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Abstract Huntington’s disease (HD) is an autosomal

dominant neurodegenerative disorder. Oxidative damage

has been associated with pathological neuronal loss in HD.

The therapeutic modulation of oxidative stress and mito-

chondrial function using low molecular weight compounds

may be an important strategy for delaying the onset and

slowing the progression of HD. In the present study, we

found a marked increase of 4-hydroxy-2-nonenal (4-HNE)

adducts, a lipid peroxidation marker, in the caudate and

putamen of HD brains and in the striatum of HD mice.

Notably, 4-HNE immunoreactivity was colocalized with

mutant huntingtin inclusions in the striatal neurons of R6/2

HD mice. Administration of nordihydroguaiaretic acid

(NDGA), an antioxidant that functions by inhibiting lipid

peroxidation, markedly reduced 4-HNE adduct formation

in the nuclear inclusions of R6/2 striatal neurons. NDGA

also protected cultured neurons against oxidative stress-

induced cell death by improving ATP generation and

mitochondrial morphology and function. In addition,

NDGA restored mitochondrial membrane potential, mito-

chondrial structure, and synapse structure in the striatum of

R6/2 mice and increased their lifespan. The present find-

ings suggest that further therapeutic studies using NDGA

are warranted in HD and other neurodegenerative diseases

characterized by increased oxidative stress and altered

mitochondrial function.
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Introduction

Huntington’s disease (HD) is a fatal autosomal dominant

neurodegenerative disease of midlife onset caused by an

expanded DNA segment containing a polymorphic tri-

nucleotide CAG repeat that encodes the protein

huntingtin (Htt) [14, 15]. The Htt protein is widely and

heterogeneously expressed in neurons throughout the

brain. There is increasing evidence suggesting that mtHtt

and its proteolytic fragments may participate in patho-

logic protein–protein interactions, leading to altered

genetic and molecular messages that result in neuronal

dysfunction [4, 9, 44]. A direct pathway linking the

genetic mutation to neuronal degeneration, however, has

not been established.
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Impaired energy metabolism due to mitochondrial dys-

function and oxidative damage occur in HD, but it is not

clear whether neuronal injury is a cause or result of oxi-

dative damage [1, 3]. It is noteworthy that lymphoblasts

from HD patients manifest abnormal mitochondrial mem-

brane depolarization suggesting that mitochondrial

dysfunction in the HD brain is not secondary to neuro-

pathological alterations [30, 37]. Mitochondrial dysfunction

may be disease-specific because lymphoblasts from the

patients with spinocerebellar ataxia type 1 (SCA1), another

neurodegenerative disorder caused by an expanded poly Q

in the gene ataxin-1, do not show altered mitochondrial

membrane depolarization [37]. Furthermore, oxidative

damage affects mitochondrial DNA in the parietal cortex as

well as nuclear DNA in the caudate nucleus in HD [6]

confirming the notion that oxidative stress is a fundamental

aspect of HD pathogenesis [45]. Because of this, therapeutic

modulation of oxidative stress and mitochondrial function

using small compounds may be an important strategy for

slowing the onset and the progression of HD [4, 35].

Polyunsaturated fatty acids within the cellular mem-

brane are among the primary targets of free radicals.

4-Hydroxy-2-nonenal (4-HNE), a major lipid peroxidation

product of n – 6 polyunsaturated fatty acids, interferes with

nucleophilic and signaling molecules that regulate a wide

range of cellular processes including proliferation, differ-

entiation, and apoptosis [7]. 4-HNE induces neuronal

microtubule dysfunction and inhibits neurite outgrowth and

is elevated in the brain and plasma of Alzheimer’s patients

[21–24]. 4-HNE deposition has also been found in other

neurodegenerative diseases, including amyotrophic lateral

sclerosis, myotonic dystrophy, and Parkinson’s disease [5,

12, 29], but 4-HNE adducts have not been previously

investigated in HD.

In this study, we examined the level of 4-HNE adducts

in human and murine HD brains. We also evaluated the

therapeutic effects of a phytoestrogen, nordihydroguaia-

retic acid (NDGA), on oxidative stress and mitochondrial

function in an animal model of HD.

Materials and methods

Animals and therapeutic intervention

Male transgenic HD mice (R6/2 strain) [20] were obtained

from The Jackson Laboratory (Bar Harbor, ME, USA) and

maintained as a colony at the Bedford Veterans Medical

Center. CAG140 mice and N171-82Q mice were obtained

from Dr. Levine and Dr. Borchelt’s laboratory, respectively

[17, 39]. All mice were handled under the same conditions

by one investigator as described previously [8, 36]. All mice

were weighed at 20 days of age and equally distributed

according to weight and percentage within each cohort

(n = 10). NDGA (12 mg/kg/day; Calbiochem) was

administered by intraperitoneal (i.p.) injection at 30 days of

age. NDGA was injected five times a week. Control groups

were treated with saline injection. For all groups, body

weight was measured and recorded twice weekly at the same

time and day. For the neuropathological and the biochemical

analysis, R6/2, N171-82Q, and CAG140 mice were eutha-

nized at 90 days (3 months), 180 days (6 months), and

240 days (8 months) of age, respectively. A limited number

of deaths occurred overnight and were recorded the fol-

lowing morning. 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 both the Veterans Administration and Boston University

Animal Care Committees.

Human tissue samples

Samples of striatum and the superior frontal cortex were

pathologically verified and graded according to neuro-

pathological criteria as described previously [36, 46]. The

information on human brain samples was shown in Online

Resource 1.

Primary cortical neuron culture

The primary neurons were obtained from the cerebral

cortex of fetal Sprague–Dawley rats [embryonic day 17

(E17)] and B6CBA mice (E15) as described previously

[32, 33]. All experiments were initiated 24–72 h or

2 weeks in vitro culture after plating. Neurons were either

stimulated with indicated agonists and antagonist or treated

with the same volume of the appropriated diluents for the

indicated periods of time. Neuronal cell viability was

assessed by phase-contrast microscopy, MTT, and TUNEL

assay [34].

Intracellular ATP measurement

Primary neurons were treated NDGA for 24 h. The cell

lysates were prepared for the measurement of ATP using a

bioluminescence detection kit for ATP (Promega, Madison,

WI, USA).

