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Silencing of Abcd1 and Abcd2 genes sensitizes
astrocytes for inflammation: implication

for X-adrenoleukodystrophy
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Abstract X-linked adrenoleukodystrophy is a metabolic dis-
order arising from a mutation/deletion in the ABCD1 gene,
leading to a defect in the peroxisomal adrenoleukodys-
trophy protein (ALDP), which inhibits the oxidation of very
long chain fatty acids (VLCFAs). Thus, these VLCFAs accu-
mulate. In a cerebral form of ALD (cALD), VLCFA accu-
mulation induces neuroinflammation that leads to loss of
oligodendrocytes and myelin, which ultimately shortens the
lifespan. To establish a relationship between the metabolic
disease and inflammatory disease induction, we document
that small interfering RNA (siRNA)-mediated silencing of
Abcdl (ALDP) and Abcd2 [adrenoleukodystrophy-related
protein (ALDRP)] genes in mice primary astrocyte cultures
resulted in accumulation of VLCFA and induction of an in-
flammatory response characteristic of human cALD. Correc-
tion of the metabolic defect using monoenoic FAs in Abcd1/
Abcd2-silenced cultured astrocytes decreased inducible ni-
tric oxide synthase and inflammatory cytokine expression,
suggesting a link between VLCFA accumulation and inflam-
mation. The inflammatory response was found to be mediated
by transcription factors NF-kB, AP-1, and C/EBP in Abcdl/
Abcd2-silenced mouse primary astrocytes. Although mecha-
nisms of VLCFA-mediated induction of the inflammatory
response have been investigated here in vitro, the in vivo me-
diators remain elusive .ll Our data represent the first study
to suggest a direct link between the accumulation of VLCFA
and the induction of inflammatory mediators.—Singh, J., M.
Khan, and I. Singh. Silencing of Abcdl and Abcd2 genes
sensitizes astrocytes for inflammation: implication for X-
adrenoleukodystrophy. J. Lipid Res. 2009. 50: 135-147.

Supplementary key words peroxisomes ® very long chain fatty acids
glia e nitric oxide e cytokines e adrenoleukodystrophy protein e adreno-
leukodystrophy-related protein

X-linked adrenoleukodystrophy (X-ALD) is a progressive
peroxisomal disease characterized by deficient B-oxidation,

This study was supported in part by The National Institutes of Health, Grants
NS-22576, NS-34741, NS-37766, NS-40810, C06 RR-018823, and C06
RR-015455.

Manuscript recetved 18 June 2008 and in revised form 21 August 2008.

Published, JLR Papers in Press, August 31, 2008.
DOI 10.1194/jlr M800321-JLR200

Copyright ©2009 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

leading to accumulation of very long chain fatty acids
(VLCFAs), which ultimately affect the central nervous sys-
tem (CNS) and the adrenal cortex (1-3). Different pheno-
types of ALD are generally recognized, distinguished by
age of onset and differences in symptoms and course of dis-
ease; these range from the rapidly progressing childhood
cerebral form (cALD), to the mild adult slow-progressing
adrenomyeloneuropathy (AMN), to Addison’s disease (affects
only the adrenal glands, not myelin), and to the asymptom-
atic form (or presymptomatic) (1-3). All forms of X-ALD
are shown to be caused by deletion or mutations in the
ABCDI1 gene that belongs to the ATP binding cassette
(ABC) superfamily of transmembrane transporters and
encodes the adrenoleukodystrophy protein (ALDP), which
is located in the peroxisomal membrane.

Peroxisomes contain three additional ABC transporters:
ABCD2, adrenoleukodystrophy-related protein (ALDRP);
ABCD3 (PMP70, peroxisomal membrane protein); and
ABCD4 (PMP70R, PMP70-related protein). Although func-
tions of these half transporters remain unclear, they ex-
hibit considerable sequence similarity and overlapping
function(s) in peroxisomal FA metabolism, suggesting pro-
miscuity among the functions of these transporters (4).
The ABCD1 gene maps to chromosome Xq23 and encodes
a 740-amino acid protein, ALDP. The ABCD2 gene maps
to chromosome 12q11 and encodes a 741-amino acid half
transporter that is 66% identical at the amino acid level
with ABCD1 (5). Both ABCD1 and ABCD2 genes also
share the same exon/intron structure (6). The ALDRP is
particularly abundant in the brain and adrenal gland (5, 7).

Abbreviations: ALDP, adrenoleukodystrophy protein; ALDRP,
adrenoleukodystrophy-related protein; AMN, adrenomyeloneuropathy;
cALD, cerebral adrenoleukodystrophy; CNS, central nervous system;
COX-2, cycloxygenase-2; EMSA, electrophoretic mobility shift assay; FAME,
fatty acid methyl ester; IL-1B, interleukin-1B; iNOS, inducible nitric
oxide synthase; LO, Lorenzo’s Oil; 5-LOX, 5-lipoxygenase; NO, nitric
oxide; PPAR, peroxisome proliferator-activated receptor; ROS, reactive
oxygen species; Scr, scrambled; TNF-a, tumor necrosis factor-o; VL.CFA,
very long chain fatty acid; X-ALD, X-linked adrenoleukodystrophy.
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Overexpression of the ALDRP in fibroblasts from X-ALD
patients at least partially restores the impaired peroxisomal
B-oxidation (8). Furthermore, increasing expression of
ALDRP by fibrates (peroxisome proliferators) in a peroxi-
some proliferator-activated receptor a (PPARa)-dependent
fashion provides a potential therapeutic strategy for treat-
ing X-ALD (9). ABCD2 expression is inducible by pharma-
cological agents like fibrates, and Abcd2 overexpression
has been shown to compensate for ALDP deficiency in
Abcdl knockout (KO) mice, preventing VLCFA accumula-
tion and onset of the neurological phenotype (4). PMP70
overexpression has been shown to partially restore VLCFA
B-oxidation in X-ALD fibroblasts (10). Functional gene re-
dundancy is also supported by the fact that relatively high
residual VLCFA -oxidation is present in X-ALD fibroblasts
lacking ABCD1. The correction of metabolic defects after
statin treatments was also suggested to be due to upregula-
tion of ABCD2 in X-ALD cultured fibroblasts (11). These
findings indicate the potential correction of the metabolic
disease using pharmacogenomic approaches. Interestingly,
cALD has inflammatory components, so we suggest that
this ALD therapy might be beneficial for both the meta-
bolic and the neuroinflammatory disease.

