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Huntington’s disease (HD) is functionally linked to environmental factors including cigarette use and dysho-
meostasis in the levels of metals. Interestingly, one of the most abundant heavy metals in cigarettes is cadmium
(Cd), which also accumulates in the striatum and causes neurotoxicity upon exposure. Thus, we hypothesized
that heterozygous huntingtin (HTT), responsible for the majority of cases of HD in patients, in combination with
Cd exposure would cause neurotoxicity and neurodegeneration via increased intracellular accumulation of Cd
Neurodegeneration and activation of oxidative stress signaling mechanisms in a mouse striatal cell line model of HD. We report that
Protein kinase C delta heterozygous HTT striatal cells are significantly more susceptible to Cd-induced cytotoxicity as compared to
ERK wild-type HTT cells upon exposure for 48 h.

The heterozygous HTT and Cd-induced cytotoxicity led to a NADPH oxidase (NOX) mediated oxidative stress
that was attenuated by exogenous antioxidants and a NOX inhibitor, apocynin. Heterozygous HTT coupled with
Cd exposure caused increased expression of protein kinase C § (PKC8) and other key oxidative stress proteins
levels, enhanced the activation of caspase-9 and caspase-3 mediated apoptosis, and blocked the overexpression
of extracellular signal-regulated kinase (ERK). We observed significantly greater intracellular accumulation of
Cd and reduced expression of divalent metal transporter 1 (DMT1) protein in the heterozygous HTT striatal cells
upon Cd exposure. Treatment with zinc, manganese, and iron as well as exogenous antioxidants significantly
attenuated the Cd-induced cytotoxicity. Collectively, these results demonstrate that heterozygous HTT exhibits
greater neurotoxic properties when coupled with Cd exposure to cause cell death via caspase mediated apop-
tosis, altered metal transport, and modulation of ERK and PKC8 dependent oxidative signaling mechanisms.

Antioxidants

1. Introduction

Huntington’s disease (HD) is a progressive autosomal dominant
neurodegenerative disease characterized by motor, cognitive, and
psychiatric abnormalities (Clabough, 2013). HD is caused by an ex-
pansion in the trinucleotide repeat (CAG) in exon 1 of the huntingtin
gene (HTT) encoding the ubiquitous huntingtin protein (HTT), which
results in an abnormally expanded polyglutamine tract in the N-ter-
minus of HTT (Cattaneo et al., 2005). Neurotypical individuals express
6-35 CAGs while most of HD patients express one normal allele and a
mutant, disease causing allele, with > 36 CAGs (Snell et al., 1993).
Expression of a copy of the normal allele suffices for normal

development and neuronal function in adult organisms (Ambrose et al.,
1994; Dixon et al., 2004). Wild-type HTT mediates an antiapoptotic role
in HD models by interfering with apoptosome formation and con-
sequent caspase activation (Rigamonti et al., 2000, 2001; Zhang et al.,
2006).

Mutation in HTT results in selective loss of the medium spiny neu-
rons within the striatum prior to the other affected brain regions in-
cluding the cortex and thalamus, despite widespread expression of the
polyglutamine-expanded HTT (Imarisio et al., 2008). Thus, other fac-
tors within the striatum may increase the susceptibility of this area to
selective degeneration. Environmental factors have been suggested to
contribute to variability in age of onset, symptoms, and progression of
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HD. For example, the number of CAG repeats contributed to 40% of
variation in age of onset in HD patients with the remaining 60% sug-
gested to be caused by other genes and unknown environmental factors
(Wexler et al., 2004). Further, identical twin HD individuals exhibit
variability in age of onset, symptoms and progression (Sudarsky et al.,
1983; Anca et al., 2004; Friedman et al., 2005; Gomez-Esteban et al.,
2007).

Heavy metal exposure and cytotoxicity has been implicated in
various neurological disorders including HD (Bowman et al., 2011).
Metals play important roles in a wide variety of biological processes of
living systems, thus their intracellular concentration must be tightly
regulated (Jomova and Valko, 2011). Heavy metals are known to cause
oxidative stress through interactions with DNA and proteins, and dis-
rupt transcription and signal transduction pathways that play important
roles in cell growth, development and apoptosis (Montgomery, 1995).
Alteration in homeostasis of redox active metals such as iron (Fe),
copper (Cu), and zinc (Zn) may lead to uncontrolled formation of free
radicals and enhanced oxidative stress resulting in cell death (Jomova
and Valko, 2011).

in vitro and in vivo HD studies have revealed pathophysiological
interactions mediating neurotoxicity between mutant HTT and heavy
metals as well as mutant HTT and pesticides. For example; expression of
homozygous mutant HTT (STHAR®'1'1/Q1Yy reduced the susceptibility
of striatal cell lines to manganese (Mn) neurotoxicity and diminished
Mn(II) accumulation as compared to wild-type HTT (STHdh®”/?”) in a
striatal cell line model of HD (Williams et al., 2010a, 2010b) via se-
lective alterations in the ataxia telangiectasia mutated tumor protein
p53 (ATM-p53) signaling pathway (Tidball et al., 2015). A recent study
utilized a set of small molecule inhibitors (KU-55933, NU-7441, and
LY294002) to demonstrate the role of phosphatidylinositol 3 kinase
(PI3K) signaling in modulating Mn-induced signaling and Mn home-
ostasis in wild-type HTT (STHdh®”/?7), Neuro2 A, HEK293, ST14 A, and
mouse embryonic fibroblasts (MEF) (Bryan et al., 2018). Impairment in
intracellular Fe levels and energy metabolism are both features of HD
pathogenesis as HTT has been reported to mediate endocytosed Fe(II)
required for oxidative energy production (Lumsden et al., 2007;
Agrawal et al., 2018). Further, magnetic resonance imaging studies
suggest changes in the metabolism of brain iron during early HD (Rosas
et al., 2012; Dominguez et al., 2016; van Bergen et al., 2016). Post-
mortem studies revealed increased levels of Fe(II), Cu(Il), and Zn(II) in
the brains of HD individuals as compared to age-matched controls
(Dexter et al., 1991, 1992; Fox et al., 2007) suggesting that perturbation
in the normal role of HTT in modulating metal homeostasis may con-
tribute to HD neuropathology. in vivo and in vitro models revealed that
exposure to Cu(Il) (Fox et al., 2007), pesticides and other mitochondrial
inhibitors can accelerate the aggregation of mutant HTT (Deshmukh
et al., 2012). We have recently reported that homozygous mutant HTT
(STHAR®*/9M1) striatal cells are significantly more susceptibility to a
commonly used organophosphate insecticide, chlorpyrifos, induced
neurotoxicity and neurodegeneration compared to wild-type (STHdh®””
Q7) (Dominah et al., 2017). An explanation for the effect of environ-
mental modulators such as heavy metals and pesticide exposure in the
pathogenesis of HD is that both the HTT mutation and environmental
modulators may be synergistically acting upon shared pathophysiolo-
gical mechanisms inherent to the medium spiny neurons.

Substance use including alcohol and cigarettes, correlates with the
severity of psychiatric symptoms associated with HD. Epidemiological
evidence from the National Research Roster on HD suggest that higher
levels of alcohol and cigarette use are associated with earlier age of HD
symptom onset and higher ratings of psychiatric symptoms (Ehret et al.,
2007). Monozygotic twins with identical CAG repeat lengths in the HTT
gene and discordant for HD by more than seven years revealed in-
creased use of cigarettes and exposure to various industrial toxins as
potential explanations for the earlier onset of HD symptoms in one twin
(Friedman et al., 2005). Interestingly, Cd(II) is one of the most abun-
dant heavy metals in popular cigarette brands, averaging a
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concentration of 1.81 ugg~" (dry weight). Thus, the average quantity
of Cd(II) inhaled from smoking one packet of 20 cigarettes is in the
range of 0.22-0.78 ug (Ashraf, 2012). These findings are consistent with
the possibility of synergistic disease processes of HD and Cd(II) toxicity
involving common striatal neurodegeneration.