Western blot analysis

For the measurement of protein level by Western blot

analysis, the minced brains from WT and R6/2 mice were

homogenized with 15 strokes (Power Gen 125, Fisher

Scientific, Pittsburgh, PA, USA) in an ice-cold cell

extraction buffer containing 50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1 mM
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(PMSF), 10 lg/ml leupeptin, 1 mM pepstatin, 1 mM

N-ethylmaleimide, 2 mM Na3VO4, 20 mM sodium pyro-

phosphate, and 50 mM NaF [33]. The supernatants were

carefully removed, and the protein concentration was

quantified by Bradford method. Lysates were mixed with

29 or 59 boiling Laemmli’s buffer (19 is 100 mM Tris–

HCl, pH 6.8, 4% SDS, 200 mM dithiothreitol, 20% glyc-

erol, 2% SDS, 0.2% bromophenol blue, 10 lg/ml

aprotinin, 10 lg/ml leupeptin). The samples were then

boiled for 10 min at 100�C and spun at 15,000 rpm for

10 s. Typically, about 30 lg of protein was electrophore-

sed on 10% SDS-polyacrylamide gel and transferred to

nitrocellulose membrane. Membranes were blocked in 5%

skim milk in TBST (Tris, pH 7.4; 150 mM NaCl; 0.05%

Tween 20) for 30 min at room temperature. Blots were

then probed with primary antibodies overnight at 4�C fol-

lowed by incubation with anti-rabbit or anti-mouse IgG,

conjugated with horseradish peroxidase (Bio-Rad, Hercu-

les, CA, USA) for 1 h. Signals were detected by using the

ECL system (Amersham Corp., Arlington Heights, IL,

USA).

Neuropathology and confocal microscopy

Serial-cut coronal tissue sections from the rostral segment

of the neostriatum at the level of the anterior commissure

(interaural 5.34 mm, bregma 1.54 mm to interaural

3.7 mm, bregma -0.10 mm) were used for the neuro-

pathological analysis [8, 36]. Serially cut tissue sections

were stained for Nissl substance, and the neuronal sizes

were analyzed by NIH ImageJ program. Indirect labeling

methods were used to determine the levels of 4-HNE

(Chemicon, Temecular, CA, USA) (1:200), MDA (Chem-

icon) (1:200), mtHtt (EM48 monoclonal antibody)

(Chemicon) (1:1,000), cytochrome c (Santa Cruz Biotech)

(1:200), and bIII tubulin (Sigma) (1:500 dilution). Fixed

cells and tissue sections were incubated with blocking

solution containing 0.3% Triton X-100, 5% bovine serum

albumin, and 3% goat serum for 1 h, followed by incubation

with primary antibodies overnight at 4�C. After three

washes with PBS, the specimens were incubated for 1 h

with FITC and Cy3-conjugated secondary antibodies (1:200

dilution). The nucleus was counter stained with 40,6-dia-

midino-2-phenylindole (DAPI). All antibodies were diluted

in PBS. The slides were washed three times with PBS and

mounted with fluorochrome mounting solution (Vector

Laboratories). Images were analyzed using a spinning disk

confocal microscope (Olympus DSU, Tokyo, Japan).

Deconvolution and three-dimensional construction of the

confocal image were performed by AQI-X-COMBO-CWF

program (Media cybernetics Inc., Bethesda, MD, USA).

Isosurface image was reconstructed after a deconvolution of

the confocal image. ‘‘Isosurfaces’’ are a graphical rendering

technique available on the more powerful computer visu-

alization programs, which create 2D contours in 3D space

by interpolating between stacked sequential images, such as

the 2D cellular maps that comprise a cross-section of the 3D

data volume. Typically, we looked at a series of 40 confocal

layers representing fluorescence data from the substantia

nigra neuron and then developed an abstract image which

provided the details seen in this image. The quantitative

assessment of the image was measured by AQI-X-

COMBO-CWF and NIH ImageJ software. Control experi-

ments were performed either in the absence of primary

antibody or in the presence of blocking peptide.

Transmission electron microscopy (TEM)

The primary cultured neurons and brain samples were fixed

for 1 h in a mixture of 2% glutaraldehyde, 0.2% freshly

prepared tannic acid, and 0.1 M sodium cacodylate (pH

7.4). After washing in cacodylate, they were postfixed in

0.5% OsO4 and embedded in Durcupan (Fluka, Switzer-

land). The sections were contrasted with uranyl acetate and

lead citrate and examined in a Jeol CX 100 electron

microscope.

Statistical analysis

The data are presented as the mean ± SEM. Data analysis

was performed by Student t test and one-way ANOVA

followed by Fisher’s protected least significant difference

test using StatView 4 (Abacus Concepts, Berkeley, CA,

USA). Survival data were analyzed by Kaplan–Meier sur-

vival curves. Differences were considered statistically

significant when P \ 0.05.

Results

Increased 4-HNE adducts in the striatum of human HD

and animal models of HD

The 4-HNE is a major membrane lipid peroxidation product.

While markers of oxidative damage to DNA and proteins

have been studied in HD, there has been no such research

using 4-HNE. Our aim was to determine the level of 4-HNE

in human HD and murine HD brain tissue sections using

immunocytochemistry and confocal microscopy. Immuno-

reactivity of 4-HNE adducts, a lipid peroxidation marker,

was markedly increased in the caudate and putamen of the

human HD brain compared to the control brain that displayed

weak immunoreactivity of 4-HNE adducts (Fig. 1a, b). The

information on human brain samples was shown in Online

Resource 1. Densitometric analysis by NIH ImageJ showed

that the 4-HNE levels are significantly increased both in
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caudate and putamen of HD brains in comparison to the