VLCFA accumulation is the hallmark of X-ALD and an
indication of metabolic disorder, which can subsequently
lead to neuroinflammatory disease in cALD. Whether the
neuroinflammatory response is directly due to abnormal
VLCFA accumulation and, if so, what triggers the transition
from the metabolic disorder to the severe neuroinflamma-
tory disease, remains elusive and is the focus of ongoing
research. Proinflammatory cytokines and inducible nitric
oxide synthase (iNOS) have been implicated in the pathol-
ogy of most brain diseases, including X-ALD, multiple
sclerosis, stroke, neurotrauma, and other inflammatory
and infectious neurodegenerative diseases (12—-19). Re-
cently, our laboratory observed decreased peroxisomal pro-
teins and increased VLCFA in the CNS of animals with
experimental autoimmune encephalomyelitis, which is an
animal model of multiple sclerosis (20). Inflammatory
mediators are also reported to downregulate peroxisome
function, leading to VLCFA accumulation (21-23). In fact,
VLCFA accumulation in the inflammatory region was eight
to ten times greater than in the histologically normal
X-ALD brain, suggesting that induction of inflammatory
mediators further downregulates peroxisome function,
propagating a cycle (22, 23).

The Abcdl KO mouse (X-ALD mouse) mimics the human
biochemical profile, i.e., accumulation of VLCFA in tissues,
decreased VLCFA B-oxidation in fibroblasts, and adrenal
dysfunction (16, 24, 25). However, mice do not display
the neurological phenotype until 18-20 months of age, at
which time they have a mild neuropathological manifesta-
tion similar only to AMN (26), which is a late-onset, slower
progressing X-ALD phenotype (27). The Abcd2 KO mouse
and Abcdl/Abcd2 double KO mice show evidence of oxi-
dative stress at early ages, which is absent or minimal in the
Abcdl KO mouse (28). Myelin destabilization is minimal in
Abcdl KO mice, who do not have cerebral inflammation,
only accelerated microglial activation in the spinal cord
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(29). These observations clearly document that even
though Abcdl KO mice develop metabolic disease, this
does not progress to neuroinflammatory disease like that
observed in childhood X-ALD patients.

Because deletion or mutation of the ABCD1 gene and
the pathognomonic accumulation of VLCFA are used as
diagnostic tools both prenatally and postnatally for
X-ALD, we investigated the relationship between ABCD1/
ABCD2 and the induction of neuroinflammatory disease,
focusing on the effects of in vitro silencing of the Abcdl/
Abcd2 genes by siRNA in mouse primary astrocyte cultures.
We report that silencing of Abcdl/Abcd?2 results in down-
regulation of peroxisomal (-oxidation activity for VLCFA
and thus accumulation of VLCFA. Correction of the meta-
bolic defect with monoenoic FAs decreased VLCFA accu-
mulation and downregulated expression of inflammatory
mediators in the Abcdl/Abcd2-silenced astrocytes. These
data establish a relationship between VLCFA accumulation
and increased expression of inflammatory mediators.

MATERIALS AND METHODS

Reagents

DMEM (4.5 g/1) was purchased from Invitrogen Life Technolo-
gies; FBS and HBSS were purchased from Gibco (Invitrogen,
Carlsbad, CA). ALDP and cycloxygenase-2 (COX-2) antibody were
purchased from Chemicon International, Inc. (Temecula, CA).
ALDRP antibody was custom-made from ANASPEC against the
mouse 20-residue C-terminal sequence: 722 CKILGEDSVLKTIQT-
PEKTS 741. 5-Lipoxygenase (5-LOX) antibody was purchased from
Cayman Chemical (Ann Arbor, MI). Oleic acid and erucic acid
were purchased from Sigma-Aldrich, Inc. (Milwaukee, WI). ECL
and nitrocellulose membranes were purchased from Amersham
Biosciences. Fatty acid methyl ester (FAME) standards were
obtained from Supelco (Bellefonte, PA). [1-'*C]lignoceric acid
was prepared as described earlier (30). [1—14C]palmitic acid and
125 Jabeled protein A were obtained from ICN (Cleveland, OH).

Cell culture

C57BL6 mouse breeding pairs were purchased from Jackson
Laboratory (Bar Harbor, ME) and maintained at the Medical
University of South Carolina (MUSC) animal facility. All animal
procedures were approved by the MUSC Animal Review Com-
mittee, and all animals received humane care in compliance with
the MUSC experimental guidelines and the National Research
Council’s criteria for humane care (Guide for Care and Use of
Laboratory Animals).

Primary astrocyte-enriched cultures were prepared from the
whole cortex of 1-day-old C57BL/6 mice as described earlier
(31). Briefly, the cortex was rapidly dissected in ice-cold calcium/
magnesium-free HBSS at pH 7.4 as described previously (32). The
tissue was minced, incubated in HBSS containing trypsin (2 mg/ml)
for 20 min, and washed twice in plating medium containing 10%
FBS and 10 pg/ml gentamicin and then disrupted by triturating
through a Pasteur pipette, after which cells were seeded in 75 cm®
culture flasks (Falcon, Franklin, NJ). After incubation at 37°C
in 5% COy for 1 day, the medium was completely changed to
the culture medium (DMEM containing 10% FBS and 10 pg/ml
gentamicin). The cultures received half exchanges with fresh
medium twice a week. After 10 days, the cells were shaken for at
least 30 min on an orbital shaker to remove the microglia, and
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flasks were incubated for 1 day, after which they were shaken again
for 8 h to remove the oligodendrocytes. The remaining population
was used as astrocytes culture. All cultured cells were maintained at
37°C in 5% CO.. Lipids (oleic and erucic acid) were dissolved in
ethanol and then diluted in DMEM for treatment of cultures.

siRNA interference of Abcdl and/or Abcd2 in mouse
primary astrocytes

The silencer siRNA (Ambion, Austin, TX) was used for Abcdl
and/or Abcd?2 silencing in primary mouse astrocytes. Briefly,
mice astrocytes cultured in DMEM with 10% serum and in the
presence of antibiotic were transfected with siRNA for Abcdl
and/or Abcd2 using siPORT NeoFX transfection agent (Ambion).
Three siRNAs for Abcdl and Abcd2 (Ambion) each were used
(Abcdl siRNALT, ID 162218; 5-CCUCUACAACCUAAUUUAUtt-3';
5'-AUAAAUUAGGUUGUAGAGGtg-3’, siRNA2, ID 60153;
5-GGUAUUUGAAGAUGUCAAALtt-3’; 5'-UUUGACAUCUU-
CAAAUACCtg-3’, siRNA3, ID 60064; 5'-GGAAAUUGCCUU-
CUACGGGtt-3'; 5'-CCCGUAGAAGGCAAUUUCCtc-3’; Abcd2
siRNAT, ID 188185; 5'-GGCUUUAGCUUACCAGAUGtt-3';
5'-CAUCUGGUAAGCUAAAGCCLtt-3’, siRNA2, ID 214996;
5’-GGUAAAUGUCUAGAAAUGGtt-3’; 5'-CCAUUUCUAGA-
CAUUUACCtg-3’, siRNA3, ID 214997, 5'-GCUGUAGAGAU-
CAAUAGAGtt-3'; 5’- CUCUAUUGAUCUCUACAGCtc-3’). The
siRNAs were mixed and diluted in OPTI-MEM1 medium to a final
concentration of 30 nM/well. siRNA/transfection agent was dis-
pensed into culture plates as directed by the manufacturer. A
positive control using GAPDH siRNA (Ambion) and a negative
control with sequence similarity to no known human, mouse, or
rat gene were included. Cells were maintained in DMEM with re-
duced serum (2%). Silencing was observed with Western blot and
mRNA quantification. For protein analysis of the transfected cells,
two wells per plate were lysed and used for protein measurements
and protein levels (Western blot). Cells were maintained for 6 days
in DMEM with 2% FBS before harvesting for the analysis.