Cd(I) is a heavy metal found in foods and fertilizers, and dispersed
into the environment through phosphate mining and agricultural in-
dustries. Cd(II) exposure via oral, dermal, and respiratory routes can
accumulate and cause toxicity to organs such as the brain, kidney, liver,
pancreas, and lungs. Cd(II) intake ranges from 10 to 40pug/day to
several pg/day in non-polluted and polluted regions, respectively
(Jomova and Valko, 2011). A disease-toxicant screen has reported in-
creased susceptibility of homozygous mutant HTT (STHdh®'''/Q!11)
striatal cells to 50 uM Cd(II)-induced cytotoxicity compared to wild-
type upon 30h exposure (Williams et al., 2010a, 2010b). Under-
standing Cd(II) toxicity in the context of HD pathophysiology, parti-
cularly heterozygous mutant HTT (STHdh?”/?*'1), is of interest because
(i) majority of HD patients are heterozygous for the HTT mutation
(Squitieri et al., 2003); (ii) Cd(I) is abundant in the environment and
dispersed between the three main environmental compartments, air,
water, and soils (Jomova and Valko, 2011); and (iii) Cd(II) and Zn(II)
have similar ionic radius and chemical properties, thus necessitating
living organisms to preclude Cd(II) from replacing Zn(II) as a cofactor
for proteins. Cd(II) and Zn(II) are group IIB transition elements/metals
with similar valence state and electronic configuration and possess si-
milar affinities for ligands. Thus, a coordinate preference of metal ion is
required for their ability to interact with enzymes for proper activity
and function. Substrate specificity analysis of proteins associated with
Zn(II) showed instances of Zn(II) exchanged for Cd(Il) in many proteins
necessary in living organisms that resulted in altered protein substrate
specificity (Zhang et al., 1996). Moreover, the effect of Cd(II) in the HD
brain is unknown and of concern to public health due to its long half-
life (~15-20 years) in the nervous system and ability to accumulate in
the corpus striatum, the brain region most vulnerable in HD, following
prolonged exposure (Pal et al., 1993; Miller et al., 2005).

Cd(ID) toxicity is known to cause oxidative stress, alter mitochon-
drial function and activate a caspase cascade resulting in cell death in
many cell types including neurons (Yang et al., 2007; Chong et al.,
2017). In addition, Cd(II) exposure can activate cellular protein kinases,
such as Akt-PI3K (phosphatidylinositol 3 kinase), extracellular signal-
regulated kinase (ERK), and protein kinase C (PKC), which results in
enhanced phosphorylation of various transcription factors leading to
activation of target gene expression (Jomova and Valko, 2011). HD
shares similar pathophysiology including oxidative stress, metal accu-
mulation, mitochondrial dysfunction, and protein aggregation with Cd
(II) neurotoxicity. Hence, it is likely that Cd(II) toxicity impinges on
similar pathogenic pathways known to be affected by mutant HTT allele
to modify selective striatal neurodegeneration.

Although Cd(II) exposure may not be the primary cause of HD, their
pathophysiology in the context of heterozygous HTT, found in most HD
patients, is critical for our current understanding of selective neuro-
pathology and variability in age of onset, symptoms and progression in
HD. Nothing is known about (i) the neurotoxic effects of Cd(I) in
heterozygous HTT striatal cells, (ii) heterozygous HTT x Cd(II)-induced
caspase activation and apoptosis, (iii) interaction between heterozygous
HTT and Cd(II) to modulate ERK, Akt and PKC$ signaling pathways,
(iv) intracellular accumulation of Cd(II) in HD striatal cells upon ex-
posure to Cd, (v) modulation of metal transporter systems by hetero-
zygous HTT x Cd(II) interaction, and (vi) potential effect of exogenous
antioxidants to protect against Cd(II)-induced neurotoxicity in hetero-
zygous HTT striatal cells. Herein, we investigate these gaps using the
striatal neuronal cell line model of HD to better understand the effect of
Cd(ID)-induced toxicity in medium spiny neurons most vulnerable in HD
as well as the association between heterozygous HTT and Cd(II) neu-
rotoxicity and neurodegeneration and its usefulness in the risk assess-
ment of Cd(II) toxicity in humans. We hypothesize that heterozygous
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HTT, found in most HD patients, in combination with Cd(II) exposure
would cause neurotoxicity and neurodegeneration via increased in-
tracellular accumulation of Cd(II) and activation of oxidative stress
signaling mechanisms in a mouse striatal cell line model of HD.

2. Materials and methods
2.1. Chemicals and reagents

Cadmium (II) chloride (CdCl,), manganese (II) chloride (MnCly),
zinc (II) chloride (ZnCl,), and iron (II) chloride (FeCl,) used in the
cytotoxicity assays were purchased from Alfa Aesar (Ward Hill, MA). 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
salt, and CM-H,DCFDA dye were purchased from Life Technologies
(Grand Island, NY). Lactate dehydrogenase (LDH) cytotoxicity assay kit
(Item No. 601170) was purchased from Cayman Chemical (Ann Arbor,
MI). TBARS lipid peroxidation (MDA) assay kit (ab118970) was pur-
chased from Abcam (Cambridge, MA, USA). Dulbecco’s Modified
Eagle’s Media (DMEM D6546), GlutaMax, G418, penicillin/strepto-
mycin (Pen Strep), dimethyl sulfoxide (DMSO), ascorbic acid, N-acet-
ylcysteine (NAC), apocynin, metaphosphoric acid, nicotinamide ade-
nine dinucleotide phosphate (NADPH), superoxide dismutase (SOD)
activity assay, radioimmunoprecipitation assay buffer (RIPA) buffer,
and reagents for Krebs Ringer buffer (5.6 mM glucose, 1.3 mM EDTA,
1.2mM MgS0O4, 1.8 mM CaCl,, 4.7 mM KCl, 120 mM NaCl, 16 mM
Na3zPO,) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Caspase-9 substrate (Ac-LEHD-AFC) and caspase-3 substrate (Ac-DEVD-
AFC) were obtained from Bachem Biosciences (King of Prussia, PA).
Glutathione (GSH) detection kit was purchased from Enzo Life Sciences
(catalog # ADI-900-160; Farmingdale, NY). Fetal bovine serum (FBS)
was purchased from Biowest (Logan, UT). Annexin V-FITC Apoptosis
Detection Kit was purchased from Thermo Fisher Scientific (Waltham,
MA).

2.2. Cell culture

We used an immortalized striatal derived cell line from a Hdh®!!
knock-in transgenic mouse model of HD containing either (i) homo-
zygous HTT loci with a humanized exon 1 containing 7 polyglutamine
repeats (STHAhY'?Y) or (ii) heterozygous HTT loci with a humanized
exon 1 with 111 polyglutamine repeats and the other with a humanized
exon 1 with 7 polyglutamine repeats (STHdh?/?11) (Trettel et al.,
2000). HD striatal cells (STHdhY’Y and STHdhY/?!11) were cultured
in DMEM with 4.5 g/L glucose supplemented with 10% FBS, 1% P/S,
400 pg/ml G418 and 1% Glutamax at 33 °C with 5% CO».

2.3. Cell survival assay

Metal and chemical-induced cytotoxicity were examined by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described previously (Chong et al., 2017). Briefly, seeded HTT
striatal cells were incubated with the indicated metal and chemical
stocks for the indicated time followed by 4 h MTT incubation. Changes
in absorbance were measured at 570 nm with a microplate reader
(Synergy HT, Biotek Instruments, Winooski, VT). Survival data was
normalized by genotype to the vehicle control included in each in-
dependent sample set.

2.4. Lactate dehydrogenase activity

We followed the manufacturer’s instructions to measure the release
of intracellular lactate dehydrogenase (LDH) into the cell-free extra-
cellular supernatant that was used as an index of cell death. Briefly,
cells were seeded and exposed to the indicated concentrations of Cd(II)
for 48 h. Cultured plates were centrifuged at 400 x g for 5 min and then
cell-free extracellular supernatant was added to LDH reaction solution
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and incubated at 37 °C for 30 min with gentle shaking. Changes in ab-
sorbance were measured at 490 nm using a microplate reader and
normalized to baseline genotype control in each independent sample
set after background subtraction. Percent cytotoxicity was calculated as
[(experimental value A490) — (spontaneous release A490) / (maximum
release A490) - (spontaneous release A490)] x 100.