control brains (P \ 0.01, df = 8) (Fig. 1c). In addition, we

quantified the amount of lipid peroxidation (4-HNE plus

MDA) in human samples using a colorimetric microplate

assay. Concurrent with the immunohistochemistry data, the

total level of lipid peroxidation was significantly elevated in

HD brains (2.64 ± 0.20 lM) than in controls (2.13 ±

0.12 lM) (P \ 0.05, df = 8) (Online Resource 2). Other-

wise, immunoreactivity of 4-HNE adducts was notably

elevated in the nucleus striatal neurons of the N171-82Q HD

mouse at 6 months of age (Fig. 2a, b) and in striatal neurons

of the CAG140 knock-in HD mouse at 8 months of age

(Fig. 2c, d), respectively (P \ 0.05, F = 8). Interestingly,

the immunoreactivity of 4-HNE adducts was found in nuclei

along with the immunoreactivity of mtHtt (Fig. 2c). We

found that oxidative stress increases the cellular immuno-

reactivity of 4-HNE in a cell line model of HD (Tet-mtHtt-

Q103-EGFP cells) (Online Resource 3). Tet-mtHtt

Q103-EGFP SH-SY5Y cells were induced with 3 lM of

doxycycline for the expression of mtHtt for 48 h. The basal

immunoreactivity of 4-HNE adducts was increased by mtHtt

induction. Moreover, the level of 4-HNE adducts and

aggregates were enhanced when cells were exposed to oxi-

dative stress (10 lM of H2O2 for 12 h).

NDGA protects neurons against oxidative

stress-induced cell death via

mitochondria-dependent pathway

To determine the neuroprotective effect of NDGA, primary

neurons were exposed to buthionine sulfoximine (BSO) to

induce oxidative stress by glutathione depletion through an

inhibition of c-glutamylcysteine synthetase. NDGA

(\10 lM) prevented BSO-induced neuronal death in a

concentration-dependent manner (Online Resource 4).

However, a higher dose ([10 lM) of NDGA showed no

additional protective effect against oxidative stress. Glu-

tamate-induced cell death, which is accompanied by an

accumulation of reactive oxygen species (ROS), is a major

contributor to pathological cell death within the nervous

system. Selective striatal degeneration is mimicked by

administration of excitotoxins into the striatum [4]. Thus,

glutamate-induced excitotoxicity is closely linked to the

oxidative stress in HD. In order to confirm the protective

role of NDGA against excitotoxicity, we further investi-

gated the effect of NDGA on the glutamate-induced

neuronal cytotoxicity and the ultrastructural morphology

of mitochondria using a cytochrome c antibody and the

MitoTracker probe (CMXRos). The mitochondria were

double labeled in the presence or absence of glutamate and

NDGA. Control cells showed intact mitochondrial cyto-

chrome c staining (green) and CMXRos (red) (Fig. 3a).

The fluorescence-staining pattern of active mitochondria in

control cells was concentrated in the peri-nuclear region. In

the presence of glutamate for 18 h, cortical neurons

revealed loss of mitochondrial cytochrome c, mitochon-

drial membrane potential, and the loss of mitochondrial

fluorescence (Fig. 3a). The change of mitochondrial

membrane potential by MitoTracker probe was further

analyzed by NIH ImageJ (Online Resource 5). NDGA

treatment not only restored the mitochondrial membrane

potential, but also inhibited the release of cytochrome c to

the cytosolic fraction. This is a process that occurs in

glutamate-treated cortical neurons prior to cell death

(Fig. 3b). NDGA also blocked the cleavage of pro-caspase-

9 (cas-9) to active caspase-9 (Fig. 3c). NDGA (1 lM) was

neither cytotoxic nor did it compromise the mitochondrial

membrane potential (Fig. 3a). These results suggest that

the protective role of NDGA against oxidative stress is

upstream of a mitochondria-dependent death pathway in

neurons. Glutamate treatment disrupted the mitochondrial

membrane and cristae structure in comparison to normal

mitochondria (Fig. 3d). NDGA prevented the structural

damage of mitochondria in response to glutamate (Fig. 3d).

Fig. 1 4-HNE, a lipid peroxidation marker, is increased in Hunting-

ton’s disease (HD). a Immunohistochemistry of 4-HNE adducts in

control and human HD brain (grade 3). b Immunoreactivity of 4-HNE

is increased in caudate and putamen of human HD. c and d Densi-

tometry shows that the levels of 4-HNE are increased both in caudate

and putamen of HD brains (n = 5) in comparison to the control brains

(n = 5). Scale bars: white 30 lm; black 10 lm. Data were analyzed

by Student t test. *Significantly different from control at P \ 0.05
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These electron microscopic data further support that

NDGA effectively prevents neuronal damage upstream of

the mitochondria-dependent pathway. Recently, the prop-

osition that defects in mitochondrial energy metabolism

underlie the pathogenesis of neuronal loss in neurodegen-

erative disorders has gained considerable support. To

establish a relationship between NDGA and energy

metabolism, we measured ATP in primary neuron cultures.

Mouse cortico-striatal primary neurons were treated with

NDGA for 24 h, and cell lysates were prepared for the

measurement of ATP using a bioluminescence detection kit

for ATP. NDGA increased the intracellular level of ATP in

a dose-dependent manner (Fig. 3e).

NDGA reduces the level of 4-HNE adducts

and aggregates of mutant huntingtin (mtHtt) in R6/2

HD mouse

To determine if NDGA would provide therapeutic benefit

in a transgenic mouse model of HD, we assessed the

relationship of the anti-oxidant effect of NDGA in HD

mice through phenotypic observation along with 4-HNE

adducts using confocal microscopy (Fig. 4a). NDGA

decreased the immunoreactivity of 4-HNE adducts in the

striatal neurons of R6/2 mice. NDGA was found to also

reduce the particle number of 4-HNE adducts (Fig. 4b).

The particle numbers were counted from the images shown

in the panel a using an image-analyzing program (IP Lab,

Scanalytics BD Biosciences-Bioimaging). The density

(pixel values) of 4-HNE adducts was reduced by NDGA

administration in R6/2 mice as well (Fig. 4c). Furthermore,

we found that NDGA reduces mtHtt aggregates in the

striatal neurons of R6/2 mice compared to vehicle-treated

R6/2 mice (Fig. 4d). Inclusion bodies and aggregates

formed by mtHtt (exon1 N-terminal mutant Htt fragment)

are known to often correlate with neuronal cytotoxicity, so

we also analyzed the density mtHtt aggregates (Fig. 4d),

which was determined from the images in panel d. NDGA

administration decreased the density of mtHtt aggregates in

R6/2 mice (Fig. 4e). Western blot analysis was used to

detect mtHtt in the detergent soluble fraction (Sol. Frac.)

and insoluble fraction (Insol. Frac.) of striatal extracts

(Fig. 4f). Our research indicates that NDGA reduces the

density level of mtHtt in the insoluble fraction (Fig. 4g).