FA B-oxidation

The peroxisomal oxidation of FAs in control, scrambled RNA
(ScrRNA)-silenced, and Abcdl- and/or Abcd2-silenced astrocytes
was determined in 6-well plates. B-Oxidation of FAs to acetate
(water-soluble product) was determined using [1-1*C]FAs as sub-
strate [Coy., lignoceric acid or Cj ¢, palmitic acid (ARC, St. Louis,
MO); 150,000 dpm suspended in 0.25 mg of a-cyclodextrin/assay]
(20). Briefly, plates were washed three times with serum-free
medium, and the substrate in 0.250 ml of serum-free media
was added to each well. The plates were incubated for 1 h with
lignoceric acid or for 30 min with palmitic acid, at 37°C. Blank
wells were included in each set of plates. The reaction was
stopped with 1 M KOH (0.625 ml) in methanol and the mixture
was transferred to capped tubes. The methanolic solution was
then incubated at 60°C for 1 h, neutralized with of 6 N HCI
(0.125 ml), and partitioned with 1.25 ml of chloroform (20).
The amount of radioactivity in the upper phase represents the
amount of [1-"*CJFA oxidized to acetate. Cells grown in parallel
in the same plate were used to determine the protein present in
the assays. Experiments were performed in triplicate.

Lipid extraction and FA analysis

Total lipids were extracted from control and treated cells
as described previously (33). The FAMEs were analyzed by GC
(Shimadzu chromatograph GC-15A attached to a Shimadzu
chromatopac C-R3A integrator) using a fused silica capillary col-
umn (25 M 007 series methyl silicone, 0.25 mm internal diameter,
0.25 pm film thickness) from Quadrex Corporation (New Haven,
CT). The column temperature was programmed at 125°C for

5 min, raised to 280°C at the rate of 5°C per min, and then
to 295°C, at the rate of 25°C per min. The temperature was held
constant at 295°C for 5 min. The injection block was set at 200°C,
and the detector was set at 320°C. The separated components
were identified by comparison with retention times of standard
FAME. The area under the peaks of identified FAs was set as
100%. The individual FAs were measured as area percent.

Western blot analysis

The cells were washed with cold Tris-buffered saline (20 mM
Trizma base and 137 mM NaCl, pH 7.5) and lysed in 1X SDS
sample-loading buffer [62.5 mM Trizma base, 2% (w/v) SDS,10%
glycerol], and after sonication and centrifugation at 15,000 g for
5 min, the supernatant was used for the immunoblot assay. The
protein concentration of samples was determined with a detergent-
compatible protein assay reagent (Bio-Rad) using BSA as the
standard. The sample was boiled for 3 min with 0.1 vol of 10%
B-mercaptoethanol and 0.5% bromphenol blue mix. Then
40 pg of total cellular protein was resolved by electrophoresis
on 8% or 12% polyacrylamide gels, electrotransferred to a poly-
vinylidene difluoride filter, and blocked with Tween 20-containing
TBS (TBST; 10 mM Trizma base, pH 7.4, 1% Tween 20, and
150 mM NaCl) with 5% skim milk. After incubation with anti-
serum raised against mice ALDP, ALDRP, COX-2, 5-LOX, and
iNOS, the membranes were then incubated with HRP-conjugated
anti-rabbit or mouse IgG for 1 h. The membranes were detected
by autoradiography using ECL-plus (Amersham Biosciences) after
washing with TBST buffer.

RNA extraction and cDNA synthesis

Following total RNA extraction using TRIzol (Invitrogen) per
the manufacturer’s protocol, single-stranded cDNA was synthe-
sized from total RNA. Five micrograms of total RNA was treated
with 2 units of DNase I (bovine pancreas; Sigma) for 15 min at
room temperature in an 18 pl vol containing 1X PCR buffer and
2 mM MgCls. This was then inactivated by incubation with 25 mM
EDTA (2 pl) at 65°C for 15 min. Next, 2 pl of random primers
was added and annealed to the RNA according to the manufac-
turer’s protocol. cDNA was synthesized in a 5 pl reaction contain-
ing 5 g of total RNA and 50-100 units of reverse transcriptase by
incubating the tubes at 42°C for 60 min.

Real-time PCR

Total RNA isolation from control, ScrRNA-silenced, and
Abcdl- and/or Abcd2-silenced astrocytes cultures was performed
using TRIzol (Invitrogen) according to the manufacturer’s protocol.
Real-time PCR was conducted using Bio-Rad iCycler (iCycler iQ
Multi-Color Real Time PCR Detection System; Bio-Rad). Single-
stranded cDNA was synthesized from total RNA as described.
The primer sets for use were designed (Oligoperfect™ designer,
Invitrogen) and synthesized from Integrated DNA Technologies
(Coralville, IA). The primer sequences for TNF-a: forward, 5'-ctt
ctg tct act gaa ctt cgg ggt-3” and reverse, 5'-tgg aac tga tga gag gga
gcce-3'; glyceraldehyde-3-phosphate dehydrogenase: forward,
5’-cct acc ccc aat gta tce gtt gtg-3’ and reverse, 5'-gga gga atg gga
gtt gct gtt gaa-3'; IL-1B: forward, 5’-gag aga caa gca acg aca aaa tcc-3/
and reverse, b'-ttc cca tct tet tet ttg ggt att g-3'; INOS: forward, 5'-gga
aga gga aca act act gct ggt-3’ and reverse, 5'-gaa ctg agg gta cat gct
gga gc-3'; 18S: forward, 5’-gaa aac att ctt ggc aaa tgc ttt-3’ and re-
verse, b’-gceget aga ggt gaa att ctt-3'. IQ™ SYBR Green Supermix
was purchased from Bio-Rad. Thermal cycling conditions were
as follows: activation of DNA polymerase at 95°C for 10 min, fol-
lowed by 40 cycles of amplification at 95°C for 30 s and 58.3°C for
30 s. The normalized expression of target gene with respect to
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glyceraldehyde-3-phosphate dehydrogenase or 18S RNA was com-
puted for all samples using a Microsoft Excel data spreadsheet.

Assay for nitric oxide synthesis

Production of nitric oxide (NO) was determined by assaying
culture supernatants for nitrite, a stable reaction product of
NO and molecular oxygen. Briefly, 100 wl of culture supernatant
was allowed to react with 100 pl of Griess reagent (34) and incu-
bated at room temperature for 15 min. The optical density of the
assay samples was measured spectrophotometrically at 570 nm.
Fresh culture medium served as the blank in all experiments.
Nitrite concentrations were calculated from a standard curve de-
rived from the reaction of NaNOy in the assay.

