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Abstract

Huntington’s disease (HD) is a neurodegenerative disorder caused by a CAG repeat expansion

in the first exon of the gene huntingtin. There is no treatment to prevent or delay the disease
course of HD currently. Oxidative stress and mitochondrial dysfunction have emerged as key
determinants of the disease progression in HD. Therefore, counteracting mutant huntingtin (mHtt)-
induced oxidative stress and mitochondrial dysfunction appears as a new approach to treat this
devastating disease. Interestingly, mild mitochondrial uncoupling improves neuronal resistance
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to stress and facilitates neuronal survival. Mild mitochondrial uncoupling can be induced by

the proper dose of 2,4-dinitrophenol (DNP), a proton ionophore that was previously used for
weight loss. In this study, we evaluated the effects of chronic administration of DNP at three
doses (0.5, 1, 5 mg/kg/day) on mHtt-induced behavioral deficits and cellular abnormalities in the
N171-82Q HD mouse model. DNP at a low dose (1 mg/kg/day) significantly improved motor
function and preserved medium spiny neuronal marker DARPP32 and postsynaptic protein PSD95
in the striatum of HD mice. Further mechanistic study suggests that DNP at this dose reduced
oxidative stress in HD mice, which was indicated by reduced levels of F2-isoprostanes in the
brain of HD mice treated with DNP. Our data indicated that DNP provided behavioral benefit and
neuroprotective effect at a weight neutral dose in HD mice, suggesting that the potential value of
repositioning DNP to HD treatment is warranted in well-controlled clinical trials in HD.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder, caused
by an abnormal expansion of a CAG repeat in exon 1 of the gene encoding the huntingtin
protein (Htt) (The Huntington’s disease Collaborative Research group, 1993). Individuals
who have 36 CAG repeats or more in the Auntingtin gene develop the clinical symptoms,
including motor, cognition, and mental abnormalities that cause a progressive loss of
functional capacity and shortened life span (Ross and Tabrizi, 2011). The mutation results
in a polyglutamine tract at the N-terminal of the mutant Htt protein. The pathology of

the disease has been attributed to toxic gain of functions for the mutant Htt as well as

loss of beneficial functions of wild type Htt protein (Ross and Tabrizi, 2011). The major
neuropathology in HD is the selective loss of medium spiny neurons in the caudate putamen
of patients (Graveland et al., 1985; Reiner et al., 1988; Vonsattel et al., 1985). Despite
remarkable progress in our understanding of this disease, the molecular logic connecting
mutant Htt-mediated neuronal dysfunction and pathological symptoms remains unclear.

Accumulating data has indicated that oxidative stress plays a crucial role in HD pathogenesis
(Kumar and Ratan, 2016). The two major factors that make the brain more prone to
oxidative damage are high lipid concentrations and high energy requirements (Walker,
2007). Mutant Htt can also serve as the source of reactive oxygen species (ROS) (Rotblat
etal., 2014). Moreover, the extensive oxidative DNA damage has also been reported in HD
models (Browne, 2008; Gil-Mohapel et al., 2014; Goula et al., 2009). DNA oxidation was
detected in serum, blood and leukocytes from HD patients (Chen et al., 2007; Hersch et
al., 2006; Tunez et al., 2011). Impairment in the electron transport chain and mitochondrial
dysfunction are the major mechanisms involved in the ROS mediated pathogenesis of HD
(Sayre et al., 2008; Trushina and McMurray, 2007). HD patients showed an increased level
of oxidative stress markers accompanied by a decrease in antioxidant status compared to
healthy subjects (Chen et al., 2007; Montine et al., 1999). Both in vivo and in vitro studies
have documented the protective role of various natural antioxidant products or synthetic
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entities in the prevention of HD (Johri and Beal, 2012; Stack et al., 2008). However, the
neuroprotective treatment for HD patients has not yet been found.

