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Pioglitazone halts axonal degeneration in a mouse
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X-linked adrenoleukodystrophy is a neurometabolic disorder caused by inactivation of the peroxisomal ABCD1 transporter of
very long-chain fatty acids. In mice, ABCD1 loss causes late onset axonal degeneration in the spinal cord in association with
locomotor disability resembling the most common phenotype in patients, adrenomyeloneuropathy. Increasing evidence indicates
that oxidative stress and bioenergetic failure play major roles in the pathogenesis of X-linked adrenoleukodystrophy. In this
study, we aimed to evaluate whether mitochondrial biogenesis is affected in X-linked adrenoleukodystrophy. We demonstrated
that Abcd1 null mice show reduced mitochondrial DNA concomitant with downregulation of mitochondrial biogenesis pathway
driven by PGC-1a/PPARy and reduced expression of mitochondrial proteins cytochrome ¢, NDUFB8 and VDAC. Moreover, we
show that the oral administration of pioglitazone, an agonist of PPARy, restored mitochondrial content and expression of master
regulators of biogenesis, neutralized oxidative damage to proteins and DNA, and reversed bioenergetic failure in terms of ATP
levels, NAD */NADH ratios, pyruvate kinase and glutathione reductase activities. Most importantly, the treatment halted loco-
motor disability and axonal damage in X-linked adrenoleukodystrophy mice. These results lend support to the use of pioglita-
zone in clinical trials with patients with adrenomyeloneuropathy and reveal novel molecular mechanisms of action of
pioglitazone in neurodegeneration. Future studies should address the effects of this anti-diabetic drug on other axonopathies
in which oxidative stress and mitochondrial dysfunction are contributing factors.
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Pioglitazone halts axonal damage in X-linked adrenoleukodystrophy

Introduction

Impaired bioenergetics in combination with oxidative stress com-
monly underlies age-related neurodegenerative diseases such as
Parkinson's disease, Huntington's disease, Alzheimer's disease
and amyotrophic lateral sclerosis (Lin and Beal, 2006; Martinez
et al., 2010). A common theme among these diseases, as well
as in the prototypic demyelinating disease multiple sclerosis, is
axonal degeneration (Mandelkow and Mandelkow, 1998; Braak
et al., 1999; Li et al., 2001; McSharry, 2010). In addition, it has
often been noted that mitochondrial dysfunction promotes axonal
loss or damage in multiple sclerosis (Lassmann, 2011) and amyo-
trophic lateral sclerosis (Shi et al., 2010). Axons are highly vulner-
able because their high metabolic demands and unusual length
render them susceptible to oxidative damage, ischaemia and
metabolic defects.

X-linked adrenoleukodystrophy (McKusick no. 300100) is a
rare, fatal disease characterized by central inflammatory demye-
lination in the brain or slowly progressive spastic paraparesis re-
sulting from axonal degeneration in the spinal cord (Powers
et al., 2000; Moser et al., 2001; Ferrer et al., 2010). X-linked
adrenoleukodystrophy is the most frequently inherited leukody-
strophy, with a minimal incidence of 1 in 17000 males. All pa-
tients with X-linked adrenoleukodystrophy have mutations in the
ABCD1 gene that encodes the ATP-binding cassette transporter,
which is an integral peroxisomal membrane protein involved in
the importation of very long-chain fatty acids (C>22:0) and very
long-chain fatty acids-CoA esters into the peroxisome for deg-
radation (Hettema et al., 1996; van Roermund et al., 2008). The
defective function of the ABCD1 transporter leads to accumula-
tion of very long-chain fatty acids due to impaired import into
the peroxisome and subsequent lack of substrate for the peroxi-
somal beta-oxidation enzymes (Singh et al., 1984; Wanders
et al., 1987; Fourcade et al., 2009) in most patients’ organs,
fibroblasts and plasma, particularly affecting hexacosanoic acid
or C26:0, which serves as a pathognomonic biomarker for the
biochemical diagnosis of the disease.

Inactivation of the ABCD1 transporter in the mouse leads to
late-onset neurodegeneration with axonopathy in the spinal cord
but without inflammatory demyelination in the brain; this condi-
tion resembles the most frequent X-linked adrenoleukodystrophy
phenotype, adult adrenomyeloneuropathy (Pujol et al., 2002,
2004). The mouse model of X-linked adrenoleukodystrophy pre-
sents the first signs of lipoxidative modifications to proteins as
early as 3.5 months of age, which is >1 year before the neuro-
pathological and neurological signs of the disease appear (at 15
and 20 months of age, respectively) (Fourcade et al., 2008). Signs
of oxidative damage have also been found in post-mortem brain
and blood samples from patients with X-linked adrenoleukodystro-
phy (Vargas et al., 2004; Powers et al., 2005; Fourcade et al.,
2010). We recently showed that early oxidative damage and bio-
energetic dysfunction with decreased ATP and NADH levels
underlie the late onset degeneration of axons observed in the
mouse model of the disease (Fourcade et al., 2008; Singh and
Pujol, 2010; Galino et al., 2011; Lopez-Erauskin et al., 2011;
Galea et al., 2012; Lopez-Erauskin et al., 2012).
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We report here that (i) X-linked adrenoleukodystrophy mice
exhibit mitochondrial depletion at 12 months of age, concomitant
with a downregulation of the peroxisome proliferator activated
receptor-y (PPARy) coactivator 1-alpha (PGC-1«) pathway lead-
ing to a mitochondrial biogenesis defect; and (ii) that treatment
with pioglitazone, an activator of PPARy/PGC-1a-dependent
pathways (Hondares et al., 2006), halts axonal degeneration and
disability by preventing mitochondrial depletion, metabolic failure
and oxidative stress in a X-linked adrenoleukodystrophy mouse
model. These results lend support to the use of pioglitazone in
neurodegenerative diseases in which mitochondrial dysfunction
contributes to axonal damage.