Determination of tumor necrosis factor-a and
interleukin-1p in culture supernatants

Cells were silenced with Abcdl and/or Abcd2 siRNA or
ScrRNA, and concentrations of tumor necrosis factor-a (TNF-a)
and interleukin-13 (IL-1B) were measured in culture superna-
tants using high-sensitivity ELISA (R and D Systems).

Measurement of reactive oxygen species

Reactive oxygen species (ROS) were determined using the
membrane-permeable fluorescent dye 6-carboxy 20, 70-dichloro-
dihydrofluorescein diacetate (DCFH2-DA) in serum-free me-
dium as described earlier (35). The cultured cells, with or
without treatment, were incubated with 5 mM DCF dye in PBS
for 2 h at 37°C. The change in fluorescence was determined at
excitation 485 nm and emission 530 nm using a Soft Max Pro
spectrofluorometer (Molecular Devices, Sunnyvale, CA).

Preparation of nuclear extracts and electrophoretic
mobility shift assay

Nuclear extracts from control, ScrRNA-treated, and Abcdl/
Abcd2-silenced primary astrocytes were prepared as described
previously (36). Cells were harvested, washed twice with ice-cold
PBS, and lysed in 400 pl of buffer A [10 mM HEPES (pH 7.9),
10 mM KCI, 2 mM MgCls, 0.5 mM dithiothreitol, 1 mM PMSF,
5 pg/ml aprotinin, 5 pg/ml pepstatin A, and 5 wg/ml leupeptin]
containing 0.1% Nonidet P-40 for 15 min on ice, vortexed vigor-
ously for 15 s, and centrifuged at 14,000 rpm for 30 s. The
pelleted nuclei were resuspended in 40 pl of buffer B [20 mM
HEPES (pH 7.9), 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM
MgCls, 0.2 mM EDTA, 0.5 dithiothreitol, 1 mM PMSF, 5 pg/ml
aprotinin, 5 pg/ml pepstatin A, and 5 pug/ml leupeptin]. After
30 min on ice, lysates were centrifuged at 14,000 rpm for
10 min. Supernatants containing the nuclear proteins were di-
luted with 20 pl of modified buffer C [20 mM HEPES (pH 7.9),
20% (v/v) glycerol, 0.05 M KCI, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 0.5 mM PMSF] and stored at —70°C until use.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed
using an EMSA “Gel Shift” Kit (Panomics, Inc., Redwood, CA)
per the manufacturer’s protocol. Briefly, nuclear extracts were
normalized for protein (Bio-Rad protein assay), and equal
amounts (10 ug) were loaded. DNA-protein complexes were re-
solved by PAGE on 6% gel (Invitrogen) in 45 mM Tris, 45 mM
boric acid, 1 mM EDTA [0.5X tris borate EDTA (TBE)], and
run at 11 V/cm. For competition analysis, nuclear extracts were
preincubated with cold excess unlabeled competitor DNA for
5 min at room temperature and the samples were processed as
for EMSA. At the end of the run, the gel was transferred onto a
neutrally charged nylon membrane (GE Healthcare, Piscataway,
NJ) in 0.5X TBE for 1 h at 300 mA. The oligos were fixed using
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ultraviolet crosslinker. The membrane was blocked for 15 min at
room temperature and treated with streptavidin-HRP for 15 min
and then washed three times for 10 min at room temperature.
The membrane was incubated in detection buffer for 5 min at
room temperature and then overlaid with substrate solution for
5 min, sandwiched between two plastic sheets. Excess substrate
solution was drained, and the membrane was developed using
Hyperfilm ECL.

Protein/DNA arrays

To assay the expression of multiple transcription factors in
response to Abcdl and/orAbcd2 gene silencing in the mouse pri-
mary astrocytes, we used protein/DNA arrays according to the
manufacturer’s instructions (Panomics). Briefly, a set of biotin-
labeled DNA binding oligonucleotides (TranSignal probe mix)
was preincubated with nuclear extract (10 pg) to allow the for-
mation of protein/DNA (or transcription factor/DNA) com-
plexes. The protein/DNA complexes were than separated from
the free probes. The probes in the complexes were extracted
and hybridized to the TranSignal Array membrane, which contains
an array of transcription factor consensus binding sequences,
overnight at 42°C in a hybridization oven. The membrane was
then incubated with streptavidin-HRP for 15 min at room tem-
perature, and signals were detected using a chemiluminescent
imaging system.

Cell viability

Cytotoxic effects of all treatments were determined by measur-
ing the metabolic activity of cells with 3-(4, 5-dimethyl thiazol-
2-y1)-2,5-diphenyl tetrazolium bromide assay. The absorbance of
viable cells was measured with a test wavelength of 570 nm and
a reference wavelength of 630 nm.

Statistical analysis

Using the Student Newman-Keuls test and ANOVA, P values
were determined for the respective experiments from three iden-
tical experiments using GraphPad software (GraphPad Software,

Inc., San Diego, CA). The criterion for statistical significance was
P < 0.05.

RESULTS

Silencing of Abcdl and Abcd2 by RNA interference results
in decreased 3-oxidation activity and VLCFA accumulation
in mouse primary astrocytes