2.5. Analysis of intracellular reactive oxygen species production

Reactive oxygen species (ROS) levels in the cells were measured
with CM-H,DCFDA dye that passively diffuses into cells. Cells were
seeded in black 96 well plates the evening before treatment and in-
cubated with 10 uM CM-H,DCFDA for 45 min in Krebs Ringer buffer at
33 °C. Loading buffer was discarded and cells washed with Krebs Ringer
buffer followed by 10 minutes de-esterification. The cells were in-
cubated with the indicated concentrations of Cd(II) for the indicated
times at 33 °C and fluorescence measurements were made with a mi-
croplate reader at excitation 485 = 20nm and emission of
528 = 20nm wavelengths. Background fluorescence was subtracted
from the experimental samples and normalized by genotype to the
vehicle control included in each independent sample set.

2.6. Glutathione (GSH) levels

GSH levels in the cells were measured with an enzymatic recycling
method that involves the reduction of oxidized glutathione (GSSG) by
glutathione reductase to reduced glutathione (GSH). Briefly, cells were
exposed to the indicated concentrations of Cd(II) for 48 h, harvested
and pellets suspended in 5% metaphosphoric acid. The reagents ne-
cessary to catalyze the enzymatic recycling of GSSG to GSH were added
as recommended by the manufacturer. Absorbance measurements were
made at 405 nm for 10 min at 1 min intervals with a microplate reader.
The rate of change of absorbance over time was compared to a gener-
ated GSSG standard curve. Intracellular GSH levels were normalized by
genotype to the baseline control included in each independent sample
set.

2.7. Superoxide dismutase (SOD) activity

Total superoxide dismutase (SOD) activity in the cells was measured
by following the manufacturer’s instructions (Sigma-Aldrich). Briefly,
cells were exposed to the indicated concentrations of Cd(II) for 48 h.
Samples and controls were incubated with xanthine oxidase for 30 min
and absorbance was measured at 450 nm using a microplate reader.
Changes in absorbance were normalized by genotype to the baseline
control included in each independent sample set.

2.8. Lipid peroxidation

We followed the manufacturer’s instructions for the lipid perox-
idation assay kit to measure the levels of malondialdehyde (MDA), a
natural bi-product of lipid peroxidation, in the striatal cells. Briefly,
cells were exposed to the indicated concentrations of Cd(II) for 48 h and
the concentration of MDA was quantified fluorometrically (Ex/
Em = 532/553 nm) using a microplate reader.

2.9. NADPH oxidase activity

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) activity was measured by the lucigenin-enhanced luminescence
method as described previously (Dominah et al., 2017). Briefly, cells
were exposed to the indicated concentrations of Cd(II) with or without
10 uM apocynin for 48h at 33 °C. The cell suspensions were homo-
genized in lysis buffer and homogenates centrifuged. Photon emission
in terms of relative light units was measured with a microplate reader
after 5min at 25 °C. There was no measurable activity in the absence of
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NADPH. NOX activity expressed as relative luminescence (light) units
(RLU) were normalized to protein (ug). Protein content was measured
using the Bradford protein assay reagent.

2.10. Caspase-9 and caspase-3 activity

Caspase-9 and caspase-3 activity assay were similar to previously
described protocols (Chong et al., 2017). Briefly, cells were exposed to
the indicated concentrations of Cd(II) for 48h, harvested and re-
suspended in caspase lysis buffer. Cell-free supernatants were incubated
with 50 uM caspase-9 substrate or caspase-3 substrate at 37 °C for 1 h.
Formation of 7-amino-4-methylcoumarin (AFC), resulting from cas-
pase-9 or caspase-3 activity, was measured at 400 nm excitation and
508 nm emission wavelengths using a microplate reader. Changes in
fluorescence intensity were normalized by genotype to the baseline
control included in each independent sample set.

2.11. Flow cytometer analysis

Detection of apoptosis in cultured striatal HD cell lines were per-
formed according to the manufacturer’s instruction (Annexin V-FITC
Apoptosis Detection Kit, ThermoFisher Scientific). Briefly, cells were
washed twice with PBS, 1-5 x 10° cells were collected and suspended
in binding buffer, followed by the addition of Annexin V-FITC for
10 min and resuspension in binding buffer and propidium iodide (PI).
After 5min of dark incubation at room temperature, the cells were
analyzed using flow cytometer (Accuri cytometrics Inc.) within 1h.
After setting the gate around the HD striatal neuron population, the
data were analyzed by C6 analysis software (BD). The results were
presented as two-color fluorescent diagrams of cells stained with anti-
annexin V-FITC and PI. Cell apoptotic rate was calculated as Annexin V-
FITC positive staining for early apoptosis, and both Annexin V-FITC and
PI positive staining for late apoptosis/death.

2.12. Inductively coupled plasma mass spectrometry (ICP-MS) analysis

Wild-type and heterozygous HTT cell lines were treated with the
indicated concentrations of Cd(II) for 48 h. Cells were harvested and
flash-frozen for ICP-MS analysis as described previously (Chong et al.,
2017). Briefly, samples were dissolved in 1 mL 50% nitric acid (Seastar
Chemicals Inc.) with 10 ppb indium (In) and incubated overnight at
room temperature; then10 puL each was diluted to 1 mL with 1% nitric
acid before running on the ICP-MS (Thermo iCAP-Q isotope ratio mass
spectrometer with an ESI SC-4DX autosampler). The ICP-MS was run in
KED mode with helium as the collision gas, a dwell time of 0.02's, and
normal resolution. Cd levels were normalized to In. Cd(II) data is ex-
pressed as ng/mg protein.

2.13. Western blotting

Equal numbers of wild-type STHdh?”/?” and heterozygous
STHdh®”/®!1! cells were seeded and treated with the indicated con-
centrations of Cd(II) for 48 h. Whole cell lysates were prepared using
RIPA bulffer, 1x protease inhibitor cocktail (Sigma), and 1x phosphatase
inhibitor cocktails I and II (Sigma) and loaded by equal protein for SDS-
PAGE. Protein concentrations in the cell lysates were determined with
the Bradford protein assay reagent. Cell lysates containing equal
amounts of protein were separated on a 4-25% SDS-polyacrylamide
gel. Post separation, proteins were transferred to a nitrocellulose
membrane and non-specific binding sites were blocked by treating with
3% BSA or 5% milk. The membranes were incubated overnight with
primary antibodies directed against divalent metal transporter 1 (DMT-
1) (NRAMP24-A, 1:2000; Alpha Diagnostic International), cytochrome
c (catalog # 4272S, 1:1000), pan Akt (catalog # 4685S, 1:1000),
phospho Akt (S473) (catalog # 9271S, 1:1000), ERK1/2 (catalog #
4695S, 1:1000), and phosho-ERK1/2 (Thr202/Tyr204) (catalog #
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4695S, 1:1000) from Cell Signaling, pan PKC§ (catalog # sc-8402,
1:2000) and phospho-PKC8 (Tyr311) (catalog # sc-18364, 1:1000),
nuclear factor erythroid 2-related factor (Nrf2) (catalog # sc-722,
1:500), Heme Oxygenase-1 (HO-1) (catalog # sc-10789, 1:500) from
Santa Cruz Biotechnology), and B-actin (catalog #13E5, 1:5000, Cell
Signaling). Appropriate secondary antibodies from Jackson
Immunoresearch Laboratories (West Grove, PA) were used at 1:10,000
accordingly. Blots were visualized with Thermo Scientific Pierce
Supersignal West Dura Extended Duration Chemiluminescent Substrate
(Waltham, MA) on the LI-COR C-DiGit Chemiluminescent Western Blot
Scanner (Lincoln, NE). Measurement of integrated density of protein
bands were performed using ImageStudioLite software (LI-COR).