Materials and methods

Human brain samples

Brain tissues from patients with cerebral adrenomyeloneuropathy were
obtained from the Brain and Tissue Bank for Developmental Disorders
at the University of Maryland, Baltimore, MD, USA as described
(Lopez-Erauskin et al., 2012). Informed written consent was obtained
from all patients or their legal representatives and the local ethics
committee approved the studies.

Mouse strain

The generation and genotyping of Abcd1~ and Abcd1~/~/Abcd2~'~
mice have been previously described (Lu et al., 1997; Pujol et al.,
2002, 2004). The mice used for the study were of a pure C57BL/6)
background. The animals were sacrificed and the tissues were re-
covered and stored at —80°C. All of the methods employed in this
study were in accordance with the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health (NIH Publications No. 85-23, revised 1996) and the guidelines
of the ethical committees of IDIBELL and the Generalitat de Catalunya,
Spain.

Treatment of mice

Two mouse models were used. The first model was Abcd7 =/~ mice at
12 months of age. These mice already show biochemical signs of
pathology, including oxidative stress (Fourcade et al., 2008) and alter-
ations in energy homeostasis (Galino et al., 2011), although the first
clinical signs of adrenomyeloneuropathy (i.e. axonopathy and loco-
motor impairment) appear at 20 months (Pujol et al., 2002, 2004).
We characterized the biochemical signs of adult X-linked adrenoleu-
kodystrophy in these mice. The second model was mice having a
double knockout of both the ABCD1 and ABCD2 transporters
(Abcd1~/~/Abcd2~'~). The double knockout mice, compared with
the Abcd1~'~ mice, display greater accumulation of very long-chain
fatty acids in the spinal cord (Pujol et al., 2004), higher levels of oxi-
dative damage to proteins (Fourcade et al., 2010), and a more severe
adrenomyeloneuropathy-like pathology with earlier onset (at 12
months) (Pujol et al., 2002, 2004; Ferrer et al., 2005; Lopez-
Erauskin et al., 2011). We assessed the clinical signs of adrenomyelo-
neuropathy in these mice.

Pioglitazone (Actos) was mixed into AIN-76A chow (Dyets) at
0.012% w/w, which corresponds to a dose of 9mg/kg/day per
mouse (Yan et al., 2003). Male mice were randomly assigned to
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one of the following groups: wild-type mice (n=12) that received
normal AIN-76A chow, Abcd1~'~ mice (n=12) that received
normal AIN-76A chow and Abcd1~’~ mice (n=12) that received
AIN-76A chow containing pioglitazone. We treated the animals for
2 months starting at 10.5 months of age to assess its effect on the
progression of the biochemical signs of X-linked adrenoleukodystro-
phy. The double knockout mice and their control littermates were
randomly assigned to one of the following groups: wild-type mice
(n = 25) that received normal AIN-76A chow; double knockout mice
(n =17) that received normal AIN-76A chow; and double knockout
mice (n=17) that received AIN-76A chow containing pioglitazone.
We treated the animals for 4 months starting at 13 months of age
to coincide with the onset of clinical signs. Pioglitazone had no effect
on weight or food intake under either treatment protocol.

Western blotting

Tissues were removed from euthanized mice and flash-frozen in liquid
nitrogen. Frozen tissues were homogenized in RIPA buffer, boiled for
5min and centrifuged as previously described (Galino et al., 2011).
The following antibodies were used for western blots: mouse anti-
NADH-ubiquinol oxidoreductase [NDUFB8 (complex 1)]: dilution
1/2000 [459210 (Molecular Probes)]; mouse anti-Porin 31HL (voltage
dependant anion channel, VDAC): dilution 1/1000 [529536
(Calbiochem)]; rabbit anti-pyruvate kynase: dilution 1/500 [ab38237
(Abcam)]; mouse anti-MnSOD (SOD2): dilution: 1/1000 [611581 (BD
Pharmigen)l; rabbit anti-GPX1: dilution: 1/200 [LF-PA0019
(Labfrontier)]; rabbit anti-glutathione reductase (GR): dilution 1/1000
[ab16801 (Abcam)]; mouse anti-y-tubulin dilution 1/5000 [T6557,
clone GTU-88 (Sigma)] were used as primary antibodies. Goat anti-
rabbit 1gG linked to horseradish peroxidase, dilution: 1/15000 [P0448
(Dako)] and goat anti-mouse 1gG linked to horseradish peroxidase,
dilution: 1/15000 [G21040 (Invitrogen)] were used as secondary
antibodies.

RNA and DNA extraction

Total RNA was extracted using RNeasy® Kit (Qiagen) according to the
manufacturer's instructions. Total DNA was extracted using Gentra®
Puragene® Tissue Kit (Qiagen) according to the manufacturer's
instructions.