Colocalization of mtHtt with 4-HNE adducts in nuclear

inclusions and its reduction by NDGA

Additionally, we analyzed the effect of NDGA on the

intracellular and spatial distributions of 4-HNE adducts in

striatal neurons using confocal microscopy and image

analysis program (IP Lab, Scanalytics BD Biosciences-

Fig. 2 4-HNE is increased in animal models of HD. a Immunoreac-

tivity of 4-HNE adducts is elevated in striatal neurons of N171-82Q

HD mice. b Immunoreactivity of 4-HNE adducts is increased in

striatal neurons of CAG140 knock-in HD mice. Note the elevation of

nuclear immunoreactivity of 4-HNE in both N171-82Q and CAG140

knock-in mouse. c and d Densitometry shows that 4-HNE adducts are

increased in N171-82Q and CAG140 knock-in mice in comparison to

WT mice. Scale bars: white 10 lm. Data were analyzed by Student

t test. *Significantly different from control at P \ 0.05
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Bioimaging and AQI-X-COMBO-CWF, Media cybernetics

Inc. Bethesda, MD, USA). The immunoreactivity of

4-HNE adducts (red color) was distributed in nuclear foci

which are spatially colocalized with mtHtt in striatal neu-

rons of the R6/2 mice (Fig. 5). As expected, NDGA

decreased the 4-HNE immunoreactivity in neurons of R6/2

mice while the majority of 4-HNE immunoreactivity was

spatially merged to the prominent clusters of mtHtt in

vehicle-treated R6/2 mice (Fig. 5a). The line measurement

for the colocalization spots of 4-HNE and mtHtt showed a

marked decrease in the intensity of two molecules in

NDGA-administered R6/2 mice compared to vehicle-

administered R6/2 mice (Fig. 5b). The administration of

NDGA also decreased the Pearson’s coefficient for colo-

calization of 4-HNE with mtHtt in R6/2 mice (Fig. 5c).

Isosurface image data of the striatal section, which pro-

vided a more powerful computer rendering, was

reconstructed after a deconvolution of the confocal image

by AQI-X-COMBO-CWF program (Media cybernetics

Inc., Bethesda, MD, USA). We studied a series of 40

confocal layers representing fluorescence data from the

striatal section and then developed an abstract image which

provided the details seen in Fig. 4d. Additionally, ortho-

slice images show the colocalization of 4-HNE adducts

with mtHtt and its reduction by NDGA.

NDGA improves the membrane potential

and the structure of mitochondria and synapse

in transgenic HD (R6/2) mice

In addition to in vitro experiments, we studied the intra-

peritoneal injections of NDGA-improved mitochondrial

dysfunction in HD (R6/2) transgenic mice. We assessed the

mitochondrial membrane potential in vivo using Mito-

Tracker (CMXRos). CMXRos immunofluorescence was

detected in striatal cells of WT and R6/2 mice (Fig. 6a). In

Fig. 3 Norhihydroguaiaretic

acid (NDGA), an inhibitor of

lipid peroxidation, prevents

mitochondrial damage and

neuronal death. a NDGA

protects primary neurons from

glutamate-induced

mitochondrial damage.

Confocal microscopy was

performed to determine the

level of mitochondrial potential

(MitoTracker; CMXRos) and

cytochrome c (Cyto. C) (green).

Neurons were pretreated with

NDGA (1 lM) 1 h before

glutamate (100 lM) treatment.

b Cytochrome c release was

measured by Western blot

analysis in response to

glutamate with or without

NDGA. NDGA blocks the

cytochrome c release from

mitochondrial fraction (MF) to

cytosolic fraction (CF).

c NDGA prevents the cleavage

of pro-Cas-9 to active Cas-9.

d NDGA treatment preserves

mitochondrial morphology in

primary neurons against

oxidative stress. e NDGA

elevates the level of ATP in

primary neurons. Data were

analyzed by Student t test.

*Significantly different from

zero dosage control at P \ 0.05
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the R6/2 brain, the immunofluorescence of CMXRos was

markedly reduced compared to WT brain. This implies that

the mitochondrial dysfunction is a result of lowered mito-

chondrial membrane potential in R6/2 brains and striatal

cells. The NDGA treatment significantly improved the

fluorescent intensity of CMXRos in the brain and striatal

neurons of R6/2 mice in comparison to the vehicle-treated

R6/2 mice (Fig. 6a). The change of mitochondrial mem-

brane potential by MitoTracker probe in the brain tissue

was further analyzed by NIH ImageJ (Online Resource 6).

Thus, our method for assessing the mitochondrial mem-

brane potential of brain and striatal neurons in vivo may

contribute to understanding the mitochondrial dysfunction

in HD animals. Additionally, we evaluated the ultrastruc-

tural change of the mitochondria and synapse in the striatal

neurons of R6/2 mouse with and without NDGA admin-

istration. The mitochondrial membrane and cristae

structure was deformed in the striatal neuron of R6/2 mice

in comparison to the mitochondria of control mice

(Fig. 6b). NDGA treatment restored the ultrastructural

morphology of mitochondria in R6/2 mice. These electron

microscopic data support the fact that NDGA prevents

neuronal mitochondria damage in vitro (Fig. 5c) and in

vivo (Fig. 6b). The synapse morphology in the striatum of

Fig. 4 NDGA reduces the level of 4-HNE adducts and aggregates of

mtHtt in R6/2 mice. a NDGA decreased the immunoreactivity of 4-

HNE adducts in the striatal neurons of R6/2 mice (R6/2 ? NDGA)

compared to vehicle-treated R6/2 mice (R6/2). Scale bars: white
10 lm. b NDGA reduced the particle number of 4-HNE adducts. The

particle numbers were counted from the images shown in a. Images

taken from three fields were analyzed. c The density reduction of 4-

HNE adducts by NDGA administration in R6/2 mice. The pixel

values were originated and determined from the images in a. Particle

numbers and density of 4-HNE adducts were determined using an

image analyzing program (IP Lab, Scanalytics BD Biosciences-

Bioimaging). d Confocal microscopy shows that NDGA reduces the

mtHtt aggregates in the striatal neurons of R6/2 mice. Scale bars:

white 10 lm. e The reduction of mtHtt density by NDGA in R6/2

mice. The pixel values were originated and determined from the

images in d using an image analyzing program. Images taken from

three fields were analyzed. f Western blot analysis of mtHtt

expression in detergent soluble fraction (Sol. Frac.) and insoluble

fraction (Insol. Frac.). NDGA reduces the level of mtHtt in insoluble

fraction. g The densitometry of mtHtt adducts by NDGA adminis-

tration in R6/2 mice. The pixel values were originated and determined

from the images in f
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NDGA-administered R6/2 mice shows improvement with

structure similar to the control mice (Fig. 6c).