2.14. Statistical analysis

Univariate two-way analysis of variance (ANOVA) was performed
using SPSS 23.0 software (SPSS, Inc., Chicago, IL). Post-hoc analyses
were done using Microsoft Excel (Redmond, WA) by Student’s t-tests
(two-tailed) and error bars are expressed as standard error of the mean
(SEM) unless otherwise noted. The alpha level for all analyses was set at
p < 0.05.

3. Results

3.1. Cd(II) exposure increases cytotoxicity in heterozygous HTT striatal
cells

Analyses of Cd(ID-induced cytotoxicity in the HTT striatal cell lines
revealed that heterozygous HTT increased sensitivity to Cd(I)-induced
cytotoxicity when compared to wild-type HTT after 48 h exposure as
examined by the MTT metabolic capability assay, an indirect measure
of cell survival. Cd(II) concentrations were chosen to generate a sur-
vival curve spanning non-toxic to highly toxic concentrations. We ob-
served a 5%, 10%, and 15% decrease in cell survival for both genotypes
upon exposure to 5, 10, and 20 uM Cd(II) respectively after 3 and 24 h
exposure (Fig. 1A, B). A disease-toxicant screen study has reported that
exposure to 50 pM Cd(II) caused significantly greater cytotoxicity in
homozygous mutant HTT (STHdh®!'?/?'!1) striatal cell lines compared
to wild-type (STHdh?”/?7) upon 26-30h exposure (Williams et al.,
2010a, 2010b). Thus, we reasoned that examining lower concentrations
of Cd(II) for longer duration (48 h) using heterozygous HTT (STHdh?"/
QI11) striatal cell line, found in most HD patients, would reveal novel
gene-environment interaction. Statistical analysis by two-way uni-
variate ANOVA found a significant effect of genotype (F¢ 30) = 153.5,
p < 0.001) and Cd(II) exposure (F(4 30y = 196.8, p < 0.001) on sur-
vival after 48 h exposure. In addition, a two-way interaction between
genotype and Cd(II) exposure was detected (F4 30) = 20.27,
p < 0.001) indicating that each genotype had a unique Cd(II)-response
curve after 48 h exposure (Fig. 1C). We used the LDH cytotoxicity assay
as an index of cell death after exposure to Cd(II) for 48 h. Statistical
analysis by two-way univariate ANOVA confirmed the significant gen-
otype, Cd(II), and genotype x Cd(II) interaction on cell death (Fig. 1D).
Further, we observed significant (p < 0.01) decrease in survival for
both genotypes after Cd(II) exposure when compared to their respective
baseline genotype controls as examined by both assays (Fig. 1C, D).
This independent cell death analysis confirmed that the Cd(I)-induced
cytotoxicity revealed by the MTT assay was due to cell death rather
than just differences in mitochondrial reductase activity.

3.2. Heterozygous huntingtin potentiates Cd(I)-induced oxidative stress
pathways

Quantitative analysis of ROS levels revealed that the heterozygous
HTT line produced significantly (p < 0.01) greater intracellular ROS
compared to wild-type cells upon 30 min exposure to 10 and 20 pM Cd
(II). A two-way interaction between genotype and Cd(II) exposure
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(Fa,30) = 242.9, p < 0.001) on ROS production was detected in- increased ROS generation in both HTT lines when compared to their
dicating that each genotype had a unique ROS production-response baseline genotype controls after 30 min exposure (Fig. 2A).
curve. Post-hoc analysis indicated that Cd(II) exposure significantly To better understand the influence of heterozygous HTT x Cd(II)
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mediated cytotoxicity on antioxidant defense mechanism we measured
the levels of glutathione (GSH) and activity of superoxide dismutase
(SOD) after 48 h exposure to Cd(II). Two-way univariate ANOVA found
a significant effect of genotype (Fg 30y = 568.9, p < 0.001), Cd(II)
exposure (Fg430) = 14.54, p < 0.001), and a two-way interaction be-
tween genotype and Cd(II) exposure (F(4 30y = 38.25, p < 0.001) on the
levels of GSH. Wild-type had significantly (p < 0.05) greater levels of
GSH at 10 and 20 pM Cd(II) when compared to baseline genotype
control. In addition, there was a significant (p < 0.05) decrease in GSH
levels in heterozygous HTT lines at 5, 10, and 20 uM Cd compared to
baseline genotype controls. GSH levels in the heterozygous HTT cells
were significantly (p < 0.01) reduced compared to wild-type at all
tested Cd(II) concentrations (Fig. 2B). Further, post-hoc analysis in-
dicated that the Cd(II) exposure did not affect the activity of SOD in
heterozygous HTT cells at 5 and 10 uM Cd(II) compared to baseline
genotype control. However, we observed an unexpected significant
(p < 0.01) increase in SOD activity in the heterozygous HTT cells at 20
UM Cd(II) exposure when compared to wild-type and baseline genotype
control. Cd(II) caused a significant increase in the activity of SOD in
wild-type striatal lines at 5, 10, and 20 uM compared to baseline gen-
otype controls (Fig. 2C).

The concentration of MDA was measured to examine Cd(II)-induced
lipid peroxidation in the striatal cells. We report significant (p < 0.05)
increase in the levels of MDA in heterozygous HTT cells upon 10 and 20
UM Cd(II) exposure for 48 h when compared to baseline genotype
control. MDA levels were significantly increased in wild-type cells after
20 uM Cd(II) exposure compared to baseline genotype control. Post-hoc
analysis indicated that the wild-type cells had significantly (p < 0.05)
lower concentration of MDA at all tested Cd(II) concentrations com-
pared to heterozygous HTT lines (Fig. 2D). This data suggest that het-
erozygous HTT and Cd(II) potentiate oxidative stress pathways re-
sulting in neurotoxicity.

3.3. NOX activity in HD striatal cells is modulated by heterozygous
huntingtin x Cd(II) interaction

To better understand heterozygous HTT and Cd(II) mediated oxi-
dative stress and neurotoxicity, we investigated the role of NOX in Cd
(ID-induced ROS production and neurotoxicity in HTT striatal lines
following 10 pM Cd(II) exposure for 48 h. Cd(II) exposure induced a
significant increase (p < 0.05) in NOX activity in both wild-type and
heterozygous HTT cells compared to baseline genotype controls. NOX
activity was significantly (p < 0.05) greater in heterozygous HTT lines
compared to wild-type (Fig. 3A). Co-treatment with 10 uM apocynin, a
NOX inhibitor, significantly (p < 0.05) reduced NOX activity in het-
erozygous HTT lines as compared to NOX activity in the absence of
apocynin treatment. We did not observe a significant effect of apocynin
on NOX activity in wild-type cells following 10 pM Cd(II) exposure. In
addition, apocynin abolished the genotype difference in NOX activity

Il Wild-type STHdR(Q7/Q7)

*

I Heterozygous STHdh(Q7/Q1M)
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between wild-type and heterozygous HTT lines following Cd(II) ex-
posure (Fig. 3B). This result suggests that heterozygous HTT x Cd(ID)-
induced ROS production and neurotoxicity may be mediated, at least in
part, through activation of NOX signaling pathway.

3.4. Co-treatment with exogenous antioxidants and apocynin mitigates Cd
(ID-induced ROS production in huntingtin striatal cells

Based on the influence of heterozygous HTT x Cd(II) on NOX
mediated ROS production, we reasoned that co-treatment with Cd(II)
and the exogenous antioxidants, N-acetyl-cysteine (NAC) and ascorbic
acid, or NOX inhibitor, apocynin, would attenuate the Cd(Il)-induced
early ROS production in the HTT striatal cell lines. Wild-type and
heterozygous HTT lines were co-treated with the indicated concentra-
tions of Cd(II) and non-toxic concentrations of NAC (250 uM) and as-
corbic acid (100 uM), or apocynin (10 uM), and intracellular ROS levels
examined after 30 min by DCF-DA assay. The concentration of anti-
oxidants were chosen based on our previous study that used similar
concentrations and showed effects in HD striatal cell lines (Dominah
et al., 2017). Co-treatment with NAC did not significantly alter Cd(II)-
induced ROS production in heterozygous HTT lines but resulted in a
subtle and significant decrease in ROS levels in wild-type lines at 10 and
20 uM Cd(II) exposure (Fig. 4A). However, co-treatment with ascorbic
acid (Fig. 4B) and apocynin (Fig. 4C) significantly attenuated Cd(II)-
induced ROS production in both wild-type and heterozygous HTT cells,
and abolished the genotype difference in ROS production at all the
tested concentrations of Cd(II) (Fig. 4B, C). There was no significant
difference in ROS levels between the two genotypes upon treatment
with only NAC, ascorbic acid, and apocynin (Fig. 4D). These results
suggest that co-treatment with either 100 uM ascorbic acid or 10 uM
apocynin harbors neuroprotective effects against Cd(II)-induced ROS
production in HTT striatal cells.