Quantitative real-time polymerase
chain reaction

One microgram of RNA was transcribed into complementary DNA
using SuperScript® Il reverse transcription reagents in a final volume
of 25ul (Invitrogen). Complementary DNA (0.1-0.2ul) and 100ng
DNA were used to measure gene expression and mitochondrial DNA
levels, respectively. TagMan® real-time PCR was performed in the ABI
PRISM  7300HT sequence detection system using the TagMan®
Universal PCR master mix and the standardized primers for
mouse PGC-1a (MmO00447183), PGC-1f (MmO01258518), ERR«
(MmO00433143), NRF-1 (MmO00447996), TFAM (MmO00447485),
PPAR«x (MmO00440939), PPARPB (MmO00803184), PPARy
(MmO01184322), iNOS (Mm00440502) and COX2 (MmO00478374).
To quantify mouse and human mitochondrial DNA content,
two probes [mouse cytochrome b (cytb) and human cytochrome c
oxidoreductase subunit Il (COXII)] were designed (Custom TagMan®
Gene Expression Assays; Applied Biosystems). The sequences for
mouse cytb were: ATGACCCCAATACGCAAAATTA (forward) and
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GGAGGACATAGCCTATGAAGG (reverse) and the FAM-labelled
probe was TTGCAACTATAGCAACAG. The sequences for human
COXIll  were:  CAAACCACTTTCACCGCTACAC  (forward) and
GGACGATGGGCATGAAACTGT (reverse), and the FAM-labelled
probe was AAATCTGTGGAGCAAACC. Quantification of mitochon-
drial DNA was referred to nuclear DNA as determined by the ampli-
fication of the intronless nuclear gene C/EBPa (mouse and human
CEBP«x are MmO00514283 and Hs00269972, respectively) (Cote
et al., 2011). Expression of the genes of interest was normalized to
that of the reference control mouse RPLO (Mm01974474). Each
sample was run in duplicate, and the mean value of the duplicate
was used to calculate the mitochondrial DNA amount or messenger
RNA expression using the comparative (2~ method, according to
the manufacturer's instructions.

ATP levels, NAD * /NADH determination
and pyruvate kinase activity

ATP levels, NAD*/NADH determination and pyruvate kinase activity
were quantified as previously described (Galino et al., 2011).

Glutathione reductase activity

Glutathione reductase activity was determined with a spectrophotome-
trical method (NWLSS™ Glutathione Reductase Activity microplate
assay, NWK-GRO1, Northwest). Ninety micrograms of tissue in the
same buffer as for pyruvate kinase activity was added to 100l of a
reaction buffer containing GSSG and NADPH. NADPH was spectopho-
tometrically recorded at 340nm in a microplate spectrophotometer
(PowerWave Microplate Spectrophotometer, BioTek). All assays were
performed in triplicate at room temperature. Results were expressed as
U/mg tissue.

Measurement of glutamic semialdehyde,
aminoadipic semialdehyde,
N*-(carboxymethyl)-lysine and
N°-malondialdehyde-lysine

GSA (glutamic semialdehyde), AASA (aminoadipic semialdehyde),
CML [N®-(carboxymethyl)-lysine] and MDAL (N°-malondialdehyde-
lysine) concentrations in total proteins from spinal cord homogenates
were measured by gas chromatography/mass spectrometry (GC/MS)
(Pamplona et al., 2005; Fourcade et al., 2008, 2010; Lopez-Erauskin
et al., 2011). The product levels were expressed as the ratio of micro-
moles of GSA, AASA, CML or MDAL to 1 mole of lysine.

Measurements of very long-chain
fatty acids

Content of very long-chain fatty acids in total lipids from spinal cord
was analysed as methyl ester derivative by gas chromatography
(Pamplona et al., 2005). Separation was performed by a DBWAX ca-
pillary column (30m x 0.25mm x 0.20pum) in a GC System 7890A
with a Series Injector 7683B and a FID detector (Agilent
Technologies). The injection port was maintained at 220°C, and the
detector at 250°C; the temperature program was 5 min at 145°C, then
2°C/min to 240°C with a hold of 10 min, then 0.5°C/min to 250°C,
and finally hold at 250°C for 5min. Identification of fatty acid methyl
esters was made by comparison with authentic standards (Sigma and
Larodan Fine Chemicals). Results are expressed as mol%.
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Immunohistochemistry

Spinal cords were harvested from 12-month-old wild-type and
Abcd1~/~ or 18-month-old wild-type, Abcd1~’~/Abcd2~'~ and
Abcd1~/~/Abcd2~'~ mice fed with pioglitazone for 4 months, after
perfusion with 4% paraformaldehyde, as described (Pujol et al., 2004;
Ferrer et al., 2005; Lopez-Erauskin et al., 2011). Spinal cords were
embedded in paraffin and serial sections (5-um thick) were cut in a
transversal or longitudinal (1-cm long) plane. The number of abnormal
specific profiles was counted at every 10 sections for each stain. At
least three sections of the spinal cord were analysed per animal and
per stain. The sections were stained with haematoxylin and eosin and
Sudan black, or processed for immunohistochemistry to glial fibrillary
acidic protein (GFAP) (Dako, rabbit polyclonal, 1:500), amyloid pre-
cursor protein (Boehringer, 1:10), synaptophysin (Dako, monoclonal,
1:500), with lectin Lycopericon esculentum (Sigma, L-0651, 1:200)
used as a marker of microglial cells, 8-oxodG (Abcam, 1:1000), SMI-
32 (Sternberger Monoclonals, mouse, 1:3000) and cytochrome ¢ (BD
Pharmingern, mouse 1:500). The results were expressed as the
mean = standard deviation.

