007; Roede et al., 2011).
Furthermore, many cellular mechanisms are reliant upon ATP,
such as reduction of cellular chaperones and apoptosis. Similar
to other studies, morphological changes after MB treatment vis-
ualizes the stress that depletion of ATP and NAD imparts
(Figure 1E) causes on these neuroblastoma cells, and it would be
plausible that higher concentrations of MB would tip the cells
past a “breaking point” inducing cell death pathways (Figure 1).
In regards to the morphologic changes that occurred in our
study, shorter neuritic processes were also observed after MB or
MZ exposure in rat primary mesencephalic neurons (Domico
et al., 2006). It should be noted that in a previous in vivo study in-
vestigating PQ and MB-mediated changes in protein carbonyla-
tion in mouse cortex and striatum revealed that this exposure
significantly impacted the actin cytoskeleton (Coughlan et al.,
2015). Additionally, it has been shown using redox proteomics
approaches that the actin cytoskeleton is a sensitive target (Go
et al., 2013a,b). Further investigation into the potential MB-
mediated changes in the actin cytoskeleton is needed to deter-
mine the impact on neuron function.

MnCl, and nabam treatment of neuroblastoma cells confirm
previous studies that MB’s effect on energy metabolism is more
pronounced than the individual metal or dithiocarbamate effect
(Zhang et al., 2003). This could represent interactions between
the metal component of MB and the dithiocarbamate functional
group, with the chemical properties of manganese potentiating
the compound’s effect (Zhang et al., 2003). Additionally, decreas-
ing the concentration of MB during acute exposure revealed sig-
nificant disruption of glycolytic acidification down to 6 pM,
showing relevance to potential occupational exposure levels
(Gorell et al., 1998).

As MB has been shown to modify protein thiols, it is impor-
tant to investigate and acknowledge the possibility of disrup-
tion of redox signaling in both mitochondrial respiration and
glycolysis (Roede and Jones, 2014). For instance, ATP synthase
(Complex V) and LDH have been shown to contain allosteric
cysteine residues involved in redox control of enzyme activity
(Adams et al., 1973; Wang et al, 2013). Furthermore, many
enzymes involved in glycolysis have shown redox control espe-
cially modifying the pentose phosphate pathway as an alterna-
tive to pyruvate formation (Mullarky and Cantley, 2015). A
recent comparative proteomics study found increased carbony-
lated proteins involved in many metabolic pathways including
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sugar and amino acid metabolism (Coughlan et al, 2015).
Additionally, Go et al. showed, using redox proteomics, that gly-
colysis is a major pathway that is redox regulated via the thiore-
doxin/thioredoxin reductase/NADPH system (Go et al., 2013b).
Preliminarily, neuroblastoma cells treated with 50 uM MB
showed a significant reduction in total LDH activity compared
with control of about 15% (Supplementary Figure 1). This result
is different than an LDH release assay, as the cells are lysed and
given sufficient substrate and cofactor for enzyme activity anal-
ysis. However, depletion of NAD seen in the mass spectrometry
assays is not accounted for in this test for LDH activity. Further
investigation into redox regulation of mitochondrial and glyco-
lytic enzymes, as well as oxidative substrates in both normal
and pathological conditions is needed and may reveal specific
mechanisms that can be targeted by therapeutics.

In conclusion, this study validates the disruption of mito-
chondrial and glycolytic energy production with acute exposure
to noncytotoxic concentrations of MB in neuroblastoma cells.
Oxidation of all 3 major fuel substrates is operating at maximal
capacity after acute MB exposure in this neuroblastoma cell
model, providing better characterization of metabolic stress.
Extracellular compartment acidification seen in control cells is
nearly eliminated after acute MB treatment, presenting novel
findings of bioenergetics disruption outside of the mitochon-
dria. It is our belief that combined toxicity of MB and PQ may in-
volve MB-mediated sensitization of neurons through depletion
of energy substrates in addition to PQ-mediated depletion of
GSH and generation of ROS. Combined toxicity may be observ-
able in concentrations closer to environmental exposure, fur-
ther describing the risk associated with pesticide exposure and
PD pathology. As PD pathology is specific to dopaminergic neu-
rons within the substantia nigra, comparison of energy depen-
dence and flexibility among different categories of neurons
may uncover the mechanism of this specificity and present
dopaminergic-specific targets for PD therapeutics.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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