3.5. Treatment with NAC, ascorbic acid, and apocynin greatly attenuates
Cd(ID)-induced cytotoxicity in heterozygous huntingtin striatal cells
compared to no treatment conditions

To better understand the neuroprotective effect of exogenous anti-
oxidants and apocynin on Cd(I)-induced cytotoxicity in HTT striatal
lines, we pre and co-treated HTT striatal cell lines with the indicated
concentrations of NAC, ascorbic acid, and apocynin. Pre-treatment with
NAC, ascorbic acid, and apocynin for 3 h followed by Cd(II) exposure
for 48h significantly (p < 0.05) increased cell viability in hetero-
zygous HTT cells as compared to only Cd(II) exposure for each genotype
(Fig. 5A-C). While co-treatment with Cd(II) and either NAC, ascorbic
acid, and apocynin increased cell viability in the heterozygous HTT
cells compared to wild-type lines (Fig. 5C-D), the magnitude of increase
in cell viability was greater in the pre-treatment conditions. These re-
sults highlight the increased neuroprotective effects of NAC, ascorbic

Fig. 3. Examining the role of NOX activity
upon Cd(II) exposure. A, Heterozygous HTT
lines exhibit greater NOX activity compared to
wild-type after exposure to 10 pM Cd(II) for
# 48h. B, Co-treatment with apocynin reduced
# NOX activity in heterozygous HTT lines to
wild-type levels after exposure to 10 uM Cd(1I)
for 48h. Relative lucigenin-enhanced chemi-
luminescence (light) units (RLU) was normal-
ized to protein (ug). Each experiment had 3-4
independent samples (technical replicates).
N =4 biological replicates. * p < 0.05,

T Student’s t-test indicates significant differences
10 CdCl, (uM)  in NOX activity between wild-type and het-
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when compared to baseline genotype controls.
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Fig. 4. Co-treatment with ascorbic acid apocynin significantly reduces Cd(I)-induced ROS production in HTT striatal cells. Wild-type and heterozygous HTT cells
were co-treated with Cd(II) in the presence of A, 250 uM NAC; B, 100 puM ascorbic acid; and C, 10 pM apocynin for 30 min; and the production of ROS assessed by

+

DCF-DA assay. Results are represented by the mean

SEM from 8 independent samples (technical replicates). N = 4 biological replicates; ** p < 0.01 Student’s t-

test indicates significant differences between Cd(II) only versus co-treatment with antioxidants/apocynin in either wild-type or heterozygous HTT lines.

acid, and apocynin against Cd(II)-induced neurotoxicity in the HTT
striatal cells under pre-treatment conditions.

3.6. Heterozygous huntingtin striatal cells exhibit increased apoptosis and
Cd(II) exposure enhances caspase-9 and caspase-3 mediated cell death in
striatal cells

We examined whether heterozygous HTT modulates the mi-
tochondria mediated activation of caspase 9 and caspase 3 induced by
Cd(II) exposure. We report that caspase 9 and caspase 3 are activated in
both wild-type and heterozygous HTT cells upon Cd(II) exposure for
48 h. Post-hoc analysis indicated that the heterozygous HTT cells had
significantly (p < 0.05) greater caspase-9 activity at 5, 10, and 20 uM
Cd(II) compared to wild-type cells (Fig. 6A). Caspase-3 activation was
significantly (p < 0.05) greater (~2-fold) in heterozygous HTT cells
compared to wild-type at 5, 10, and 20 uM Cd(II) exposure. Notably, we
observed greater caspase 3 activity compared to caspase 9 in the HTT
lines upon exposure to Cd(II) (Fig. 6A, B). To provide a quantitative
assessment of cell death mediated through the caspase-dependent

Bl Wild-type STHdh(Q7/Q7)

apoptosis pathway, HD striatal cells were exposed to 10 pM Cd(II) and
analyzed by a flow cytometry-based apoptosis assay. A quantified
summary of the cytogram plots that represent propidium iodide (PI)
and Annexin V binding of wild-type and heterozygous HTT striatal cells
after 3, 24, and 48 h treatment with 10 uM Cd(II) revealed that the
proportion of early apoptotic cells (annexin V-positive, PI-negative) and
late apoptotic cells (annexin V-positive, PI-positive) are significantly
increased in both baseline and Cd(II) treated heterozygous HTT striatal
cell line compared to wild-type cells (Fig. 6C). The number of early and
late apoptosis cells was significantly (p < 0.05) increased in hetero-
zygous HTT cells compared to wild-type at baseline conditions (control)
(Fig. 6C, D). Exposure to 10 uM Cd(II) caused a significant (p < 0.05)
increase in early and late apoptosis in wild-type striatal cells at 24 and
48 h exposure. Additionally, the heterozygous HTT striatal cells showed
a significant (p < 0.05) increase in early apoptosis (Fig. 6B) indicating
that they may be more primed for apoptosis mediated cell death com-
pared to wild-type cells and may require longer exposure time (48 h) to
observe additional increase in early apoptosis upon exposure to Cd(II).
We observed a trend towards an increase in late apoptosis upon

Heterozygous STHdh(Q7/Q111)
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Fig. 5. Pre-treatment with NAC, ascorbic acid, and apocynin significantly attenuates Cd(II) cytotoxicity in heterozygous HTT cells compared to wild-type. Wild-type
and heterozygous HTT cells were pre-treated for 3 h with A, 250 uM NAC; B,100 pM ascorbic acid; and C, 10 uM apocynin followed by exposure to Cd(II) for 48 h.
Additionally, striatal cell lines were co-treated with the indicted concentrations of Cd(II) containing D, 250 pM NAC; E, 100 uM ascorbic acid; and F, 10 uM apocynin

for 48h and cell survival was examined by MTT assay. Results are represented by the mean

+

SEM from 4 independent samples (technical replicates). N = 4

biological replicates. * p < 0.05 Student’s t-test indicates significant difference in survival when compared to baseline genotype controls. concentration of Cd(II).
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Fig. 6. Cd(II) exposure and heterozygous HTT
activate caspase 9 and caspase 3, and hetero-

A * B zygous HTT cell lines exhibit increased apop-
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exposure to 10 pM Cd(II) for 48 h and 24 h respectively (Fig. 6B). These
results suggest that heterozygous HTT enhances Cd(I)-induced se-
quential activation of caspase 9 and caspase 3. Moreover, heterozygous
HTT enhances Cd(I)-induced sequential activation of caspase 9 and
caspase 3 to cause cell death.

3.7. Examining Cd(I)-induced neurotoxicity and neurodegeneration on
proteins involved in oxidative stress and caspase mediated cell death
signaling pathways

Increased generation of intracellular ROS can lead to depolarization
of mitochondrial membrane and subsequent release of cytochrome c,
resulting in the activation of downstream apoptotic mechanisms (Kaul
et al., 2003). We examined whether heterozygous HTT lines in com-
bination with Cd(II) may be more prone to the release of proapoptotic
factors including cytochrome c from the mitochondria to the cytosol to
initiate the apoptotic cascade and augment cell death in the striatal
cells. ANOVA analysis of the densitometry results of Western blot
analysis did not detect any significant effect of genotype, Cd(I) ex-
posure and a two-way interaction between genotype and Cd(II) ex-
posure on cytochrome c protein levels (Fig. 7A). This data indicate that
Cd(II) does not alter total protein expression of cytochrome c in the HTT
striatal cells.