Behavioural testing

Treadmill test

Treadmill apparatus consisted of a variable speed belt varying in terms
of speed and slope. An electrified grid was located to the rear of the
belt on which footshocks (0.2 mA) were administered whenever the
mice fell off the belt. The treadmill apparatus (Panlab) consisted of a
belt (50cm long and 20cm wide) varying in terms of speed (5 to
150cm/s) and slope (0-25°) enclosed in a plexiglass chamber
(Martinez de Lagran et al., 2004). The latency to falling off the belt
(time of shocks in seconds) and the number of received shocks were
measured. The mice were placed on the top of the already moving
belt facing away from the electrified grid and in the direction opposite
to the movement of the belt. Thus, to avoid the footshocks, the mice
had to move forward.

The mice were evaluated in five trials in a single day session. In
the first trial, the belt speed was set at 20cm/s and the inclination
at 5°. In the second and third trials, the belt speed was 10cm/s and
the slope was increased to 10° and 20°, respectively. For the fourth
and the fifth trials, the inclination was maintained at 20° and the
belt speed was increased to 20 and 30cm/s, respectively. For the
three first trials, mice ran for 1 min. The fourth and fifth trials were
3 and 7 min, respectively. The time between each test was 1, 1, 5
and 20 min, respectively. When the mice were subjected to consecu-
tive trials at increasing speeds up to 20cm/s and a 20° slope, no
differences were detected from one session to another between the
wild-type and Abcd1~'~/Abcd2~’~ mice. However, when the belt
speed was increased up to 30cm/s and the slope was 20°, differ-
ences were detected between the Abcd?~’~/Abcd2~’~ mice and
the control mice because this task requires greater coordination.
These conditions were therefore chosen to assess the effects of
pioglitazone.

The training session performance was normal for all groups, indicat-
ing that correct acquisition of the skill had occurred (data not shown).
The ratio between the time of shocks and the number of shocks was
used as a locomotor deficit index.

Horizontal bar cross test

The bar cross test was carried out using a wooden bar of 100cm in
length and 2 cm in width (diameter). This bar is just wide enough for
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mice to stand on with their hind feet hanging over the edge such that
any slight lateral misstep will result in a slip. The bar was elevated
50cm from the bench surface, so that animals did not jump off, yet
were not injured upon falling from the bar. The mice are put on one
end of the bar and expected to cross to the other end. To eliminate
the novelty of the task as a source of slips, all animals were given four
trials on the bar the day before and at the beginning of the testing
session. In an experimental session, the number of hind limb lateral
slips and falls from the bar was counted on four consecutive trials. If
an animal fell, it was placed back on the bar at the point at which it
fell and was allowed to complete the task. The bar was cleaned with
ethanol after each animal.

Statistical analysis

Data are presented as the mean = standard deviation (SD). Significant
differences were determined by Student's t-test or one-way ANOVA
followed by Tukey HSD post hoc (*P <0.05, **P<0.01,
***P < 0.001) after verifying normality. Statistical analyses were per-
formed using the software program SPSS 12.0.

Results

Mitochondrial depletion in
Abcd1~/~ mouse spinal cords

We recently reported a transcriptomic analysis of 12-month-old
Abcd1~’~ spinal cords, in which a significant reduction of mes-
senger RNA expression in ~40% of the genes encoding mito-
chondrial oxidative phosphorylation proteins was revealed
(Schluter et al., 2012). To investigate whether this decrease
was associated with a reduced number of mitochondria, we
quantified (i) the level of respiratory chain complex | (NDUFB8)
protein; (i) the protein content of the voltage-dependent anion
channel, a mitochondrial porin whose expression is correlated
with mitochondrial abundance (Mahad et al., 2009); (i) the
mitochondrial DNA/nuclear DNA ratio; and (iv) the level of mito-
chondrial cytochrome c protein by immunohistological analysis.
We observed reductions in these four parameters in Abcd?~/~
mouse spinal cords compared with control mice (Fig. 1A-C), con-
firming the depletion in mitochondria suggested by transcrip-
tomics studies (Schluter et al.,, 2012). The mitochondrial
depletion appears to be specific to the spinal cord, as we did
not observe a similar depletion in the cerebral cortex or in the
liver of Abcd1~’~ mice at the same age (Supplementary Fig. 1).

Pathways controlled by PGC-1a are
altered in X-linked
adrenoleukodystrophy

We next investigated the mechanisms governing the decrease in
mitochondrial number in the spinal cords of X-linked adrenoleu-
kodystrophy mice. The primary and best-characterized master
regulators of mitochondrial biogenesis are PGC-1a/PGC-1B.
These factors regulate the contents and/or activity of several
transcriptional regulators of mitochondrial components, including
(i) nuclear hormone receptors such as PPARa/B/y and ERR«
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Figure 1 Mitochondrial DNA and mitochondrial protein levels
are reduced in spinal cords of Abcd7~/~ mice at 12 months of
age. Wild-type (n = 8) and Abcd? =/~ (n = 8) mice at 12 months
of age. (A) NDUFB8 and VDAC protein levels, (B) mitochondrial
DNA (mtDNA) levels, (C) cytochrome ¢ quantification by
immunostaining in mice spinal cord histological slides and (D)
relative gene expression of PGC-1«, PGC-1pB, PPARe, PPARB,
PPARy, ERRe, NRF1 and TFAM. Scale bar = 100 um (low mag-
nification) / 20 pm (high magnification). Data represent