Because ABCD2 transfection complemented the func-
tion of ABCD1 in X-ALD cells (37), we investigated the
silencing of both Abcdl and Abcd2 individually and in
combination in mouse primary astrocytes. A pool of three
siRNA duplexes each for Abcdl or Abcd?2 induced silenc-
ing up to 80% when transiently transfected in mouse pri-
mary astrocytes, as observed by mRNA expression and
Western blot analysis (Fig. 1A). The observation that
ScrRNA did not downregulate the expression of either
Abcdl or Abcd2 documents that the silencing was specific.
Transfection efficiency was checked by transfecting the as-
trocytes with Cy3-labeled negative control siRNA (Fig. 1B).
Moreover, Cy3-labeled siRNA was also transfected in the
presence of oleic acid/erucic acid [Lorenzo’s Oil (LO)]
to rule out any interference of these FAs in the transfection
process for studies with LO. Moreover, Fig. 1C shows that
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Fig. 1. Transient Abcdl and Abcd2 gene silencing. A: Both of the siRNAs induced gene silencing in mice primary astrocytes, indicated by a
significant decrease in Abcdl and Abcd2 expression analyzed by RI-PCR and Western blot immunoassay detected with monoclonal anti-
bodies against Abcd1 and Abcd2 proteins. The same membranes were stripped and reprobed with anti-actin antibodies as a loading control.
B: Transfection efficiency was more than 90% as seen by Cy3-labeled negative control-siRNA transfection. C: siRNA transfection or oleic
acid/erucic acid treatment was not cytotoxic. Cell viability of Abcdl- and/or Abcd2-silenced and oleic acid and erucic acid mixture-treated
astrocytes are reported as absorbance (A570-A690 nm) obtained with an 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide
assay. D: Mouse primary astrocytes were silenced for Abcdl and/or Abcd2. After 6 days, B-oxidation was measured in the cell suspension
as described in Materials and Methods. Lignoceric acid oxidation was significantly decreased upon silencing of Abcdl or Abcd2 genes in
primary astrocytes. Silencing of both Abcdl and Abcd2 simultaneously further significantly (P < 0.001) inhibited B-oxidation. There was
no significant change in palmitic acid oxidation upon silencing with Abcd1/Abcd2. E: Fatty acid methyl ester was prepared directly from
cells as described in Material and Methods. FAs were analyzed by GC after adding Co7.9 as an internal standard. Cog g, Co4.9, and Cag.o were
measured as a percent of total FAs and expressed as percent Cog, of total FAs (i), Coe.0/Cooo (ii). Results represent the means * SE of
duplicates from three different experiments. * P < 0.01, Abcdl or Abcd2 silencing compared with control; ** P < 0.05, Abcd2 silencing
compared with control; ##* P < (0.001, Abcd1+Abcd?2 silencing compared with control; **** P < (0.001, Abcdl or Abcd2 silencing com-
pared with control; “® P < 0.001, Abcd1+Abcd? silencing compared with Abed1 or Abed? silencing; * P < 0.001, oleic acid/erucic acid
(20 pM) treatment compared with Abcdl+Abcd?2 silencing; %% P < 0.001, oleic acid/erucic acid (20 wM) treatment compared with
Abcd1+Abcd? silencing; ¥¥% P < 0.001, oleic acid/erucic acid (40 pM) treatment compared with Abed1+Abcd?2 silencing; NS, nonsignifi-
cant, control compared with scrambled RNA-treated.

the experimental conditions used in this study had no ef-
fect on cell survival.

Because peroxisomal VLCFA B-oxidation activity is de-
termined by ALDP expression (38), and because impaired
B-oxidation activity results in VLCFA accumulation (39),
we also examined the effect of Abcdl and/or Abcd?2 si-
lencing on lignoceric and palmitic acid $-oxidation. Using
radiolabeled FAs, we observed that the rate of peroxisomal

B-oxidation (lignoceric acid) activity in Abcd1 or Abcd2 si-
lenced individually or in Abcdl/Abcd2 double-silenced
astrocytes was reduced compared with control and ScrRNA-
treated cells (Fig. 1D). However, there was no significant
change in the mitochondrial B-oxidation (palmitic acid)
activity in Abcdl- and/or Abcd2-silenced astrocytes. These
observations document that deletion of Abcdl/Abcd2 re-
sults in decreased peroxisomal B-oxidation in astrocytes.
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We further measured VLCFA in the Abcdl and/or
Abcd2 knockdown primary astrocytes. Figure 1E shows
the level of saturated Cog.o (i) and ratios of Cog.o/Cos.g
(ii). The Cogg.0/Cog.¢ ratio, along with concentrations of
Cg6.0, 1s considered a standard diagnostic tool for the as-
sessment of VLCFA in peroxisomal disorders (1-3, 40).
The results presented here depict a 3-fold increase in the
Cag.0/ Coag. ratio as well as in the levels of Cog.o in Abcdl-
or Abcd2-silenced astrocytes compared with control and
ScrRNA-treated astrocytes. Double silencing of both Abcd1
and Abcd?2 increased the Cogg.0/Cos.q ratio and the levels of
Cae:0 4fold compared with control or ScrRNA. Because LO
treatment results in normalization of VLLCFA levels in cul-
tured X-ALD fibroblasts as well as in plasma of X-ALD pa-
tients (2, 41, 42), we evaluated the effect of oleic/erucic
acid treatment on Abcd1,/Abcd2 double-silenced astrocytes
for VLCFA accumulation. As shown in Fig. 1E (i and ii), a
significant and dose-dependent decrease was observed in
VLCFA levels with LO treatment of Abcdl/Abcd2-silenced
astrocytes. These observations document that Abcdl/
Abcd?2 silencing induced accumulation of VLCFA and that
this accumulation can be attenuated by LO treatment.

Silencing of Abcdl and/or Abcd2 upregulates 5-LOX and
COX-2 expression in mouse primary astrocytes

Profound oxidative damage was observed in brains of
patients with inflammatory cerebral demyelinating X-ALD
(43, 44). We therefore investigated the levels of ROS in
Abcdl/Abcd2-silenced astrocyte cultures. The silencing
significantly increased ROS in astrocyte cultures (Fig. 2A).
ROS were partially but significantly reduced upon treat-
ment of Abcd1l/Abcd2-silenced astrocytes with LO. A grow-
ing body of evidence suggests that certain leukotrienes,
products of 5-LOX (45), and prostaglandin, a product of
COX-2 (46), play a critical role in the signaling cascade of
inflammatory gene expression. To investigate further the in-
volvement of 5-LOX in the oxidative stress/inflammatory
response in Abcdl- and Abcd2-silenced astrocytes cultures,
we measured protein [Fig. 2B(i)] and mRNA [Fig. 2B(ii)] of
5-LOX and COX-2 in control, ScrRNA, and Abcdl- and
Abcd2-silenced primary astrocyte cultures. As shown in
Fig. 2B, 5-LOX expression was significantly enhanced in
Abcdl- or Abcd2-silenced cultures (P < 0.001) compared
with control or ScrRNA-treated cultures. Expression of
5-LOX and COX-2 genes was upregulated more in double-
silenced cells. These observations indicate that VLCFA de-
rangement (accumulation) caused by deletion of Abcdl/
Abcd?2 leads to upregulation of the proinflammatory media-
tors b-LOX and COX-2.

Silencing of Abcdl/Abcd2 induces expression of cytokines
and iNOS in mouse primary astrocytes

To establish the relationship between the deletion/
mutation of ABCD1 and the derangement of VL.CFA to in-
duce an inflammatory response similar to that observed in
the CNS of cALD patients, we studied the expression of
proinflammatory cytokines and iNOS in astrocytes after
silencing of Abcd1l/Abcd2. The supernatant from cultured
astrocytes silenced for Abcdl or Abcd2 or Abcdl/Abcd2
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Fig. 2. Reactive oxygen species (ROS) generation and expression
of 5-lipoxygenase (5-LOX) and cycloxygenase-2 (COX-2) is in-
duced in Abcdl/Abcd2-silenced astrocytes. A: ROS generation in
primary astrocytes after 6 days of silencing or oleic acid/erucic
acid-treated astrocytes. B: The immunoblot (i, ii) and expression
of 5-LOX and COX-2 (iii) examined using the iCycler iQ) real-time
PCR detection system, as discussed in Materials and Methods. The
target gene expression was normalized to GAPDH expression, and
the result is presented as mean normalized expression. Data are
means * SD of three experiments. * P < 0.001, Abcdl silencing
compared with control; ** P < 0.001, Abcd?2 silencing compared
with control; *** P < 0.001, Abcdl+Abcd2 silencing compared
with Abcdl or Abcd?2 single silencing; @ p < 0.05, oleic acid/erucic
acid (20 pM) treatment compared with Abcd1+Abcd?2 silencing;
@@ p < (.01 oleic acid/erucic acid (40 wM) treatment compared
with Abcd1+Abcd?2 silencing; NS, nonsignificant, oleic acid/erucic
acid (10 wM) treatment compared with Abcdl+Abcd?2 silencing.