Recognizing the influence of oxidative stress in the heterozygous
HTT and Cd(II) mediated neurotoxicity, we investigated the effect of Cd
(ID) on some key proteins involved in oxidative stress including Nrf2
and HO-1. ANOVA did not detect a significant effect of genotype, Cd(II)
exposure and a two-way interaction between genotype and Cd(Il) ex-
posure on Nrf2 protein levels. Post-hoc analysis showed that the het-
erozygous HTT cells had significantly (p < 0.05) greater Nrf2 protein
levels compared to wild-type at 20 uM Cd(II) exposure (Fig. 7B). Fur-
thermore, ANOVA found a significant effect of genotype
(Fa,24) = 9.727, p<0.01) and Cd(II) exposure (F24) = 11.81,
p < 0.001) on HO-1 protein expression. Post-hoc analysis indicated
that 10 and 20 pM Cd(II) exposure caused significantly (p < 0.05)
greater HO-1 protein levels in heterozygous HTT cells as compared to
wild-type (Fig. 7C). These data suggest that increased Cd(II)-induced
neurotoxicity in heterozygous HTT cells may be mediated, at least in

Con 3 24 48
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part, by activation of Nrf2 response system to alleviate the oxidative
stress and reestablish the redox balance.

3.8. Heterozygous huntingtin increases intracellular accumulation of Cd(II)
and exposure to Cd(II) reduces divalent metal transporter 1 (DMT1) protein
levels in striatal HTT cells

To explore the basis for the genotype difference in Cd(I)-induced
cytotoxicity between heterozygous HTT and wild-type striatal cells, we
hypothesized that expression of heterozygous HTT may interfere with
net intracellular accumulation of Cd upon Cd(II) exposure resulting in
cell death. Thus, we exposed wild-type and heterozygous HTT cells to
varying concentrations of Cd(II) for 48h and measured the net in-
tracellular concentration of Cd(II) by ICP-MS. Post-hoc analysis in-
dicated significant (p < 0.05) increase in net intracellular concentra-
tion of Cd(II) at all tested concentrations of Cd for both genotypes when
compared to their baseline controls (Fig. 8A). Additionally, we ob-
served a significant (p < 0.05) increase in the net accumulation of Cd
(I) in heterozygous HTT cells compared to wild-type after exposure for
48h to 10 and 20 uM Cd(1D).

It is known that DMT1 mediates transport of divalent metals, in-
cluding Cd(II) into cells (Himeno et al., 2002). In addition, we have
previously demonstrated that divalent metal ion transporter (DMT1)
protein levels are unchanged in wild-type and mutant HTT expressing
striatal cells (Williams et al., 2010a, 2010b). We determined whether
heterozygous HTT and Cd(II) exposure differentially modulate the ex-
pression of endogenous DMT1 protein levels in HD striatal cells by
Western blot analysis. ANOVA found a significant effect of genotype
and Cd(II) exposure effects on DMT1 protein levels. Post-hoc analysis on
the immunoblot results indicated that endogenous DMT1 protein levels
in wild-type cells are significantly reduced upon exposure to 5, 10, and
20 uM Cd(II) compared to baseline genotype control. In addition, en-
dogenous DMT1 protein levels were significantly reduced in wild-type
compared to heterozygous HTT cells upon 20 pM Cd(II) exposure. Ex-
posure to 5 pM Cd(II) significantly reduced DMT1 protein levels in
heterozygous HTT cells compared to baseline genotype control
(Fig. 8B). These results suggest that expression of DMT1 protein is
modulated in response to Cd(II) exposure and may underlie the
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Nrf2 and HO-1, in HTT striatal cells. Wild-type and heterozygous HTT lines were

treated with the indicated dosed of CA(II) for 48 h and the endogenous protein levels of A, cytochrome c; B, Nrf2; and C, HO-1 were measured by Western blotting. To
confirm equal protein-loading in each lane, the membranes were reprobed with B-actin antibody. Quantification of cytochrome c, Nrf2, and HO-1 band intensities are
shown below each blot image. Results for each group is represented by the mean *= SEM from 4 independent experiments and separate measurements. *p < 0.05,
Student’s t-test indicates significant differences between wild-type and heterozygous HTT lines. # p < 0.05 denotes significant difference in the indicated protein

expression when compared to baseline genotype controls.

decreased susceptibility of wild-type cells to Cd(II)-induced neurotoxi-
city.

3.9. Treatment with Zn(I), Mn(II), and Fe(Il) partially reduce the
susceptibility of heterozygous HTT striatal cells to Cd(II) cytotoxicity as
compared to non-treated controls of the same genotype

A disease-toxicant interaction screen has revealed that homozygous
mutant HTT (STHdh®'''/?"1) striatal cells did not significantly influ-
ence Zn(II) and Fe(II) cytotoxicity but increased susceptibility to Mn(II)
cytotoxicity in striatal cells after 26-30 h exposure as compared to wild-
type (Williams et al., 2010a, 2010b). We hypothesized that exposure to
non-toxic levels of Zn(II), Mn(II), and Fe(II) would activate Zn(II), Mn
(I), and Fe(Il) transporter systems known to mediate Cd(II) transport,
compete, and reduce the influx of Cd(II) into the cytosol and other

intracellular organelles, thus diminishing the Cd(II)-induced neuro-
toxicity in HTT striatal cells. To test this hypothesis, we generated a
metal-induced survival curve spanning non-toxic to highly toxic con-
centrations for 48 h exposure and chose the lowest toxic concentration
of Zn(II), Mn(I), and Fe(II) (Fig S1) for the pre- and cotreatment ex-
periments with Cd(II). A comparison between wild-type and hetero-
zygous HTT lines provides an indirect way to assess whether Zn(II), Mn
(II), and Fe(Il) transporters are involved differently in Cd(II) neuro-
toxicity between the two genotypes, which may elucidate a mechanism
for the increased susceptibility of heterozygous HTT cells to Cd(II) ex-
posure. Pretreatment for 3h (Fig. 9A-C) and cotreatment for 48 h
(Fig. 9D-F) with the indicated concentrations of Cd(II) and either Zn
(II), Mn(II), or Fe(II) significantly (p < 0.05) increased cell survival in
heterozygous HTT striatal cells with no noticeable effect on wild-type
lines other than pretreatment with Fe(II) at 5 uM Cd(II) as compared to

Fig. 8. Substantial increase in net intracellular
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ANOVA table of Cd(II) exposure on DMT1 protein levels.
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Fig. 9. Pre and cotreatments with Zn(II), Mn(II), and Fe(II) attenuate Cd(I)-induced cytotoxicity in heterozygous HTT striatal cells compared to non-treated controls
of the same genotype. Wild-type and heterozygous HTT striatal lines were pre-treated for 3 h with A, 25 uM ZnCl,; B, 25 uM MnCl,; and C, 50 uM FeCl, followed by
exposure to the indicted concentrations of Cd(II) for 48 h. Additionally, cultured striatal lines were co-treated with D, 25 uM ZnCl,; E, 25 pyM MnCly; F, 50 uM FeCl,
and the indicated concentrations of Cd(II) for 48 h. Survival was measured by MTT assay. Results are represented by the mean + SEM from 4 independent samples
(technical replicates). N = 4 biological replicates. * p < 0.05 and ** p < 0.01, Student’s t-test indicates significant differences between the Cd(II) exposed striatal

cells and their baseline genotype controls.

non-treated controls of the same genotype. These results indicate the
contribution of Zn(II), Mn(II), and Fe(Il) regulated metal transporters in
the Cd(II) neurotoxicity in heterozygous HTT cells.