mean £ SD (*P < 0.05, **P < 0.01). WT = wild-type.
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(oestrogen-related receptor-e); (i) nuclear-encoded NRF1 (nu-
clear respiratory factor 1), which activates the transcription of
nuclear genes encoding for respiratory and detoxifying proteins;
and (i) the mitochondrial transcription factor TFAM. This
transcription factor controls the replication and transcription of
mitochondrial DNA, which in turn encodes certain subunits of
the electron transport chain complexes (Wu et al., 1999).
NRF1 also induces the expression of these mitochondrial tran-
scription factors (Wu et al., 1999), thereby coordinating the nu-
clear and mitochondrial events that lead to the complete
synthesis of mitochondrial components. We found that, at the
messenger RNA level, PGC-1a was reduced in the spinal cords
of Abcd1™’~ mice (Fig. 1D). Consistent with these findings, we
found that the messenger RNA levels of the transcriptional tar-
gets of PGC-1a, the transcription factors NRF1, TFAM and
PPARy were reduced in Abcd1™/~ spinal cords (Fig. 1D), indi-
cating that this PGC-1« signalling pathway is impaired in X-
linked adrenoleukodystrophy.

Importantly, reductions in the levels of mitochondrial DNA
(Fig. 2A) and NDUFB8 and VDAC (Fig. 2B) proteins were also
observed in the affected brain white matter of patients with
X-linked adrenoleukodystrophy. These findings support the hy-
pothesis that mitochondrial depletion may play a central role in
the pathogenesis of X-linked adrenoleukodystrophy.

Pioglitazone prevents mitochondrial
depletion in Abcd1~/~ mice

The abovementioned results demonstrate that X-linked adrenoleu-
kodystrophy mice show mitochondria depletion associated with
impairment of the PGC-1« pathway. It follows that the stimulation
of PGC-1a-dependent pathways could restore mitochondrial bio-
genesis and function by coordinating the actions of transcriptional
networks. Pioglitazone is a PPARy agonist that has been shown to
be able to regulate PGC-1a-dependent pathways in vitro in both
human neuroblastoma SHY5Y cells (Miglio et al., 2009) and
neuron-like NT2 cells (Ghosh et al., 2007) and in vivo in human
subcutaneous adipose tissue (Bogacka et al., 2005).

Because pioglitazone has been successfully tested in animal
models of Alzheimer's disease (Heneka et al., 2005), amyotrophic
lateral sclerosis (Schutz et al., 2005) and multiple sclerosis
(Feinstein et al., 2002), we examined the possible therapeutic
benefits of this drug in the X-linked adrenoleukodystrophy
models. In order to demonstrate that the dietary administration
of pioglitazone was effective, we measured expression of two
classical PPARy targets, iINOS and COX2 (Schutz et al., 2005).
Interestingly, pioglitazone negatively modulated iINOS and COX2
levels in spinal cord (Fig. 3A).

Next, we examined whether pioglitazone was able to activate
the mitochondrial biogenesis program in X-linked adrenoleukody-
strophy mice. We found pioglitazone normalized the mitochondrial
DNA/nuclear DNA ratio (Fig. 3B) and increased the levels of the
mitochondrial proteins NDUFB8 and VDAC (Fig. 3C) and the
expression of PGC-1a-dependent factors such as NRF1, TFAM
as well as PGC-1« itself (Fig. 3D).
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are reduced in the affected white matter of patients with
X-linked adrenoleukodystrophy. Affected (n = 4) and normal-
appearing white matter (n = 4) of patients with X-linked adre-
noleukodystrophy. (A) Mitochondrial DNA (mtDNA) levels and
(B) NDUFB8 and VDAC protein levels. Data represent

mean £ SD (*P < 0.05, **P < 0.01).

Pioglitazone reverses metabolic failure
in Abcd1~/~ mice

The NAD*/NADH ratio is a sensitive indicator of energy metabolism
and the redox state of the cell because it links the citric acid cycle
with oxidative phosphorylation within mitochondria. A condition of
oxidative stress and energy metabolism impairment is reflected by
reduced levels of NADH and ATP. We previously reported decreased
levels of both of these metabolites in the spinal cords of Abcd7 ™/~
mice (Galino et al., 2011), suggesting that a deficit in energy
homeostasis is a key feature in X-linked adrenoleukodystrophy path-
ology. The levels and activity of pyruvate kinase, a key enzyme in
glycolysis, were also found to be reduced in Abcd7 =/~ mice (Galino
et al., 2011). In the present study, we examined the possibility that
pioglitazone might prevent bioenergetic failure in Abcd7 ="~ mice by
measuring ATP, NADH and pyruvate kinase activity. Pioglitazone
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Figure 3 Pioglitazone normalizes mitochondrial DNA and
mitochondrial protein levels in spinal cords of Abcd7 '~ mice.
Wild-type (n = 8), Abcd1~/~ (n =8) and Abcd1 =/~ mice fed
for 2 months with pioglitazone (Abcd7~ + PIO) (n = 8) at 12
months of age. (A) Relative gene expression of INOS and COX2,
(B) mitochondrial DNA (mtDNA) level, (C) NDUFB8 and VDAC
protein levels and (D) relative gene expression of PGC-1e,
NRF1, TFAM and PPAR«, PPARB and PPARy. Data represent
mean =+ SD (*P < 0.05, **P < 0.01, ***P < 0.001).