were collected for measurement of cytokines and NO. Fig-
ure 3 shows that deletion of Abcdl/Abcd2 in primary as-
trocytes upregulated the expression of proinflammatory
cytokines (TNF-a and IL-1B), iNOS, and increased produc-
tion of NO. Accumulation of VLCFA in X-ALD patients
leads to secondary inflammatory demyelination with a
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Fig. 3. Abcdl/Abcd?2 silencing induces the expression of proinflammatory mediators in primary astrocytes.
Tumor necrosis factor-a (TNF-a) (A) and interleukin-13 (IL-1B) (B) were measured by ELISA in the super-
natant of primary astrocytes after 6 days of silencing. TNF-a (C) and IL-1$ (D) expression was examined
using the iCycler iQ real-time PCR detection system as discussed in Materials and Methods. The target gene
expression was normalized to GAPDH expression, and the result is presented as mean normalized ex-
pression. Data are means * SD of three experiments. *P < 0.001, Abcdl1 silencing compared with control;
## P<0.001, Abcd?2 silencing compared with control; *#* P < 0.001 Abcdl/Abcd?2 silencing compared with
Abcdl or Abced?2 single silencing; ©® P < 0.01, Abcdl silencing compared with control; @@ p < 0.01, Abcd2
silencing compared with control; NS, nonsignificant, scramble-treated compared with control.

marked increase in activation of microglia and astrocytes,
with subsequent accumulation of proinflammatory cyto-
kines (TNF-a and IL-18) (14, 19). Normalization of VLCFA
levels correlates with decreased cytokines (31). Expression
of mRNA for TNF-a and iNOS is also increased in inflam-
matory areas compared with normal areas of the cALD
brain (22). In the present study, Abcdl or Abcd?2 silencing
markedly induced (P < 0.001) the production of pro-
inflammatory cytokines (TNF-a, IL-1B), as determined in
media by ELISA. The production of these cytokines was
further significantly enhanced (P < 0.001) in Abcdl/
Abcd2 double-silenced cultures. RT-PCR for TNF-a and
IL-1B had a similar trend of increased gene expression,
which correlated with protein levels (Fig. 3). Proinflamma-
tory cytokines were higher in double Abcd1/Abcd?2 silenc-
ing when compared with silencing of only Abcdl or only
Abcd2, and double silencing was correlated with greater
VLCFA and greater VLCFA accumulation, supporting a
role for VLCFA derangement in the induction of an inflam-
matory response.

Nitrite production, a stable marker for NO generation, was
significantly increased (P < 0.001) in Abcdl- and Abcd2-
silenced samples, compared with control and Scr-treated

astrocytes. NO production was further significantly en-
hanced (P<0.001) in Abcd1/Abcd2 double-silenced astro-
cytes. These observations indicate that astrocytes with
deranged VLCFA due to silencing of Abcd1/Abcd2 predis-
pose these cells to proinflammatory response such as induc-
tion of cytokines and iNOS. Previous studies from our
laboratory have documented expression of iNOS and NO
in the brains of X-ALD patients (18) and augmentation of
VLCFA accumulation by NO in C6 cells (23). Consistent
with expression of iNOS protein and production of NO,
mRNA for iNOS was also upregulated in response to silenc-
ing of Abcdl and/or Abcd2 (Fig. 4A-C), indicating that
derangement of VLCFA induces the transcription of iNOS
in Abcdl/Abcd2-silenced astrocytes.

Treatment with LO downregulated inflammatory response
in Abcdl/Abcd2-silenced mouse primary astrocytes
Treatment with LO is known to lower the levels of
VLCFA in cultured fibroblasts (42) as well as in plasma
of X-ALD patients (41, 47); thus, LO is presently being
used as therapy for patients with X-ALD (47). We observed
that deletion of Abcdl/Abcd2 in cultured astrocytes re-
sults in excessive accumulation of VLCFA and induction
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Fig. 4. Abcdl/Abcd?2 silencing induces nitric oxide (NO) and in-
ducible nitric oxide synthase (iNOS) expression in primary astro-
cytes. A: For detection of iNOS protein expression by immunoblot
in response to Abcdl/Abcd?2 silencing, cell lysate from astrocytes
was prepared. B: NO was measured by ELISA in the supernatant
of primary astrocytes after 6 days of silencing or oleic acid/erucic
acid-treated astrocytes. C: iNOS expression was examined using
the iCycler iQ real-time PCR detection system as discussed in
Materials and Methods. The target gene expression was normal-
ized to 18S rRNA expression, and the result is presented as
mean normalized expression. Data are means = SD of three ex-
periments. ® P < 0.001, Abcdl or ABCD? silencing compared
with control; ® P < 0.05, Abcdl or ABCD? silencing compared
with Abcd1+Abcd?2 silencing; * P < 0.001, Abcdl silencing com-
pared with control; ** P < 0.001, Abcd2 silencing compared
with control; *** P < 0.001, Abcdl+Abcd2 silencing compared
with Abcdl or Abcd2 single silencing; NS, nonsignificant, scramble-
treated compared with control.
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of inflammatory mediators in cultured primary astrocytes.
To further establish the relationship between excessive ac-
cumulation of VLCFA and inflammatory response, we ex-
amined whether lowering VLCFA after LO treatment of
Abcdl/Abcd2-silenced astrocytes downregulates the in-
duction of an inflammatory response. Astrocytes silenced
for Abcdl/Abcd2 were treated with different concentra-
tions of LO. Figure 1 depicts reduced VLCFA in Abcdl/
Abcd2-silenced cells after treatment with LO. In addition,
proinflammatory mediators (TNF-o and IL-18) were de-
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creased, iNOS expression was downregulated (both at the
protein and mRNA levels), and NO production was reduced,
as shown in Fig. 5. These observations support the relation-
ship between VLCFA accumulation and induction of a pro-
inflammatory response in cultured primary astrocytes.