NDGA improves gross brain neuropathology

and extends the survival of HD (R6/2) transgenic mice

To determine if NDGA plays a role in preventing the

neuropathology and extending the survival in an animal

model of HD, we examined the in vivo effect of NDGA in

R6/2 mice. NDGA (12 mg/kg/day) was administered from

30 days of age to 90 days of age. Serial-cut coronal tissue

sections revealed gross brain atrophy and flattening of the

medial aspect of the striatum in the R6/2 brains compared

with WT brains (Fig. 7a). NDGA ameliorated these gross

neuropathological sequelae in R6/2 mice compared with

vehicle-treated mice at 3 months of age (Fig. 7a). The

atrophy of striatal neuron was markedly present in R6/2

mice (Fig. 7a). Indeed, striatal neuronal size was signifi-

cantly improved in NDGA-treated mice (93.01 ±

2.48 lm2) (F(3,22) = 4.60; P \ 0.05) that are similar to

WT littermate control (100.63 ± 2.80 lm2), comparing

with vehicle-treated R6/2 (64.35 ± 5.23 lm2) (F(3,22) =

3.42; P \ 0.01) mice (Fig. 7b). The overall improvements

of neuropathology were coincident with survival extension

by 19% (vehicle-treated R6/2, 105 days; NDGA-treated

R6/2, 125 days; v2 = 9.23; P \ 0.01) (Fig. 7c). The body

weight of R6/2 mice dropped significantly at 105 days of

age, but NDGA restored body weight significantly (F(4,60) =

7.910; P \ 0.01) (Fig. 7d).

Discussion

Oxidative damage has been implicated in the pathogenesis

of neuronal degeneration in a wide range of disorders, and

membrane lipids in particular are a major target of reactive

oxygen species (ROS). We showed that therapy with

NDGA, which reduces lipid peroxidation and mitochon-

drial dysfunction, reduces the pathological phenotype in

HD mice. NDGA is a lignan found in the leaves and twigs

of the shrub Larrea tridentate [2]. It has antioxidant

activity and is used commercially as a food additive to

preserve fats and butter. NDGA has recently been found to

activate estrogen receptor (ER)-mediated actions and to

possess a specific ER modulator-like activity, preferentially

inducing ER alpha-mediated transcription while showing

mixed agonism/antagonism of ER beta-mediated tran-

scription in an estrogen-responsive cell line [10]. Lignan-

type phytoestrogens bind to ERs with very low affinity, and

high concentrations are required to manifest ER-mediated

actions. In our study, we confirmed that the neuroprotective

effect of NDGA is not dependent on transcriptional acti-

vation of ER in primary neurons (Online Resource 7).

NDGA is also a selective inhibitor of 12-lipoxygenase

Fig. 5 Analysis for the colocalization of 4-HNE adducts with mtHtt

using deconvolved and 3D constructed confocal images. a Decon-

volved isosurface images show structures of 4-HNE adducts (red) and

mtHtt (green) in the striatal neuron of R6/2 mice. NDGA reduces the

level of 4-HNE and mtHtt and separate the spatial distribution of two

molecules. Deconvolved orthoslice images confirm that NDGA

decreases the colocalization of 4-HNE and mtHtt. b The reduction

of 4-HNE and mtHtt intensity by NDGA administration in R6/2 mice.

The intensity of 4-HNE (green) and mtHtt (red) were measured by the

line measurement (AQI-X-COMBO-CWF, Media cybernetics Inc.

Bethesda, MD, USA). c NDGA reduces the colocalization of 4-HNE

and mtHtt nuclear structure. Images taken from three fields were

analyzed. *Significantly different vehicle-treated R6/2 mice at

P \ 0.01. d Analysis for the colocalization of 4-HNE adducts with

mtHtt using deconvolved and 3D constructed confocal images.

Deconvolved isosurface images show structures of 4-HNE adducts

(red) and mtHtt (green) in the striatal neuron of R6/2 mice. NDGA

reduces the level of 4-HNE and mtHtt and separate the spatial

distribution of two molecules. Deconvolved orthoslice images

confirm that NDGA decreases the colocalization of 4-HNE and

mtHtt. Scale bars 15 lm
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(12-LOX), which produces ROS during arachidonic acid

metabolism [20]. Activation of 12-LOX is produced by

glutamate cytotoxicity and glutathione depletion. Because

a number of eicosanoid metabolites generated by 12-LOX

play critical roles in the induction of the neuronal cell death

via oxidative stress, inhibition of 12-LOX activity pro-

motes neuronal cell survival [18]. In order to determine

whether the neuroprotective effect of NDGA is mediated

by 12-LOX inhibition, we tested the effect of 12-HETE, a

byproduct of 12-LOX, on neuronal viability against oxi-

dative stress. We surmised that if NDGA’s neuroprotection

is related to the 12-LOX pathway, then 12-HETE should

enhance its pro-apoptotic effects under oxidative stress.

Our data demonstrated, however, that 12-HETE protects

neurons from oxidative stress suggesting that the neuro-

protective effect of NDGA is most likely an off target

effect not related to 12-LOX inhibition (Online Resource

8). A number of other biochemical pathways could be

responsible for the neuroprotective effect of NDGA, and

the exact mechanism remains to be defined [40]. Our

present data also suggest that NDGA’s neuroprotective

effect may be due to reduced lipid peroxidation and

improved mitochondrial function [11]. Mitochondrial

membrane potential is an important subcellular marker for

monitor oxidative stress signals related to neuronal cell

survival and death [25]. The mitochondrion is one of the

major targets for free radical-mediated damage, but its role

as a contributor to oxidative stress is HD is controversial.