WT = wild-type.
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Figure 4 Pioglitazone normalizes ATP, NADH levels and pyruvate kinase in spinal cords of Abcd1 null mice. Wild-type (n = 8), Abcd1 '~
(n=8) and Abcd? '~ mice fed for 2 months with pioglitazone (Abcd7~ + PIO) (n = 8) at 12 months of age. (A) ATP, (B) NAD* and
NADH levels, (C) pyruvate kinase activity and (D) pyruvate kinase protein levels. Data represent mean + SD (*P < 0.05, **P < 0.01,

*%%P < 0.001). WT = wild-type.

was found to normalize the levels of ATP and NADH in accordance
with the correction of mitochondrial levels (Fig. 4A and B), as well as
the expression and activity of pyruvate kinase (Fig. 4C and D).

Pioglitazone normalizes the levels of
oxidative stress biomarkers in
Abcd1~/~ mice

Because pioglitazone has been shown to exert antioxidant effects
in vitro and in vivo (Collino et al., 2006; Rahimian et al., 2009),
we quantified these effects using gas chromatography/mass spec-
trometry markers of oxidative lesions to proteins, which are
abnormally elevated in Abcd?~’~ mice (Fourcade et al., 2008;
Lopez-Erauskin et al., 2011). We found that the contents of
GSA, AASA, CML (glycoxidative) and MDAL (lipoxidative) were
normalized by pioglitazone (Fig. 5A). Pioglitazone also normalized
the content of the antioxidant enzyme GPX1 but not SOD2,
whose levels are altered in Abcd1~/~ mice (Fourcade et al.,
2008) (Fig. 5B). Moreover, we measured the activity of glutathi-
one reductase, the enzyme that generates reduced glutathione,
the main antioxidant protector of the cell. Interestingly, the activ-
ity of this enzyme was slowed in X-linked adrenoleukodystrophy
mice and normalized with pioglitazone treatment (Fig. 5C).
Reduction of oxidative stress biomarkers appears most likely inde-
pendent of C26:0 levels, since the accumulation of this toxic me-
tabolite is only very slightly decreased by pioglitazone treatment
(Supplementary Fig. 2A and Supplementary Table 1). This is con-
comitant with a diminished expression of the enzyme responsible

for elongation of very long-chain fatty acids ElovI3 (Kihara, 2012)
(Supplementary Fig 2B).

Pioglitazone prevents axonal
degeneration and increases
mitochondria levels in
Abcd1~/~/Abcd2~/~ mice

Abcd1=/~/Abcd2~’~ (double knockout) mice present an overt
neuropathological phenotype at 16 months of age, characterized
by (i) axonal damage, as suggested by the accumulation of amyloid
precursor protein (APP) and synaptophysin in axonal swellings; (ii)
scattered myelin debris, as revealed by Sudan black; (iii) astrocytosis
and microgliosis, as revealed by GFAP and lectin staining, respect-
ively; (iv) increased labelling of 8-oxo-7,8-dihydro-2’-deoxyguano-
sine (8-oxodG), a marker of oxidative DNA damage, in motor
neurons (Pujol et al., 2004; Lopez-Erauskin et al., 2011); (v)
decreased levels of cytochrome ¢, a marker of mitochondrial con-
tent; and (vi) unhealthy motor neurons, denoted by reduced stain-
ing for SMI-32, an antibody that recognizes a non-phosphorylated
epitope in neurofilament H. The most affected areas for both the
axonal and accompanying reactive glial changes are the pyramidal
tracts and the dorsal fascicles (Pujol et al., 2004; Lopez-Erauskin
et al., 2011). This model is used as a bona fide surrogate for the
AbcdT null mouse, for instance in gene therapy and pharmaco-
logical preclinical tests (Mastroeni et al., 2009; Lopez-Erauskin
et al., 2011). The accumulation of markers of axonal damage and
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Figure 5 Pioglitazone reverses oxidative lesions in spinal cords
of Abcd1~/~ mice. Wild-type (n = 8), Abcd1~/~ (n=8) and
Abcd1~/~ mice fed for 2 months with pioglitazone

(Abcd1~ + PIO) (n = 8) at 12 months of age. (A) GSA, AASA,
CML and MDAL levels. (B) SOD2 and GPX1 protein levels. (C)
Glutathione reductase (GR) activity and protein levels. Data
represent mean £ SD (*P < 0.05).

DNA oxidation and the numbers of reactive astrocytes and reactive
microglia were strikingly reduced to control levels with pioglitazone
treatment. Likewise, pioglitazone was able to recover mitochondria
levels and improve motor neurons health in spinal cord from
X-linked adrenoleukodystrophy mice (Fig. 6A-Y and Table 1).