Silencing of Abcdl and Abcd2 induces NF-kB, AP-1, and
C/EBP transcription factors in mouse primary astrocytes

To determine the molecular mechanisms of Abcdl and/
or Abcd?2 silencing-mediated upregulation of 5-LOX,
COX-2, and a proinflammatory response (iNOS and cyto-
kine expression), the nuclear extracts of primary astrocytes
silenced for Abcdl and/or Abcd2 or ScrRNA were ana-
lyzed for transcription factor activation/inhibition using
protein/DNA arrays (Panomics). Results presented in
Fig. 6A show activation or inhibition of a wide array of tran-
scription factors, notably NF-kB, AP-1, C/EBP (activated),
and PPAR (downregulated), in astrocytes after silencing of
Abcd1/Abcd2. These transcription factor (NF-kB, AP-1,
and C/EBP) binding motifs have been identified in the
functional regulatory regions of various proinflammatory
genes such as IL-6, IL-1B, TNF-a, IL-8, IL-12, granulocyte
colony-stimulating factor, and iNOS (48), suggesting that
Abcdl1/Abcd?2 silencing induced activation of these transcrip-
tion factors, which, in turn, play a role in the upregulation of
the inflammatory response. We therefore investigated the
activation of NF-kB, AP-1, and C/EBP by EMSA (Fig. 6B).
In agreement with the array data, we observed significantly
increased DNA binding activity for NF-kB, AP-1, and
C/EBP proteins in Abcdl- and/or Abcd2-silenced primary
astrocytes compared with control or ScrRNA-treated astro-
cytes. Collectively, these observations document that
VLCFA derangement induced by Abcdl/Abcd?2 silencing
participates in the activation of NF-kB, AP-1, and C/EBP,
leading to a subsequent inflammatory response.

DISCUSSION

Childhood X-ALD pathology progression occurs in two
stages: a metabolic phase characterized by excessive accu-
mulation of VLCFA starting in utero, and a subsequent
neuroinflammatory disease starting in early childhood
(4-8 years of age), leading to loss of oligodendrocytes
and myelin, and eventually to death. What triggers the
transition from metabolic to neuroinflammatory disease
is still unknown. In vitro studies reported here demon-
strate that silencing of Abcdl and/or Abcd2 genes by
siRNA in mouse primary astrocytes in culture resulted in
reduced B-oxidation and accumulation of VL.CFA and, in-
terestingly, induced production of NO and ROS and up-
regulated proinflammatory mediators (TNF-«, IL-1,
5-LOX, and COX-2).

Furthermore, the reduction of VLCFA by LO resulted in
reduction of expression of inflammatory mediators (iNOS,
TNF-a, and IL-1B) in Abcdl/Abcd2-silenced astrocytes,
thus establishing the relationship between the ABCD1
gene product, ALDP, resultant accumulation of VLCFA,
and induction of the inflammatory disease process.
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Fig. 5. Lorenzo’s Oil treatment downregulates expression of proinflammatory mediators and iNOS in Abcdl/Abcd2-silenced astrocytes.
TNF-a (A) and IL-1B (B) were measured by ELISA in the supernatant of primary astrocytes after 6 days of silencing. TNF-a (C) and IL-13
(D) expression was examined using the iCycler iQ real-time PCR detection system as discussed in Materials and Methods. The target gene
expression was normalized to GAPDH expression, and the result is presented as mean normalized expression. E: For the detection of iNOS
protein expression by immunoblot in response to Abcdl/Abcd?2 silencing, cell lysate from astrocytes was prepared (i); NO was measured by
ELISA in the supernatant of primary astrocytes after 6 days of silencing or oleic acid/erucic acid-treated astrocytes (ii); iNOS expression was
examined using the iCycler iQ) real-time PCR detection system as discussed in Materials and Methods (iii). The target gene expression was
normalized to 18S rRNA expression, and the result is presented as mean normalized expression. *P < 0.001, Abcd1+Abcd?2 silencing com-
pared with control; ** P < 0.001, oleic acid/erucic acid (10 uM) treatment compared with Abcdl+Abcd2 silencing; *** P < 0.001, oleic
acid/erucic acid (40 pM) treatment compared with Abcdl+Abcd?2 silencing; @ P < 0.01, oleic acid/erucic acid (10 pM) treatment
compared with Abcdl+Abcd2 silencing; @@ p < (.05, oleic acid/erucic acid (10 pM) treatment compared with Abcdl+Abcd?2 silencing;
$ P < 0.05, oleic acid/erucic acid (20 uM) treatment compared with Abcdl+Abcd?2 silencing; $% p < 0.01, oleic acid/erucic acid (20 nM)
treatment compared with Abcdl+Abcd?2 silencing; 8% p < 0.001, oleic acid/erucic acid (20 uM) treatment compared with Abcd1+Abcd2
silencing; NS, nonsignificant, scramble-treated compared with control.

Although the precise substrates and functions of peroxi-
somal ABC transporters have yet to be defined, the det-
rimental effects of a deficient ABCDI transporter are
evident in X-ALD. The lack of a transition from metabolic
disease to a neuroinflammatory disease in animal models
of ALDP KO mice generated in different laboratories
(16, 24, 25) and the absence of a neuroinflammatory dis-
ease in AMN, an adult form of ALD, caused by the same
mutation in ALDP, suggest that in addition to a deletion/
mutation of ALDP, it is likely that factors other than ALDP
(modifier gene products) may play a role in the transition
of the metabolic to the neuroinflammatory disease of ALD.

Although the precise function of ALDP is still unknown
at present, the excessive accumulation of VLCFA in tissues
of X-ALD patients (1) and mice (16, 24, 25) and deficient
B-oxidation of these FAs in cells derived from X-ALD pa-
tients (39, 49) indicate that it is related to the metabolism
of VLCFA in peroxisomes (39). Accordingly, siRNA silencing
of Abcdl and/or Abcd2 resulted in decreased B-oxidation
activity of VLCFAs and their accumulation in astrocytes.

The observed accumulation of VLCFAs due to siRNA silenc-
ing of Abcd2, the greater accumulation of VLCFAs after
silencing of both Abcdl and Abcd?2 in studies described
here, and the correction of VLCFAs in X-ALD fibroblasts
after transfection of the ABCD2 gene (37) suggest that both
ABCDI1 and ABCD2 may function in the metabolism of
VLCFA-related compounds. These observations are consis-
tent with a previous in vivo study in which Abcdl/Abcd?2
double KO mice had greater VLCFA accumulation than
the single KO mice (50).

The inflammatory disease component of X-ALD is quite
complex. Two clinical variants (cALD and AMN), caused
by the same mutation, have different degrees of inflamma-
tion that affect different parts of the nervous system (51).
In cALD (the childhood/cerebral form of X-ALD), the
neuroinflammatory disease affects the white matter and
related cells in the CNS, whereas in AMN, the adult form
of X-ALD, axonal tracks of the spinal cord are affected
(52). In addition, the neuropathology of cALD is asso-
ciated with vascular immune cell infiltration (19) and
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Fig. 6. Abcdl/Abcd?2 silencing induces expression and DNA binding of NF-kB, AP1, and C/EBP in primary
astrocytes. Nuclear extracts were prepared from control, scrambled, and Abcdl/Abcd2-silenced astrocytes
(A). Nuclear extracts from control (i), scrambled (ii), and Abcdl/Abcd2-silenced (iii) astrocytes were incu-
bated with a set of biotin-labeled DNA binding oligonucleotides (TranSignal probe mix) to allow the forma-
tion of protein/DNA (or transcription factor/DNA) complexes. The protein/DNA complexes were then
separated from the free probes. The probes in the complexes were extracted and hybridized to the
TranSignal array. Signals were detected using a chemiluminescent imaging system. B: Nuclear extracts were
used for electrophoretic mobility shift assay to check the DNA binding activity of NF-kB, AP-1, and C/EBP.