3.10. Heterozygous HTT blocked the overexpression of ERK and increased
PKC3§ protein levels upon Cd(II) exposure

Changes in Thr202/Tyr204-phosporylated-ERK (Thr202/Tyr204-P-
ERK), S473-phosphorylated-Akt (S473-P-Akt) and Tyr311-phosphory-
lated-PKC8 (Tyr311-P-PKC3) protein levels are associated with both HD
pathogenesis and Cd(Il) toxicity (Gines et al., 2003; Zemskov et al.,
2003; Colin et al., 2005; Roze et al., 2008; Thévenod, 2009; Williams
et al., 2010a, 2010b; So and Oh, 2016). Thus, we hypothesized that
these signaling pathways would show disease-toxicant interactions and
reveal the underlying mechanism for the increased susceptibility of
heterozygous HTT cells to Cd(II) neurotoxicity. We quantified Thr202/
Tyr204-P-ERK levels following 48 h exposure to 5, 10, and 20 pM Cd
(I). We observed a Cd(II) dependent increase in Thr202/Tyr204-P-ERK
levels (p < 0.05) in wild-type, yet heterozygous HTT cells showed no
detectable change in Thr202/Tyr204-P-ERK levels when compared to
baseline heterozygous HTT cells (Fig. 10A).

The Akt signaling pathway promotes survival in response to extra-
cellular signals (Thévenod, 2009). We quantified S473-P-Akt levels
following exposure to Cd(II) for 48 h. This exposure did not lead to Cd
(ID) or HTT dependent changes in S473-P-Akt levels in both wild-type
and heterozygous HTT cells (Fig. 10B). PKCS is a key oxidative stress-
sensitive kinase and considered to be a pro-apoptotic enzyme based on
its ability to be activated by caspase 3 (Anantharam et al., 2002).
Quantification of Tyr311-P-PKC8 protein levels following Cd(II) ex-
posure revealed that 10 and 20 pM exposure caused a Cd(II)-dependent
increase in Tyr311-P-PKC$ protein levels (p < 0.05) in heterozygous
HTT cells, yet wild-type lines showed no detectable change in Tyr311-
P-PKCS protein levels relative to untreated wild-type cells (Fig. 10C).
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4. Discussion

Although the mechanisms underlying striatal degeneration in HD
are not completely understood, the influence of environmental factors
including exposure to heavy metals and pesticides on the pathophy-
siology of HD have been recognized and are currently being in-
vestigated. Many studies have shown that Cd(II) neurotoxicity is
mediated, at least in part, through an oxidative stress mechanism;
however, Cd(II) is a non-redox metal and does not directly produce ROS
(Flora et al., 2008). Increased oxidative stress induced by Cd(II) dis-
rupts the function of mitochondria, which further enhances in-
tracellular oxidative stress and subsequently triggers apoptosis in neu-
rons and other cell types (Prozialeck and Edwards, 2012). NOX is a
multi-protein electron transport system that produces superoxide via
the reduction of molecular oxygen (Hernandes and Britto, 2012). Ex-
posure to Cd(II) is known to increase NOX-dependent ROS production
that results in cell death in a human hepatocellular carcinoma cell line
(Souza et al., 2009). Additionally, NOX activity is enhanced in HD'*°?/
140Q mouse primary neurons and human HD brains (Valencia et al.,
2013) as well as PC12 cells expressing an expanded polyglutamine
peptide (Bertoni et al., 2011). Our data showing the involvement of
NOX mediated oxidative stress as an early pathophysiological event are
noteworthy. Despite the statistically indistinguishable difference in cell
survival between wild-type and heterozygous HTT lines at 3 and 24 h
Cd(II) exposure, we observed a significant genotype difference in ROS
production as early as 30min indicating that early NOX mediated
oxidative stress may trigger the activation of antioxidant defense sys-
tems to combat the neurotoxic insults. However, heterozygous HTT
may block or diminish the synthesis of antioxidants required to combat
the Cd(II) neurotoxicity (Fig. 2B, C).

Lipid peroxidation results from excessive production of ROS that
generate oxidized products such as MDA known to oxidize lipids and
damage membranes contributing to cell death (Cuypers et al., 2010).
Previous studies have demonstrated increased lipid peroxidation in the
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Fig. 10. Cd(II) exposure modulates ERK and PKC3 but not Akt protein levels in HTT expressing striatal cells. Wild-type and heterozygous HTT cells were treated with
Cd(1) for 48 h, and then the phosphorylated and pan forms of A, ERK (Thr202/Tyr204-P-ERK and pan ERK1/2); B, Akt (S473-P-Akt and pan Akt); and C, PKC8
(Tyr311-P-PKC8 and pan PKCS8) protein levels were measured by Western blot analysis. Representative images of Western blot analysis are shown. Each group
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HTT lines. # p < 0.05 denotes significant difference in the indicated protein expression when compared to its baseline genotype controls.

caudate and putamen of HD brains (Montine et al., 1999) and striatum
of R6/2 HD mice (Lee et al., 2011) as well as increased plasma levels of
MDA and reduced activity of GSH and SOD in erythrocytes of human
HD patients (Chen et al., 2014). Our data is in agreement with these
studies and suggest a response of heterozygous HTT to cause lipid
peroxidation and concomitantly decrease the levels of antioxidant to
cause striatal neurotoxicity (Fig. 2). Reduction of antioxidant enzymes
after Cd(II) exposure has discernible effect on cell survival and suggest a
critical role for antioxidant enzymes in maintaining HD bioenergetics
and that the specific activation of antioxidant activity in HD striatal
cells may be an effective approach to halt neurotoxicity and neurode-
generation as supported by our findings with pre and cotreatment ap-
proaches with exogenous antioxidants and apocynin.

Cd(II) and other neurotoxicants can alter mitochondrial membrane
integrity and result in the release of cytochrome c from the mitochon-
dria to cytosol triggering sequential activation of caspase 9 and later
activation of caspase 3, the executioner caspase responsible for pro-
teolytic cleavage of apoptotic cell death (Kaul et al., 2003). These mi-
tochondrial mediated apoptotic stimuli have been implicated in the
pathogenesis of HD. For example, striatal medium spiny neurons are
susceptible to sequential caspase cascade in HD patients and the R6/2
transgenic model of HD (Kiechle et al., 2002). Our data indicating no
significant change in total cytochrome c protein levels after Cd(II) ex-
posure (Fig. 7A) may be due to a masking effect of mitochondria and
cytosolic fractions in our study. A shift in the distribution of cytochrome
¢ from the mitochondria to cytosolic fraction has been associated with
greater striatal degeneration in HD patients and R6/2 mouse model of
HD (Kiechle et al., 2002). Isolated measurements of mitochondrial and
cytosolic cytochrome c levels would be important in future studies.
Despite the paucity of evidence in vivo connecting HD to apoptosis per
se, the processes involved in initiating apoptosis including caspase ac-
tivation are known to be extremely important for the pathogenesis of
HD (Hickey and Chesselet, 2003). in vitro studies show that expression
of mutant HTT increase the activity of caspase 9 and caspase 3 (Li et al.,
2000; Jana et al., 2001), which supports our findings (Fig. 6A, B). The
increased apoptosis in heterozygous HTT striatal cells at baseline is
consistent with previous HD studies (Li et al., 2000; Jana et al., 2001).
Of particular note, a comparison of cell survival, oxidative stress, cas-
pase activity, and apoptosis suggest that Cd(II)-induced oxidative stress
and subsequent activation of caspase mediated apoptosis may be the
primary and specific pathogenic mechanisms that underlie neurotoxi-
city and neurodegeneration in heterozygous HTT striatal cells.
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Phosphorylation of Akt at S-473 is associated with neuroprotection
(Brunet et al., 2001). Yet, we found no statistically distinguishable
difference in S473-P-Akt levels between the two genotypes following
exposure to Cd(Il). Our findings are in agreement with the reported lack
of phosphorylation of Akt by Cd(II) exposure in hippocampal slices
(Rigon et al., 2008). While these and other observations do exclude a
neuroprotective role for Akt signaling in Cd(II) neurotoxicity, they de-
monstrate that changes in Akt signaling may occur at an earlier time
point after Cd(II) exposure as supported by a previous study that
showed time-dependent activation of Akt signaling (Huang et al.,
2014). In addition to Akt, Cd(II) is known to activate other kinases
including ERK, JNK (c-Jun N-terminal kinase) and/or p38 (p38 mi-
togen-activated protein kinase) in several cell models (Chuang et al.,
2000; Rockwell et al., 2004; Kim et al., 2005). Cd(II) was reported to
not activate ERK in SH-SY5Y cells (Kim et al., 2005), which is in con-
trast to previous findings and our results. This may probably be because
of the difference in cell types and experimental conditions used. Our
findings of increased activation of ERK signaling are in agreement with
previous findings that reinforce again that the roles of ERK signaling on
either cytotoxic or protective cell responses depend on factors including
genotype, Cd(II) or other neurotoxicants, genotype by Cd(Il) interac-
tion, and cell-type.