Dietary restriction (DR) without malnutrition is a well-tested intervention in aging and
models of neurodegenerative disorders (Arslan-Ergul et al., 2013; Hunt et al., 2006; Lopez-
Lluch and Navas, 2016; Mattson, 2008; Sohal and Forster, 2014). We have demonstrated
that HD mice maintained on a DR regimen exhibited significantly improved motor
function and lessened brain pathology (Duan et al., 2003). Mild uncoupling increases
metabolic inefficiency, effectively “restricting” caloric conversion into biological work; this
is a mechanism for DR-mediated beneficial effects. Therefore, chemical mitochondrial
uncoupler(s) may represent effective DR mimetic. The protonophore 2,4-dinitrophenol
(DNP), which was extensively used as an obesity treatment in the 1930s (Colman, 2007),
has been increasingly utilized as a putative DR mimetic. Later it was learned that DNP is

a mitochondrial uncoupler (Geisler, 2011; Simkins, 1937). Promisingly, in flies and mice,
DNP has been shown to increase lifespan, accompanied by decreases in oxidative damage
(Caldeira da Silva et al., 2008; Padalko, 2005). In addition, chronic administration of DNP
significantly improved learning and memory in mice (Geisler et al., 2016) and is beneficial
in a stroke model by lowering ROS (Korde et al., 2005). In this study, we evaluated the
effects of DNP on mutant Htt-associated abnormalities in a well-characterized N171-82Q
HD mouse model. Our results indicate that chronic administration of appropriate low dose
DNP improved motor function, preserved medium spiny neuronal identity, and reduced
oxidative stress in HD mice, suggesting that mild mitochondrial uncoupling might be a new
therapeutic strategy for HD.

2. Materials and methods

2.1. Mice

Male N171-82Q HD mice were mated to female B6C3F1/J mice (Jackson Laboratory, ME)
to generate the experimental mice. Male mice were used in our current study, because we
found gender-dependent phenotypic differences in N171-82Q HD mice, therefore we use
male N171-82Q mice for this preclinical study as we did previously (Jiang et al., 2013;
Jiang et al., 2012). Mice were randomly divided into six groups. DNP or placebo (1%
sodium bicarbonate, pH 7.0) was orally given to the mice by gavage from 8 weeks old to
the end of the study. Animals were housed under specific pathogen-free conditions with a
reversed 12-h light/dark cycle maintained at 23 °C and provided with food and water ad
libitum. All animal experiments were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were approved by Johns
Hopkins University Animal Care and Use Committee.

2.2. Drug preparation

2,4-DNP is slightly acidic and was dissolved by adding sodium bicarbonate. Briefly, DNP
was added to water first and 90 mg/mL sodium bicarbonate solution was added at 1% to
each dosing solution. Final drug concentrations were 0.5 mg/mL (for 5 mg/kg dose), 0.1
mg/mL (for 1 mg/kg dose) and 0.05 mg/mL (for 0.5 mg/kg dose). The DNP solution was
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stored at room temperature and kept from light. Fresh DNP solutions were made every three
days.

2.3. Behavioral tests

Motor function was assessed on an 80-cm long and 5-mm wide square-shaped balance
beam. The balance beam was mounted on 50-cm high supports. A bright light illuminated
the start platform, and a darkened enclosed 1728 cm3 escape box (12 x 12 x 12 cm) was
situated at the end of the beam. Disposable pads placed under the beam provided cushioning
if a mouse fell off the beam. Mice were trained to walk across the beam twice at least 1 h
prior to testing. If a mouse stopped during training, the tail was gently pressed to encourage
movement. After the training trial, mice were left undisturbed for at least an hour before
testing. The time for each mouse to traverse the balance beam was recorded with a 60-s
maximum cut-off, and falls were scored as 60 s. In addition to the 5 mm balance beam, the
tapered beam was also used to evaluate hindlimb function. To increase sensitivity of the task
and to encourage the mice to run the beam reliably, the beam was angled at 17° from the
horizontal such that the mouse was able to run uphill. Our apparatus also has a goal box, as
the use of a goal box can be beneficial for expediting training and increasing the reliability
of the test performance. As the beam is elevated above ground level, a soft landing area is
essential beneath the beam, which in our laboratory consists of numerous bench pads. The
traverse time when the mouse crossed the start line and ended was recorded.

2.4. Survival

Survival was monitored daily by experienced investigators (B.W and Q.P). The mice were
considered at the end of life when they were unable to right themselves after being placed on
their backs and initiate movement after being gently prodded for 30 s.