Lee et al. [16] report that the polyQ modulates huntingtin’s

role in extra-mitochondrial energy metabolism rather than

by directly impacting mitochondria in STHdh(Q111/Q111)

cells, an HD knock-in model. Furthermore, mitochondrial

function does not appear to be altered at early stages in

other two knock-in mice models [19, 28]. Therapeutic

strategies targeting mitochondria-dependent pathways will

require further study to more fully understand mechanisms

Fig. 6 NDGA restores the

mitochondrial membrane

potential and improves the

ultrastructure of mitochondria

and synapse in striatal neurons

of R6/2 mice. a Enhancement of

mitochondrial membrane

potential by NDGA in HD (R6/

2) transgenic mice. Fluorescent

photomicrographs of striatal

sections stained with CMXRos

(red). NDGA treatment was

started in 6-week-old mice for

3 weeks. CMXRos (100 nM)

was injected i.p. 48 h before the

perfusion of mice. Scale bars
19 2 mm; 409 50 lm.

b NDGA treatment improves

the ultrastructure of

mitochondria in the striatal

neurons of R6/2 mouse.

c NDGA improves the

morphology of synapse in the

striatum of R6/2 mice which is

similar to the control mice.

Ultrastructural change of the

mitochondria and synapse in the

striatum of R6/2 mouse was

found by TEM
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of energy failure and to develop appropriate treatments

in HD.

The 4-HNE is relatively more stable than free radicals

and passes easily among subcellular compartment to react

with a variety of biomolecules bearing thiol and amino

groups [38]. Previous research showed that the a-synuclein

associates with 4-HNE to generate protein adducts that

could serve as biomarkers in cellular models of a-synuclein

aggregation and pathology [43]. In addition, 4-HNE, pre-

sumably resulting from the peroxidation of lipids, is

increased in Alzheimer’s disease (AD) patients and is

found in amyloid beta peptide (Abeta) plaques associated

with AD [40]. 4-HNE covalently modifies Abeta, trigger-

ing its aggregation. As a consequence, 4-HNE accelerates

the formation of Abeta protofibrils while inhibiting the

production of straight, mature fibrils [42]. Recent studies

implicating Abeta oligomers and protofibrils in the neuro-

toxic process that ultimately leads to AD suggest that the

Abeta aggregates induced by 4-HNE may be relevant to the

pathogenesis of AD [31, 42]. In addition, 4-HNE deposits

are found in the brains of patients with myotonic dystrophy

[26], and 4-HNE levels are elevated in the cerebrospinal

fluid of patients with amyotrophic lateral sclerosis (ALS)

[48].

Our research indicates that increased 4-HNE deposition

is a marker of the excessive lipid peroxidation in HD. Our

data indicate that oxidative events are responsible for

increased 4-HNE levels and mtHtt inclusion formation in a

cellular model of HD. Interestingly, we found that 4-HNE

adducts immunoreactivity was distributed in nuclear foci

that is spatially colocalized with mtHtt in striatal neurons

of the R6/2 mice. In contrast, there was no significant

alteration in the level of malondialdehyde (MDA) adducts,

another lipid peroxidation marker, in the striatum of HD

mice (Online Resource 9). Modifications of mtHtt pro-

duced by 4-HNE could substantially alter its physical

properties as well as increase its toxicity and contribute to

inclusion body formation.

While there are no present treatments to ameliorate or

arrest the neuropathological alterations in HD patients,

significant advances have been made in animal models of

HD [47]. These advancements have recently initiated

a number of clinical trials [20, 26, 36]. We explored

whether therapeutic modulation of oxidative stress and

Fig. 7 NDGA improves gross brain and histopathological sequelae

and extends the survival of R6/2 mice. a Photomicrographs of coronal

sections from the rostral neostriatum at the level of the anterior

commissure in a wild-type littermate mouse, a vehicle-treated R6/2

mouse, and a NDGA-treated R6/2 mouse. Corresponding Nissl-

stained tissue sections from the dorsomedial aspect of the neostriatum

in a wild-type littermate control, vehicle-treated R6/2 mouse, and

NDGA-treated R6/2 mouse are also shown. Scale bars 19 2 mm;

409 100 lm. b NDGA ameliorates neuronal atrophy and improves

neuronal size. Five animals per group were used for neuronal size

analysis. Data were analyzed by ANOVA. *Significantly different

from control, P \ 0.01; #significantly different from vehicle-treated

R6/2 mouse, P \ 0.05. c Kaplan–Meier probability of survival

analysis of NDGA treatment in R6/2 mice (n = 10) and vehicle-

treated R6/2 mice (n = 10). d Effect of NDGA treatment on body

weight in R6/2 mice. *Significantly different from vehicle-treated R6/

2 mouse, P \ 0.01
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mitochondrial function by NDGA affects 4-HNE levels or

mtHtt aggregation in R6/2 HD mice. As we expected,

NDGA decreased the level of 4-HNE adducts in striatal

neurons of R6/2 mice. In addition, the colocalization of

4-HNE adducts with mtHtt were reduced by NDGA, while

the majority of 4-HNE immunoreactivity was spatially

merged to the prominent clusters of mtHtt in vehicle-

treated R6/2 mice. It is most likely that the decrease of

mtHtt inclusions is correlated with the reduction of 4-HNE

adducts by NDGA administration raising the possibility

that NDGA may directly inhibit aggregation of mtHtt

consistent with previous findings regarding the anti-fi-

brillogenic and fibril-destabilizing effects of NDGA on

Abeta aggregation and a-synuclein fibrils [13, 26, 27].

Our data indicate that the increased level of 4-HNE

adducts, identified in both human and animal models of

HD, is a useful molecular marker for the oxidative damage

in HD. We have determined that indications of oxidative

stress elevate the level of 4-HNE adducts and mtHtt

inclusions in HD and believe that the lipid peroxidation

pathway may be a novel therapeutic target for preventing

known oxidative injury in HD. It remains evident that

further mechanistic and detailed studies will be of enor-

mous value to further understand the role of 4-HNE on

mtHtt modifications.