NO-mediated toxicity, as evidenced from vascular infiltra-
tion and detection of nitrotyrosine (18) and oxidative
stress in the brains of cALD patients (44). Previously, we
reported increased iNOS expression in astrocytes and
macrophage/microglia in cALD brain tissue (18). How-
ever, the molecular events associated with the transition
from a relatively benign metabolic disease to a fatal neuro-
inflammatory disease are not understood at present. Myelin
breakdown products, due to myelin instability from ex-
cessive amounts of VLCFA, are believed to initiate the in-
flammatory disease via activation of resident immune
cells (microglia and astrocytes) for the expression of cyto-
kines, chemokines, iNOS, and other proinflammatory
mediators. Infiltrating vascular immune cells may further
amplify the inflammatory disease. NO and/or peroxtnitrite
(ONOO"), produced by the reaction of NO with super-
oxide (Og ), are considered to play a role in cytotoxic effects,
suggesting a role of ROS and reactive nitrogen species in
the pathobiology of X-ALD. Previous studies from our
laboratory have demonstrated that NO supplied by exog-
enous donors (e.g., S-nitroso-N-acetylpenicillamine) or en-
dogenously produced by treatment of C6 glial cells with
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proinflammatory cytokines does alter the status of anti-
oxidant enzymes in the cell in favor of producing higher
levels of ROS by downregulating the activity of catalase,
glutathione peroxidase, and Mn superoxide dismutase,
suggesting a possible role of cellular redox in the inflamma-
tory response (34). We therefore analyzed the expression
of 5-LOX and COX-2 in Abcdl- and/or Abcd2-silenced
astrocytes. 5-LOX-mediated ROS generation has been im-
plicated in the activation of NF-kB (53, 54). Oxygen-
glucose deprivation-induced oxidative stress induces
COX-2 via NF-kB activation in astrocytes (55). Recent
studies also reported that PLAy and 5-LOX are involved
in lipopolysaccharide-induced iNOS gene expression via
NF-kB-dependent and -independent pathways in glial cells
(56). Accumulating evidence suggests that COX, especially
inducible cyclooxygenase-2 (COX-2), plays a key role in
neuroinflammation (46), and that prostaglandins pro-
duced by COX-2 (57) are reported to be a positive regula-
tor for iNOS gene expression in macrophages (58).
Silencing of Abcdl and/or Abcd2 in astrocytes increased
the expression of 5-LOX and COX-2. The fact that
5-LOX and COX-2 expression and NF-kB activation were
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induced in wild-type astrocytes after ABCD1/ABCD?2 si-
lencing suggests that Abcd1/Abcd?2 silencing may stimulate
5-LOX and COX-2 transcription through NF-«kB signal-
ing pathways.

Proinflammatory cytokines such as TNF-a and IL-1(3 are
involved in the induction of iNOS in astrocytes through
NF-kB activation (59). Consistent with these findings,
Abcdl and Abcd? silencing resulted in increased NF-xB ac-
tivation observed by DNA/protein arrays and EMSA com-
pared with control and ScrRNA-silenced cultures. In
addition, AP-1 and CCAAT/enhancer binding protein
(C/EBP) transcription and DNA binding activity were also
enhanced in Abcdl/Abcd2-silenced cultures compared
with control and ScrRNA-treated primary astrocytes cul-
tures. These transcription factors are also known to be
activated in astrocytes in response to proinflammatory
cytokines such as TNF-o, IL-1B, and IL-6, and thus prob-
ably play a role in amplification of inflammation, because
C/EBP binding sites are found in the regulatory regions of
genes encoding the inflammatory cytokines IL-6, IL-1(3,
and TNF-a (60—63). Astrocytes expressing C/EBP may
thus produce these cytokines, which, in turn, can induce
the expression of C/EBP in the surrounding cells. This
feed-forward mechanism could therefore favor the spread-
ing of the inflammation. The preceding discussion sug-
gests that Abcdl/Abcd2-mediated activation of NF-kB,
AP-1, and C/EBP transcription factors in astrocytes fol-
lowed by release of cytokines is the driving force for inflam-
mation in our culture system. The observed expression of
inflammatory mediators in Abcdl/Abcd2-silenced astro-
cytes establishes, for the first time, the relationship of
induction of inflammatory disease to loss of Abcdl. De-
creased induction of inflammatory mediators by Abcdl/
Abcd2-silenced astrocytes following treatment with LO
and reduction of VLCFA further establishes the relation-
ship between ABCD1, metabolism of VLCFA, and expres-
sion of inflammatory mediators in astrocytes. Oleic acid
treatment was reported to activate PKA and PPARa-DNA
binding activity and to upregulate expression of the Pgc-la
gene involved in FA oxidation (64), suggesting that reduc-
tion of VLCFA by FA may be due to both decreased VLCFA
synthesis as well as increased oxidation. In addition, our
laboratory has previously shown that PKA activation in-
hibits the induction of iNOS and cytokines in microglia
and astrocytes (65), suggesting that the lowering of VLCFA
and inhibition of inflammatory mediators are related to
each other. However, it is unclear why astrocytes with
Abcd1l/Abcd2 deletion in vivo in the CNS of KO mice do
not express inflammatory molecules, whereas silencing of
Abcd1/Abcd?2 in vitro in astrocyte cultures expresses in-
flammatory mediators. The observed downregulation of
an inflammatory response in Abcd1/Abcd2-silenced cells
after LO treatment suggests that correction of FA derange-
ment should have a therapeutic value for X-ALD. LO ther-
apy for ALD patients for the purpose of decreasing VLCFA
may be beneficial.

Understanding the complex mechanisms that influence
demyelination in ALD patients remains elusive. The vari-
able phenotype of patients within individual families with

identical mutations suggests a modifier gene(s) or environ-
mental factor(s) that tips the balance toward the severe
clinical phenotype, cALD. Considering environmental fac-
tors, cells in culture have been shown to behave differently
from those in vivo. The stress of the isolation procedure
and the foreign environment may predispose the cultured
cells to oxidative stress (66). The accumulation of VLCFA
upon Abcdl and/or Abcd?2 silencing presumably “primes”
these cells to be susceptible to oxidative insult compared
with the control and ScrRNA-treated astrocytes under
unknown stressful environments of the culture system.
Although we still do not know what triggers the Abcdl-
and/or Abcd2-silenced cells to produce an inflammatory
response in culture, which is conspicuously absent in
Abcdl- or Abcdl/Abcd2-silenced mice, these studies do
document, for the first time, the relationship of VLCFA de-
rangement to an inflammatory response in astrocytes. il
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