2.5. Invivo structural MRI acquisition and quantification of brain volume

In vivo structural MRI scans were performed on a horizontal 9.4T magnetic resonance
imager (Bruker Biospin, Billerica) with a triple-axis gradient and an animal imaging probe.
The detailed image capture and analysis were described in our previous study (Cheng et
al., 2011). Briefly, mice were anesthetized with 1% isoflurane, respiration was monitored
and the temperature was maintained during the entire scan. Images were acquired by a
three-dimensional T2-weighted fast spin echo sequence with the following parameters: echo
time (TE)/repetition time (TR) = 40/700 ms, resolution = 0.1 mm x 0.1 mm x 0.1 mm,
echo train length = 4, number of average = 2 and flip angle = 40°. The imaging resolution
and contrast were sufficient for automatic volumetric characterization of the mouse brains
and substructures. The intensity-normalized images were submitted by the Diffeomap
software to a linux cluster, which runs Large Deformation Diffeomorphic Metric Mapping
(LDDMM). The transformations encode morphological differences between subject and
template images and can be analyzed with deformation-based morphometry to detect
regional changes in brain volume.
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2.6. Protein extraction and Western blot analysis

2.7.

Mouse brain tissues were collected at 4-h following the last DNP administration. Striatum
was homogenized in RIPA buffer (Sigma) containing 50 mM Tris-HCI, pH 8.0, with 150
mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, and freshly prepared protease inhibitor (1:100, Sigma) and/or phosphatase inhibitor
(1:100, Sigma). Samples were then centrifuged at 14,000 xg for 15 min at 4 °C and
supernatant fractions were collected. Protein concentration was determined by the Micro
BCA protein assay kit (Pierce Protein Research Products). Soluble proteins were separated
by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked

in the presence of 5% nonfat milk, and then incubated overnight with primary antibodies

at 4 °C: rabbit anti-DARPP32 (1:2000, EMD Millipore, Cat# AB10518), mouse anti-beta
actin (1:5000, Sigma, Cat# A2228), mouse anti-PSD95 (1:1000, Sigma, Cat#P246), mouse
anti-HSP70 (1:5000, ThermoFisher Scientific, cat#MA3-028), and Rabbit anti-GRP78
(1:1000, EMD Millipore, cattMABS474). The membrane was then exposed for 1 h to HRP-
conjugated secondary antibody (1:3000; GE Healthcare) and immune-reactive proteins were
visualized with a chemiluminescence-based detection kit according to the manufacturer’s
protocol (ECL kit; Amersham Corp.).

Measurement of F2-isoprostanes using gas chromatograph-mass spectrometry

Brain tissue samples were snap frozen in liquid nitrogen and stored at =80 °C until analysis
at the Vanderbilt University Eicosanoid Core Laboratory. Cerebral cortex samples were
analyzed by gas chromatography and mass spectroscopy as we described previously (Milne
et al., 2013). Esterified (bound) F2-Isoprostanes (F2-1soP) quantity is reported in “ng F2-
IsoP/gm tissue”.

2.8. Statistics

Data are expressed as the mean + SD or SE. Statistical comparisons between groups were
compared by One-way ANOVA with Holm-Sidak post-hoc test. Survival data were analyzed
by Kaplan Meier analysis.

3. Results

3.1.

DNP at low doses improves motor function in N171-82Q HD mice

N171-82Q HD mice exhibit adult-onset progressive motor deficits similar to those
manifested in HD patients (Jiang et al., 2013; Jin et al., 2013; Masuda et al., 2008; Schilling
et al., 1999). We examined whether peripheral (oral) administration of three ascending doses
of DNP has any effect on motor function, which is impaired in the N171-82Q HD mice.
We used a 5 mm square-shaped balance beam to assess the motor coordination of mice as
we described previously (Jin et al., 2015; Peng et al., 2016). N171-82Q HD mice displayed
significantly prolonged transverse time on the beam compared to the age-matched wild type
control mice at 16 weeks of age, indicating impairment of motor coordination in the HD
mice (Fig. 1A). DNP at all three tested doses (0.5, 1, 5 mg/kg) significantly improved the
motor function of HD mice at both 16- and 22-weeks of age (~50-days and ~90-days on
treatment), indicated by shorter transverse time on the beam in HD mice treated with DNP
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compared to that in HD mice on placebo (Fig. 1A-B). At 26 weeks of age (~120-days on
treatment), low doses of DNP (0.5 and 1 mg/kg)-treated HD mice continuously exhibited
improved motor function on the balance beam, whereas HD mice treated with a higher

dose of DNP (5 mg/kg) had similar results to the placebo, suggesting lower doses are

more advantageous (Fig. 1C). These results indicate that the protective effect of DNP is
dose-dependent, and lower doses of DNP appear to have a long-term beneficial effect in HD
mice. We also tested mice at 22-weeks and 26-weeks on the tapered beam tochallenge the
hind limbs and the results were comparable to the 5-mm beam (data not shown).