Pioglitazone stops the progression
of locomotor deficits in
Abcd1~/~/Abcd2~/~ mice

Locomotor deficits in Abcd1~’~/Abcd2~’~ (double knockout)
mice were evaluated by treadmill and bar cross tests before
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treatment (at 13 months of age) and again after 2 months (at
15 months of age) and 4 months (at 17 months of age) of treat-
ment. In the treadmill test, the double knockout mice at 13
months of age showed an increase in the ratio between the
time length of the shocks and the number of shocks, reflecting
a locomotor disability. After 2 months of treatment, this ratio was
partially reduced in double knockout animals treated with piogli-
tazone. Interestingly, after 4 months of treatment, this ratio was
totally normalized, indicating that pioglitazone treatment had
stopped the progression of locomotor deficits in X-linked adreno-
leukodystrophy mice (Fig. 7A).

In the bar cross experiments, double-knockout mutants on ve-
hicle often failed to maintain their balance, and they displayed a
greater tendency to slip off the bar and longer time latencies in
reaching the platform at the opposite end of the bar. Some of the
mice displayed ventral recumbence by wrapping the hind and
front limbs laterally around the bar, as previously described
(Ferrer et al., 2005; Lopez-Erauskin et al., 2011). Following pio-
glitazone treatment, the time needed to cross the bar and the
number of slips reached full normalization after 2 months
(Fig. 7B).

Discussion

In this work, we have observed mitochondrial depletion shown by
decreased levels of mitochondrial DNA and mitochondrial proteins
in the brains of patients with X-linked adrenoleukodystrophy and
spinal cords of the corresponding mouse model, together with a
decrease in cytochrome ¢ immunoreactivity in spinal cord motor
neurons. These results reveal similarities between this prototypical
peroxisomal disease and classical mitochondrial DNA depletion
syndromes, which are a group of early-lethal, autosomal-recessive
diseases characterized by a low mitochondrial DNA copy number
in specific tissues and that often lead to hepatocerebral disorders
(Spinazzola et al., 2009). The defective genes encode proteins that
are involved in the de novo biosynthesis of deoxynucleotides,
mitochondrial DNA replication or mitochondrial enzymatic activity
(Spinazzola et al., 2009). Our findings support the hypothesis that
the dysfunction of a non-mitochondrial protein such as the ABCD1
transporter, which is not directly involved in mitochondrial metab-
olism or mitochondrial DNA maintenance, may affect the biogen-
esis of mitochondria. Moreover, it has been reported that excess
of C26:0 reduces OXPHOS protein levels (complex Il subunit core
2 and complex IV subunit 1) in the human neuroblastoma cell line
SK-NB-E (Zarrouk et al., 2012). Along similar lines, we expand
these results by describing a joint downregulation of several tran-
scription factors that control the expression of structural or func-
tional components of mitochondria in the Abcd7~’~ mouse
model. This indicates that impairment in PGC-1«-dependent path-
ways underlies the decrease in mitochondrial DNA and mitochon-
drial protein levels. This may suggest that the excess of C26:0
could negatively regulate the expression of PGC-1«, perhaps in
a similar manner than a high fat diet or saturated fatty acid treat-
ment does (Mootha et al., 2003; Richardson et al., 2005
Crunkhorn et al., 2007). This phenomenon is not limited to X-
linked adrenoleukodystrophy because decreased PGC-1a activity
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Figure 6 Oxidative stress, myelin and axonal pathologies and
mitochondrial depletion are prevented by pioglitazone in spinal
cords of 18-month-old Abcd7~/~/Abcd2 ™'~ mice.
Longitudinal and transversal sections of the spinal cord in wild-
type (A, D, G, J, M, P, S, V), Abcd1~"~/Abcd2~'~ (DKO) (B, E,
H, K, N, Q, T, W) and Abcd1~'~/Abcd2 ™'~ + PIO

(DKO + PIO) (C, F, I, L, O, R, U, X) mice processed for 8-oxodG
(A-C), lectin Lycopericon esculentum (D-F), GFAP (G-1),

L. Morato et al.

has also been reported in several neurodegenerative disorders
including Huntington's disease (Cui et al., 2006), Parkinson's dis-
ease (Shin et al., 2011), amyotrophic lateral sclerosis (Zhao et al.,
2011), Friedreich ataxia (Coppola et al., 2009) and Alzheimer's
disease (Qin et al., 2009).

In addition, we demonstrated that treatment of X-linked adre-
noleukodystrophy mice with pioglitazone, an activator of PPARy
that increases the expression of PGC-1a (Bogacka et al., 2005;
Ghosh et al., 2007; Miglio et al., 2009), prevented mitochondrial
depletion, normalized the signs of oxidative damage and oxidative
lesions to proteins and DNA, preserved energetic homeostasis
(NADH and ATP levels), restored enzymatic activities of glutathi-
one reductase and pyruvate kinase expression and activity, and,
more importantly, halted the progression of axonal degeneration
and locomotor disabilities. We propose that a direct mechanism to
mediate the protective effect of pioglitazone in Abcd7 null mice
could be the increase of PGC-1a expression, most likely through a
positive regulatory loop between PPARy and its co-activator, as
described (Hondares et al., 2006). Notwithstanding, to establish a
direct causality link, to order the events chronologically in the
cascade, or even to highlight a major insult over the others, and
therefore underscore one precise beneficial effect of pioglitazone
over the rest, may be too premature at this stage. Rather, we tend
to think that the simultaneous restoration of energetic and redox
homeostasis exerted by pioglitazone is most likely a key factor for
arresting disease progression.