The administration of NDGA resulted in a beneficial

effect in neurons by modulating the mitochondrial function

and oxidative stress. In addition, NDGA ameliorated the

neuropathology and extended the survival of R6/2 trans-

genic HD mice [41]. Our findings suggest that NDGA may

be a candidate for future clinical trials in HD and other

neurodegenerative disorders.

Acknowledgments We thank to Katharine Karr and Yu Jin Hwang

for the preparation of manuscript. This study was supported by NIH

NS52724 (H.R.).

References

1. Albers DS, Beal MF (2000) Mitochondrial dysfunction and oxi-

dative stress in aging and neurodegenerative disease. J Neural

Transm Suppl 59:131–154

2. Arteaga S, Andrade-Cetto A, Cárdenas R (2005) Larrea triden-
tata (Creosote bush), an abundant plant of Mexican and US-

American deserts and its metabolite nordihydroguaiaretic acid.

J Ethnopharmacol 98:231–239

3. Beal MF (1995) Aging, energy and oxidative stress in neurode-

generative diseases. Ann Neurol 38:357–366

4. Beal MF, Ferrante RJ (2004) Experimental therapeutics in

transgenic mouse models of Huntington’s disease. Nat Rev

Neurosci 5:373–384

5. Bosco DA, Fowler DM, Zhang Q, Nieva J, Powers ET, Went-

worth P Jr et al (2006) Elevated levels of oxidized cholesterol

metabolites in Lewy body disease brains accelerate alpha-syn-

uclein fibrilization. Nat Chem Biol 2:249–253

6. Browne SE, Beal MF (2006) Oxidative damage in Huntington’s

disease pathogenesis. Antioxid Redox Signal 8:2061–2073

7. Comporti M (1998) Lipid peroxidation and biogenic aldehydes:

from the identification of 4-hydroxynonenal to further achieve-

ments in biopathology. Free Radic Res 28:623–635

8. Ferrante RJ, Kubilus JK, Lee J, Ryu H, Beesen A, Zucker B et al

(2003) Histone deacetylase inhibition by sodium butyrate che-

motherapy ameliorates the neurodegenerative phenotype in

Huntington’s disease mice. J Neurosci 23:9418–9427

9. Fischbeck KH (2001) Polyglutamine expansion neurodegenera-

tive disease. Brain Res Bull 56:161–163

10. Fujimoto N, Kohta R, Kitamura S, Honda H (2004) Estrogenic

activity of an antioxidant, nor dihydroguaiaretic acid (NDGA).

Life Sci 74:1417–1425

11. Goodman Y, Steiner MR, Steiner SM, Mattson MP (1994)

Nordihydroguaiaretic acid protects hippocampal neurons against

amyloid beta-peptide toxicity, and attenuates free radical and

calcium accumulation. Brain Res 654:171–176

12. Hall ED, Andrus PK, Oostveen JA, Fleck TJ, Gurney ME (1998)

Relationship of oxygen radical-induced lipid peroxidative dam-

age to disease onset and progression in a transgenic model of

familial ALS. J Neurosci Res 53:66–77

13. Hamaguchi T, Ono K, Murase A, Yamada M (2009) Phenolic

compounds prevent Alzheimer’s pathology through different

effects on the amyloid-beta aggregation pathway. Am J Pathol

175:2557–2565

14. Hersch SM, Ferrante RJ (1997) Neuropathology and pathophys-

iology of Huntington’s disease. In: Watts RL, Koller WC (eds)

Movement disorders: neurologic principles and practice.

McGraw-Hill, New York, pp 503–518

15. Huntington’s Disease Collaborative Research Group (1993) A

novel gene containing a trinucleotide repeat that is expanded and

unstable on Huntington’s disease chromosomes. Cell 72:971–983

16. Lee JM, Ivanova EV, Seong IS, Cashorali T, Kohane I, Gusella

JF, MacDonald ME (2007) Unbiased gene expression analysis

implicates the huntingtin polyglutamine tract in extra-mitochon-

drial energy metabolism. PLoS Genet 3:e135

17. Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas

ME et al (1999) Enhanced sensitivity to N-methyl-D-aspartate

receptor activation in transgenic and knockin mouse models of

Huntington’s disease. J Neurosci Res 58:515–532

18. Li Y, Maher P, Schubert D (1997) A role for 12-lipoxygenase in

nerve cell death caused byglutathione depletion. Neuron 19:453–463

19. Li X, Sapp E, Chase K, Comer-Tierney LA, Masso N, Alexander

J, Reeves P, Kegel KB, Valencia A, Esteves M, Aronin N, Di-

figlia M (2009) Disruption of Rab11 activity in a knock-in mouse

model of Huntington’s disease. Neurobiol Dis 36:374–383

20. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A,

Hetherington C, Lawton M, Trottier Y, Lehrach H, Davies SW,

Bates GP (1996) Exon 1 of the HD gene with an expanded CAG

repeat is sufficient to cause a progressive neurological phenotype

in transgenic mice. Cell 87:493–506

21. McGrath LT, McGleenon BM, Brennan S, McColl D, McILroy S,

Passmore AP (2001) Increased oxidative stress in Alzheimer’s

disease as assessed with 4-hydroxynonenal but not malondial-

dehyde. QJM 94:485–490

22. Montine TJ, Neely MD, Quinn JF, Beal MF, Markesbery WR,

Roberts LJ et al (2002) Lipid peroxidation in aging brain and

Alzheimer’s disease. Free Radic Biol Med 33:620–626

23. Neely MD, Sidell KR, Graham DG, Montine TJ (1999) The lipid

peroxidation product 4-hydroxynonenal inhibits neurite out-

growth, disrupts neuronal microtubules, and modifies cellular

tubulin. J Neurochem 72:2323–2333

24. Neely MD, Boutte A, Milatovic D, Montine TJ (2005) Mecha-

nisms of 4-hydroxynonenal-induced neuronal microtubule

dysfunction. Brain Res 1037:90–98

Acta Neuropathol (2011) 121:487–498 497

123



25. Nicholls DG, Ward MW (2000) Mitochondrial membrane

potential and neuronal glutamate excitotoxicity: mortality and

millivolts. Trends Neurosci 23:166–174

26. Ono K, Hasegawa K, Yoshiike Y, Takashima A, Yamada M,

Naiki H (2002) Nordihydroguaiaretic acid potently breaks down

pre-formed Alzheimer’s beta-amyloid fibrils in vitro. J Neuro-

chem 81:434–440

27. Ono K, Yamada M (2006) Antioxidant compounds have potent

anti-fibrillogenic and fibril-destabilizing effects for alpha-synuc-

lein fibrils in vitro. J Neurochem 97:105–115

28. Orr AL, Li S, Wang CE, Li H, Wang J, Rong J, Xu X, Ma-

stroberardino PG, Greenamyre JT, Li XJ (2008) N-terminal

mutant huntingtin associates with mitochondria and impairs

mitochondrial trafficking. J Neurosci 28:2783–2792

29. Oyamada R, Hayashi M, Katoh Y, Tsuchiya K, Mizutani T,

Tominaga I et al (2006) Neurofibrillary tangles and deposition of

oxidative products in the brain in cases of myotonic dystrophy.