DNP preserves medium spiny neuronal marker protein DARPP32 and postsynaptic

protein PSD95 in the striatum of N171-82Q HD mice

To investigate the underlying molecular mechanisms why motor function was improved
by low dose of DNP in HD mice, we examined the medium spiny neuronal identity
marker - dopamine- and cyclic AMP-regulated phosphoprotein of a molecular weight of
32 kDa (DARPP32). DARPP32 is downregulated in the HD striatal transcriptome, also
in HD animal models, and these effects on transcription seem an essential feature of HD
pathogenesis (Cha, 2007; Runne et al., 2008; Thomas et al., 2011; Young et al., 2013).
We have demonstrated that DARPP32 protein levels declined in the striatum of N171-82Q
HD mice (Jiang et al., 2013; Jiang et al., 2012; Jiang et al., 2014). We found that the
DARPP32 protein levels were preserved by chronic administration of DNP at 1 mg/kg to
equivalent levels in age-matched wild type mice (Fig. 2A), suggesting that DNP provided
neuroprotective benefit in the HD mice.

PSD95 is a postsynaptic marker and this protein plays a role in anchoring NMDA receptors
at the postsynaptic membrane and is required to sustain the molecular organization of the
postsynaptic density and synaptic plasticity (Stein et al., 2003). PSD95 levels were reduced
in HD mouse models, including full-length Htt knock-in mice (Valencia et al., 2013) and
transgenic HD mice (Luthi-Carter et al., 2003), as well as the striatum of HD human brain
(Fourie et al., 2014). It is postulated that ameliorating such synaptic changes delays clinical
onset and/or prevents neurodegeneration. In fact, environmental enrichment significantly
delayed the onset of deficit in PSD95 levels in HD mice (Nithianantharajah et al., 2008). We
found that PSD95 protein levels were dramatically decreased in the striatum of N171-82Q
HD mice, and DNP at 1 mg/kg significantly preserved the levels of PSD95 protein in the
striatum of HD mice (Fig. 2B), indicating that DNP at this dose had beneficial effect in
preserving postsynaptic density.

We next examined whether DNP at the protective dose induced cellular stress proteins

in the mouse brain. We measured two inducible stress-responsive proteins - HSP70 and
GRP78, which were up regulated in response to calorie restriction (Duan and Mattson, 1999;
Manzanero et al., 2011; Mattson et al., 1999). We found that chronic administration of DNP
at 1 mg/kg had no significant effect on the protein levels of HSP70 (Fig. 2C) or GRP78

(Fig. 2D) in the striatum of HD mice, suggesting that different molecular mechanisms were
involved in the neuroprotective effect of DNP as it compares with those induced by calorie
restriction.
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3.3. DNP at the doses which improved motor function in HD mice has no significant
effect on body weight, survival and brain atrophy in HD mice

In addition to neurological features, N171-82Q HD mice display body weight loss that is
also observed in other HD mouse models as well as in HD patients (Carroll et al., 2015;
Masuda et al., 2008; Schilling et al., 1999). We examined whether DNP at the doses used

in this study affected body weight in mice. Wild type mice were given only the higher dose
DNP (5 mg/kg), and HD mice were given three doses of DNP (0.5, 1, and 5 mg/kg). We
found that DNP at all the doses used in our current study had no significant effect on body
weight in either HD or in wild type mice (Fig. 3A). These results indicate that doses of
DNP employed in the current study are weight neutral and considerably lower than what are
historically used doses for obesity.