We believe that the amelioration of clinical outcome of the
disease was independent on the levels of C26:0 and very long-
chain fatty acids, which remained close to the levels of untreated
Abcd1 null mice, although showing a slight decrease. Because the

Table 1 Summary of the major histopathological findings
in mice spinal cord at 18 months of age

Wild-type DKO DKO + PIO
8-ox0dG Normal Increased Normal
Lectin Normal Increased Normal
GFAP Normal Increased Normal
Sudan black Normal Increased Normal
Cytochrome ¢ Normal Reduced Normal
SMI-32 Normal Reduced Normal

DKO = double knockout = Abcd1~/~/Abcd2~'~: double
knockout + PIO = Abcd1~/~/Abcd2 '~ + PIO; (n = 5-6 mice per genotype and
condition).

Figure 6 Continued

synaptophysin (J-L), APP (M-O), Sudan black (P-R), cyto-
chrome c (S-U), and SMI-32 (V-X). Scale bar = 100 um. (Y)
Quantification of amyloid precursor protein (APP) and synap-
tophysin accumulation in axonal swellings in wild-type (WT),
double knockout (DKO) and double knockout + PIO

(DKO + PIO) mice. Significant differences were determined as
described in the ‘Materials and methods' section (n = 5-6 mice
per genotype and condition; *P < 0.05, **P < 0.01,

¥**P < 0.001). DKO = double knockout.
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Figure 7 Pioglitazone improves locomotor disability in an
X-linked adrenoleukodystrophy mouse model. (A) Treadmill and
(B) bar-cross test in wild-type (WT) and Abcd1~’~/Abcd2 '~
mice (DKO) mice at 13 months of age (before treatment) and
after 2 and 4 months (mo) of pioglitazone treatment

(DKO + PIO). Data represent mean =+ SD. Statistical analysis
was carried out with Student’s ¢-test (*P < 0.05, **P < 0.01,
***P < 0.001) or ANOVA followed by Tukey HSD post hoc
(wild-type versus DKO = *P < 0.05, **P < 0.01,

***P < 0.001; DKO versus DKO + PIO = *P < 0.05,

#P < 0.01). DKO = double knockout.
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expression levels of the partially overlapping Abcd2 gene (Pujol
et al., 2004; Fourcade et al., 2009) were decreased
(Supplementary Fig 2B), this could be attributed to a repressive
effect of pioglitazone on the expression of the fatty acid elongase
Elovi3, which is responsible for elongation of very long-chain fatty
acids (Kihara, 2012). Along the same lines, the treatment with the
PPAR pan-agonist bezafibrate exerted an inhibitory effect on
ELOVL1 activity in X-linked adrenoleukodystrophy fibroblasts,
leading to a reduction of C26:0 (Engelen et al., 2012).

Moreover, potent antioxidant effects of pioglitazone have been
previously reported in Alzheimer's disease-related cerebrovascular
alterations (Nicolakakis et al., 2008) and in models of ischaemia/
reperfusion in rats (Collino et al., 2006; Rahimian et al., 2009).
The latter studies also suggested direct reactive oygen species-
scavenging capacity by pioglitazone, although the molecular
effects of pioglitazone on mitochondrial biogenesis, or energetic
metabolism on parameters such as ATP or NADH levels, or en-
zymatic measurements of pyruvate kinase or glutathione reductase
were not addressed in previous reports. Thus, our study broadens
the current knowledge on the molecular mechanisms driving pio-
glitazone's pleiotropic effects.

Besides fostering of PGC-1a pathways, we should not minimize
the impact of pioglitazone on reducing inflammation, which would
synergistically add to the beneficial effects of the drug. The anti-
inflammatory effect of pioglitazone has been described in a model
of Alzheimer's disease in which activated microglial cells were
found in close contact with degenerating motor neurons.
Treatment with pioglitazone reduced the number of fully activated
microglia and thereby protected neurons (Schutz et al., 2005).
Similar results were observed by Dehmer et al. (2004) in a
model of Parkinson's disease. These authors suggested that piogli-
tazone may act sequentially through PPARy activation, IxB« in-
duction, and inhibition of NF«B activation (Dehmer et al., 2004;
Schutz et al., 2005). These results are consistent with our obser-
vation of the reduction of both microglial activation, astrocytosis,
and some inflammatory PPARy target genes (iNOS and COX2)
upon pioglitazone treatment (Fig. 3A and Fig. 6D-F). Finally, a
new target of pioglitazone, the outer mitochondrial membrane
protein MitoNEET, could constitute an additional mediator of the
positive effects of the drug in this model. This is an iron-containing
protein participating in redox signalling and oxidative capacity
regulation (Paddock et al., 2007; Wiley et al., 2007). This appeal-
ing possibility will be examined in future studies.

Taken together, our findings strongly suggest that an early and
carefully tailored interventional treatment using pioglitazone is an
attractive therapeutic option for patients with X-adrenomyelo-
neuropathy and deserves to be translated into clinical trials. The
biological effects could be easily monitored by quantitative meas-
urement of the biomarkers of oxidative damage in the peripheral
blood mononuclear cells or plasma of patients with X-adrenomye-
loneuropathy, as previously described (Fourcade et al., 2010). The
therapeutic implications of this work may be extrapolated to other
diseases that exhibit both axonal degeneration as a significant
component of clinical progression and oxidative stress/mitochon-
drial depletion or failure as major early contributing pathogenic
factors.
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