Neuropathology 26:107–114

30. Panov AV, Gutekunst CA, Leavitt BR, Hayden MR, Burke JR,

Strittmatter WJ et al (2002) Early mitochondrial calcium defects

in Huntington’s disease are a direct effect of polyglutamines. Nat

Neurosci 5:731–736

31. Qahwash IM, Boire A, Lanning J, Krausz T, Pytel P, Meredith SC

(2007) Site-specific effects of peptide lipidation on beta-amyloid

aggregation and cytotoxicity. J Biol Chem 282:36987–36997

32. Ratan RR, Ryu H, Lee J, Mwidau A, Neve RL (2002) In vitro

model of oxidative stress in cortical neurons. Methods Enzymol

352:183–190

33. Ryu H, Lee J, Olofsson BA, Mwidau A, Dedeoglu A, Escudero M

et al (2003) Histone deacetylase inhibitors prevent oxidative

neuronal death independent of expanded polyglutamine repeats

via an SP1-dependent pathway. Proc Natl Acad Sci USA

100:4281–4286

34. Ryu H, Lee J, Zaman K, Kubilis J, Ferrante RJ, Ross BD et al

(2003) SP1 and SP3 are oxidative stress-inducible, anti-death

transcription factors in cortical neurons. J Neurosci 23:3597–

3606

35. Ryu H, Ferrante RJ (2005) Emerging chemotherapeutic strategies

for Huntington’s disease. Expert Opin Emerg Drugs 10:345–363

36. Ryu H, Lee J, Hagerty SW, Soh BY, McAlpin SE, Cormier KA

et al (2006) ESET/SETDB1 gene expression and histone H3 (K9)

trimethylation in Huntington’s disease. Proc Natl Acad Sci USA

103:19176–19181

37. Sawa A, Wiegand GW, Cooper J, Margolis RL, Sharp AH,

Lawler JF Jr et al (1999) Increased apoptosis of Huntington

disease lymphoblasts associated with repeat length-dependent

mitochondrial depolarization. Nat Med 5:1194–1198

38. Schaur RJ (2003) Basic aspects of the biochemical reactivity of

4-hydroxynonenal. Mol Aspects Med 24:149–159

39. Schilling G, Becher MW, Sharp AH, Jinnah HA, Duan K, Kotzuk

JA et al (1999) Intranuclear inclusions and neuritic aggregates in

transgenic mice expressing a mutant N-terminal fragment of

huntingtin. Hum Mol Genet 8:397–407

40. Sexton A, McDonald M, Cayla C, Thiemermann C, Ahluwalia A

(2007) 12-Lipoxygenase-derived eicosanoids protect against

myocardial ischemia/reperfusion injury via activation of neuronal

TRPV1. FASEB J 21:2695–2703

41. Shishido Y, Furushiro M, Hashimoto S, Yokokura T (2001)

Effect of nordihydroguaiaretic acid on behavioral impairment and

neuronal cell death after forebrain ischemia. Pharmacol Biochem

Behav 69:469–474

42. Siegel SJ, Bieschke J, Powers ET, Kelly JW (2007) The oxidative

stress metabolite 4 hydroxynonenal promotes Alzheimer proto-

fibril formation. Biochemistry 46:1503–1510

43. Trostchansky A, Lind S, Hodara R, Oe T, Blair IA, Ischiropoulos

H et al (2006) Interaction with phospholipids modulates alpha-

synuclein nitration and lipid-protein adduct formation. Biochem J

393:343–349

44. Truant R, Atwal RS, Burtnik A (2007) Nucleocytoplasmic traf-

ficking and transcription effects of huntingtin in Huntington’s

disease. Prog Neurobiol 83:211–227

45. Trushina E, McMurray CT (2007) Oxidative stress and mito-

chondrial dysfunction in neurodegenerative diseases.

Neuroscience 145:1233–1248

46. Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED,

Richardson EP Jr (1985) Neuropathological classification of

Huntington’s disease. J Neuropathol Exp Neurol 44:559–577

47. Vonsattel JP (2008) Huntington disease models and human

neuropathology: similarities and differences. Acta Neuropathol

115:55–69

48. Zarkovic K (2003) 4-Hydroxynonenal and neurodegenerative

diseases. Mol Aspects Med 24:293–303

498 Acta Neuropathol (2011) 121:487–498

123


	Modulation of lipid peroxidation and mitochondrial function improves neuropathology in Huntington’s disease mice
	Abstract
	Introduction
	Materials and methods
	Animals and therapeutic intervention
	Human tissue samples
	Primary cortical neuron culture
	Intracellular ATP measurement
	Western blot analysis
	Neuropathology and confocal microscopy
	Transmission electron microscopy (TEM)
	Statistical analysis

	Results
	Increased 4-HNE adducts in the striatum of human HD and animal models of HD
	NDGA protects neurons against oxidative stress-induced cell death via mitochondria-dependent pathway
	NDGA reduces the level of 4-HNE adducts and aggregates of mutant huntingtin (mtHtt) in R6/2 HD mouse
	Colocalization of mtHtt with 4-HNE adducts in nuclear inclusions and its reduction by NDGA
	NDGA improves the membrane potential and the structure of mitochondria and synapse in transgenic HD (R6/2) mice
	NDGA improves gross brain neuropathology and extends the survival of HD (R6/2) transgenic mice

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