N171-82Q mice have a shorter life span relative to wild type mice (Schilling et al., 1999);
therefore we monitored the survival of HD mice treated with DNP. The life span in HD-
placebo group was 220 + 17 days (n = 15), HD mice treated with DNP at 0.5 mg/kg had

an average lifespan as 206 + 27 days (n = 15), and HD mice treated with DNP at 1 mg/kg
had average lifespan at 234 + 6 days (n = 15). HD mice treated with DNP at 5 mg/kg had a
shorter lifespan compared to that in HD mice-placebo group (190 + 13 days in HD-DNP at
5 mg/kg versus 220 + 17 days in HD-placebo group, n = 15). DNP at all doses employed in
this study did not significantly improve the survival of HD mice. To date, it is not precisely
known why HD mice die; it can therefore be argued that motor scores and brain volume are
better outcome measures versus survival.

The changes in brain volumes observed in N171-82Q HD-like mice strongly resemble
those in human HD (Cheng et al., 2011). We next determined whether the improved motor
function with the effective dose of DNP was associated with preventing brain atrophy. We
conducted in vivo structural MRI scans and measured brain volumes at 26-weeks of age
when significant brain atrophy was detected in N171-82Q HD mice (Jiang et al., 2013;
Jiang et al., 2014). Based on the results on motor function assessment and survival, our
neuroimaging study was focused on DNP at 1 mg/kg. N171-82Q mice showed significant
volume loss in both the neocortex and striatum at this age. DNP at 1 mg/kg did not have
significant effects on brain atrophy in HD mice (Fig. 3 B-C).

3.4. DNP reduces F2-isoprostanes levels in HD mouse brain

Oxidative stress has been implicated in HD (Browne, 2008; Browne and Beal, 2006;

Chen et al., 2007). F2-isoprostanes are excellent biomarkers as well as potent mediators
of oxidative stress in vivo in human (Milne et al., 2015). The literature data indicates

that in vivo or postmortem cerebrospinal fluid and brain tissue levels of F2-isoprostanes
are significantly increased in neurodegenerative diseases, including HD (Montine et al.,
1999). We measured esterified F2-isoprostanes in the cerebral cortex by the most accurate
method-gas chromatograph-mass spectrometry. We found that F2-isoprostanes levels were
significantly elevated in HD mouse brains compared to those in age-matched littermate
control mice. Chronic administration of DNP at 1 mg/kg dramatically reduced the F2-
isoprostanes in the HD mouse brain (Fig. 4) and brought the levels of F2-isoprostanes in HD
mouse brain to the wild type mouse levels.
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4. Discussion

In this study, we found that DNP at low doses had significantly improved motor function
and preserved medium spiny neuronal identity in HD mice. The doses of DNP used in our
study are equivalent to 50-60 times lower (2-5 mg/day) than the typical dose provided

for obesity patients in the 1930"s (~300 mg/day). In order to demonstrate the potential

for repurposing DNP for HD, both HD mice and wild type mice were treated with DNP
higher dose (5 mg/kg), DNP at this dose was also weight neutral. All doses appeared to
preserve motor function up to 22-weeks of age (~90-days of treatment), however the lower
doses (0.5 and 1 mg/kg) rather than the high dose (5 mg/kg) consistently provided the
protection in motor function at 26-weeks of age, implicating a possible hormetic effect
(Geisler et al., 2016). Our results of F2-isprostane levels indicate that the effects of low dose
of DNP reduced oxidative stress/ROS production by mild mitochondrial uncoupling while
maintaining sufficient ATP production; while the long-term administration of higher dose of
DNP (5 mg/kg), outside the hermetic zone, may result in insufficient energy production to
support neuronal function, and abolishes the protective effect.

Mitochondria comprise the key components for energy demand/production coupling to
coherently integrate cell respiration and energy metabolism to support cell survival,
particularly neurons with high energy demand. Mitochondrial uncoupling proteins

(UCPs) can be activated by free radicals, and their activity has a profound influence