PKC3 is a key oxidative stress-sensitive kinase and plays a pro-
apoptotic role following caspase-3 activation (Cross et al., 2000;
Anantharam et al., 2002; Kanthasamy et al., 2003). The capacity of Cd
(II) to activate PKCS in cell survival and cell death, and the role of PKC8
in Cd(II)-induced apoptosis have been previously studied with non-
coincident results. For example, Cd(II) did not activate PKC in rat me-
sangial cells (Wang and Templeton, 1998) and Cd(II)-induced apoptosis
is independent of PKCS activation in rat glioma cells (Witjen et al.,
2002). In contrast, Cd(II) activates PKC resulting in apoptosis in lung
epithelial cells (Watkin et al., 2003), and PKC$ signaling mediates Cd
(ID-induced apoptosis via early membrane translocation and late kinase
proteolytic cleavage and phosphorylation on tyrosine residues (Miguel
et al., 2005). Our findings are in agreement with the latter findings and
suggest that heterozygous HTT may inhibit the degradation of PKCS as
a pro-death mechanism in response to Cd(II) exposure. An increase in
the expression of PKC3 in heterozygous HTT cells after Cd(II) exposure
may be linked with the increased expression of Nrf2 protein levels.
Several reports indicate that the dissociation of Nrf2 from Keap-1, an
inhibitory protein that targets Nrf2 for degradation via ubiquitination
pathways, is facilitated by members of the PKC family, including PKCS.



G.F. Kwakye et al.

- Apoptosis \
LY ‘\
¥ Ay
\‘ \‘
S
D D
D & D ‘@
4 .
’
- m A Intracellular Cd ¢
accumulation

Cd + Htt
Toxicity

Neurotoxicology 70 (2019) 48-61

Cell
Death

>
\ Oxidative Stress i == >
’

.
.
v
.
.
.

Zn(I1), Mn(II), Fe(II)
ascorbic acid, NAC, and apocynin
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apocynin significantly rescue the heterozygous HTT striatal cells against Cd(II)-induced neurotoxicity.

Further, a PKC isoform was shown to be involved in mediating the
accumulation of Nrf2 in response to Cd(II) exposure in an astrocytoma
cell line (Lawal et al., 2015). Thus, our data indicating the increase in
PKC3 protein is in line with the increase Nrf2 protein expression ob-
served in heterozygous HTT cells and likely a key contributor to a po-
tential protective mechanism against Cd(II) toxicity.

DMT1 protein expression has been reported to be reduced following
metal exposures, which is noteworthy and in agreement with our data
(Fig. 8B) due to its role in metal transport necessary for normal brain
function (Fan et al., 2016). A previous study demonstrated that neurons
exposed to Fe(Il) and Cu(Il) display increased ubiquitination and de-
gradation of DMT1 resulting in diminished influx of metals and pro-
tection against metal toxicity (Howitt et al., 2009). The effect of Cd(II)
on ubiquitination and degradation of DMT1 in HTT striatal lines are
unknown. Our results suggest that Zn(II), Mn(II), and Fe(II) transporter
systems may be involved but are not the major transporters underlying
the increased neurotoxic susceptibility of heterozygous HTT cells to Cd
(ID) neurotoxicity (Fig. 9). The observation that heterozygous HTT cells
accumulate greater levels of intracellular Cd(II) compared to wild-type
is noteworthy. Of particular note, a comparison of cell survival and net
accumulation of Cd(II) reveals that wild-type cells exposed to 5 uM Cd
(ID) have statistically distinguishable cell survival but indistinguishable
total Cd(II) levels relative to heterozygous HTT cells exposed at 5 uM Cd
(ID) (Fig. 1C versus Fig. 8A). These data strongly suggest that while
impairment in Cd(II) accumulation may contribute, at least in part, to
the Cd(II) sensitive phenotype of heterozygous HTT cells exposed to 10
and 20 pM for 48h, the increased susceptibility of heterozygous HTT
lines observed at 5 uM Cd(II) is not solely dependent on the net levels of
Cd(I) in the cells. Further, Cd(II) levels in heterozygous HTT cells after
exposure to 5 pM Cd(II) may dampen or impede the activation of an-
tioxidant defense mechanisms (Fig. 2B, C), and concomitantly po-
tentiate oxidative stress (Fig. 2A, D) resulting in neurotoxicity and cell
death (Fig. 6). A comparison between the total levels of Cd(II) accu-
mulation in HD striatal cells upon Cd(II) exposure in our study and the
reported average concentration of Cd(II) in humans upon prolonged
exposure resulting in its estimated accumulation in urine, blood, and/or
tissues of individuals in the United States (Kowal et al., 1979) are
comparable. Thus, our observation of heterozygous HTT x Cd(II) dis-
ease-toxicant interaction is potentially pathologically relevant. Our
findings suggest that heterozygous HTT coupled with Cd(II) may reg-
ulate other influx, intracellular sequestration/trafficking, and efflux
transporter systems involved in Cd(II) cytotoxicity. Based on our cur-
rent understanding of Mn(II) in HD (Williams et al., 2010a, 2010bj;
Tidball et al., 2015; Bryan et al., 2018) another possibility consistent
with our data would be that Cd(II) exacerbates the limited uptake of Mn
(ID) by the striatal cells carrying the CAG repeats. Additional work is
needed to determine if the specific nature of the Cd(II) accumulation
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defect is similar between the cellular and animal models (e.g. extra-
cellular versus intracellular accumulation) and the identity of the metal
transporter involved in the heterozygous HTT and Cd(Il) interaction.

We propose three possible general mechanisms that are not mu-
tually exclusive events for the increased Cd(II) accumulation in the
heterozygous STHdhY/ ! cells: (1) an increase in CA(II) influx, (2) a
decrease in Cd(II) efflux, and (3) an increase in the intracellular traf-
ficking and sequestration of Cd(II) into organelles. Future studies will
explore the kinetics of the Cd(Il) transport defect to elucidate the cel-
lular mechanism and transporters involved. Our findings complement
the disease-toxicant screen study that reported increased vulnerability
of homozygous HTT (STHAhR?!11/Q111y gtriatal cell line to 50 uM Cd(In)
upon 26-30 h exposure as it further supports the dominant toxic gain-
of-function of mutant HTT and establishes Cd(II) as a known environ-
mental toxicant that may exhibit pathogenic interactions with mutant
HTT allele to cause striatal neurotoxicity and neurodegeneration. The
heterozygous HTT used in the current study is more prevalent in hu-
mans and an equally relevant model for these types of studies.

In summary, we present a novel finding that heterozygous HTT in
tandem with the environmental neurotoxicant Cd(II) induce NOX de-
pendent oxidative stress as an early event, which is followed by acti-
vation of caspase-9/3 cascade and PKC$, and inhibition of ERK sig-
naling pathways to cause apoptotic striatal neurotoxicity and
neurodegeneration. Treatment with NAC, ascorbic acid, and apocynin
attenuates Cd(II)-induced oxidative stress and neurotoxicity. Further,
Cd(II) exposure reduces DMT1 protein levels in striatal HTT cells and
exposure to low concentration of Zn(II), Mn(II), and Fe(II) mitigates the
Cd(ID)-induced susceptibility of heterozygous HTT cells (Fig. 11). The
selective effect of heterozygous HTT suggests that the HD mutation can
alter the influence of an environmental toxicant on striatal neurons. In
addition, these findings establish Cd(II) as a neurotoxicant that upon
exposure can interact and modulate mutant HTT function to cause
striatal neurotoxicity and neurodegeneration in HD. Taken together,
our findings may enhance our understanding of pathways that mediate
Cd(ID)-induced neurotoxicity and neurodegeneration in heterozygous
HTT striatal cells and reveal neuropathological mechanisms underlying
HD.
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