on neuronal function (Kim-Han and Dugan, 2005; Mailloux and Harper, 2011). By
regulating mitochondrial biogenesis, calcium flux, free radical production and local
temperature, neuronal UCPs can directly influence neurotransmission, synaptic plasticity
and neurodegenerative processes (Mattson and Liu, 2003). Mitochondrial uncoupling
reduces the production of ROS and consequent oxidative stress (Mailloux and Harper,
2011). Our results on F2-isoprostanes levels confirmed this is indeed the case. Prevention of
overt production of ROS by DNP is significantly different than therapies attempting to clear
ROS after they have been made using anti-oxidants (Enns et al., 2012; Smith and Murphy,
2010). Beyond the pharmacology of lowering ROS with DNP administration, there is a
distinct difference between the acute and chronic actions of mitochondrial uncoupling. The
acute effects of mitochondrial uncoupling prevent the reverse flow of electrons and lowering
ROS (Korde et al., 2005), while chronic mitochondrial uncoupling triggers a cascade effect
of cellular remodeling with mitochondrial biogenesis in neurons, such as induction of
cAMP, lowering mTOR (De Felice and Ferreira, 2006; Liu et al., 2002; Sebollela et al.,
2010). In either case, the initial mechanism of action is “non-genomic” with DNP being the
transporter of a proton (H*) that is delivered to the mitochondrial matrix, causing a reduction
in ATP production since the proton did not travel through ATP synthase (Geisler, 2011).

As a result, there is a compensatory increase in beta-oxidation of lipids and glycolysis to
reestablish the mitochondrial membrane potential through the electron transport system. In
our current study, DNP was given chronically at weight-neutral doses over a long period

of time, is sufficient to reduce ROS production and trigger cellular remodeling, thereby
protecting neurons from mutant Htt toxicity.

DARPP32 is a cytosolic protein that is highly enriched in striatal medium spiny neurons.
The protein is a pivotal integrator of dopamine signaling in MSNs neurons (Svenningsson
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et al., 2004). DARPP32 is also a fundamental component of the dopamine-signaling cascade
(Fienberg et al., 1998; Greengard et al., 1999), and HD pathology is marked by extensive
loss of medium spiny striatal neurons that express high levels of DARPP32; therefore,
DARPP32 serves as a marker of neuronal loss or neuronal dysfunction in medium spiny
neurons (Hickey et al., 2008; van Dellen et al., 2000). DNP at the low dose preserves
DARPP32 protein levels in the striatum of HD mice, indicating that DNP protects medium
spiny neurons from mutant Htt toxicity.

Aberrant synaptic plasticity (Cummings et al., 2007; Cummings et al., 2006; Hodgson et
al., 1999; Murphy et al., 2000; Usdin et al., 1999) and altered expression of genes encoding
synaptic proteins have been documented in various HD mouse models (Cha, 2007; Luthi-
Carter et al., 2003; Sugars and Rubinsztein, 2003). The number of mitochondria in dendritic
compartments correlates with the morphological plasticity of spines, which indicates that
the postsynaptic distribution of mitochondria is essential and limiting for the support of
synapses (Dorszewska, 2013). This indicates that mitochondria are more directly involved in
synapse plasticity. PSD95 binds to neuronal cell adhesion molecules, which are assumed to
form an intercellular bridge traversing the synaptic cleft (Ichtchenko et al., 1995; Irie et al.,
1997; Song et al., 1999), interacts with microtubules or tubulin indirectly (Niethammer et
al., 1998) and binds proteins that regulate the actin cytoskeleton (Furuyashiki et al., 1999),
suggesting a major function of PSD-95 in normal synaptic plasticity. In the N171-82Q HD
mouse striatum, we found a dramatic decrease of postsynaptic protein PSD95, and DNP
preserved the PSD95 levels in HD mice, suggesting that the down-regulation of PSD-95 is
a molecular mediator of HD pathogenesis and that amelioration of this PSD-95 deficit may
also contribute to the beneficial effects of chronic administration of low dose DNP.

F2-Isoprostanes are unique prostaglandin-like products, which are formed via nonenzymatic,
free radical-mediated peroxidation of polyunsaturated fatty acids, such as arachidonic acid
(AA) (Hardy et al., 2011; Roberts and Morrow, 2002). The measurement of F2-1soPs is
currently the best available biomarker of lipid peroxidation and oxidative stress in vivo
(Halliwell and Lee, 2010; Roberts and Milne, 2009). The level of F2-isoprostanes in

HD patients was significantly higher than in the control group (Montine et al., 1999).

Such stress contributes to neuronal dysfunction by damaging the main structures: DNA,
proteins, and lipids. Previous studies suggest that there are increased immunostaining

for malondialdehyde, 4-hydroxynonenal, and 15-F2 isoprostanes in HD mice (Browne
and Beal, 2006). Our current study using accurate gas chromatograph-mass spectrometry
measured the F2-isoprostanes in the cerebral cortex of either placebo or DNP treated- HD
mice. Our results suggest that increased oxidative stress in the N171-82Q mouse brain and
DNP at low dose significantly reduced the oxidative stress.

It has been reported that DNP can cross the blood-brain barrier (Perry et al., 2013) and

act directly on neurons to cause mitochondrial uncoupling and increase cellular resilience,
similar to caloric restriction or moderate exercise improving brain bioenergetics when
administered systemically (Caldeira da Silva et al., 2008), reversed diet-induced obesity,
hypertriglyceridemia, and insulin resistance in diet-induced obesity (Goldgof et al., 2014;
Perry et al., 2013). It is also possible that some of the peripheral responses to DNP are also
beneficial for the brain protection.

Exp Neurol. Author manuscript; available in PMC 2023 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 10

Although the clinical use of DNP has been banned due to its side effects at high dose

and narrow pharmacokinetic profile, DNP nevertheless continues to be used to improve
appearance (Petroczi et al., 2015). DNP at low doses is protective against diet-induced
obesity and hepatic steatosis, while improving glucose tolerance in mice and rats (Perry et
al., 2015; Samuel et al., 2004). In addition, DNP has been reported to have neuroprotection
and improved functional outcome in models of stroke (Korde et al., 2005; Liu et al., 2002),
Parkinson’s disease (Wu et al., 2011), and an Alzheimer’s disease mouse model (Geisler et
al., 2016). Combined with our current study, these findings suggest that DNP at appropriate
weight-neutral doses may have clinical applications for neurodegenerative conditions. In
conclusion, our data suggested that DNP preserved the molecular identity of medium spiny
neurons, improved motor function, and reduced oxidative stress in HD mice. These findings
provide validation for the merit of mild mitochondrial uncoupling as a potential therapeutic
approach for HD.
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Fig. 1.

DNP improves motor function in N171-82Q HD mice. DNP was orally administered to
mice daily at indicated doses from 8 weeks of age to the end of study. Mice were tested on

a 5-mm square-shaped beam at 16-(A), 22-(B) and 26-(C) weeks of ages. n = 14-16 mice.
The values are the mean and SEM. One-way ANOVA with Holm-Sidak post-hoc test was
used. *p < 0.05 versus the values in wild type (WT)-placebo group; #0 < 0.05 versus the
HD-placebo group. Note that HD mice treated with DNP at 0.5 and 1 mg/kg (mpk) exhibited
superior motor function, similar to the performance in WT mice at 26 weeks of age.
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Fig. 2.
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DNP preserves the protein levels of DARPP32 and PSD95 in the striatum of N171-82Q HD
mice. DNP (1 mg/kg) was administered to mice daily from 8 weeks of age; at 26 weeks of
age the mice were euthanized and the striatum was dissected for measurement of DARPP32
levels (A), PSD95 (B), HSP70(C), and GRP78 (D) by Western blotting. Top panels are
representative blots and bottom panels are densitometry results from three mice in each
group. The Y-axis values represent the ratio of targeted proteins (DARPP32 or PSD95) to
beta-actin; the data were normalized to the ratio of WT-placebo group (100%).n =3. *p<
0.05, compared to the value of WT- placebo group; #p < 0.05 compared to the value of HD-
placebo group by one-way ANOVA with Holm-Sidak post-hoc tests.
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Fig. 3.

Efgfects of DNP on body weight and brain atrophy in HD mice. (A) Body weight was
monitored from the beginning of study weekly. The values are the mean and SEM. n =
14-16. (B-C) Brain regional volumes were measured by structural MRI at 26 weeks of age,
the values are mean and SE from 5 mice per group. *p < 0.001 versus WT-placebo group by
one-way ANOVA with Holm-Sidak post-hoc tests.
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Fig. 4.

DI%IP attenuated oxidative stress in HD mouse brain. Cerebral cortex was dissected and
F2-isoprostanes levels were measured by gas chromatography and mass spectrometry at 26
weeks old mice. Mice were chronically given placebo or DNP from 8 weeks of age. Data
are Mean £ SE, n = 5 mice/group in WT-placebo, HD-placebo, HD-DNP and 3 mice in
WT-DNP group. *p < 0.05 versus WT-placebo group, **p < 0.05 versus HD-placebo group
by one-way ANOVA with Holm-Sidak post-hoc tests.
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