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Abstract
In cerebral adrenoleukodystrophy (cALD), an accumulation of very long chain fatty acids
(VLCFA) stems from a defect of the peroxisomal ALD protein (ALDP) and results in the loss of
myelin/oligodendrocytes, induction of inflammatory disease and mental deterioration. In brain
white matter of cALD patients, we observed not only increased levels of VLCFA but also reduced
levels of plasmenylethanolamine (PlsEtn) and increased levels of reactive oxygen species (ROS).
The loss of PlsEtn was greatest in the plaque area and lesser but significant at histologically
normal-looking areas of the cALD brain. The reduction in PlsEtn was related to oxidative stress,
as supported by increased levels of reactive lipid aldehydes (4-hydroxynonenal and acrolein) and
deleterious oxidized proteins (protein carbonyl) in all areas of the cALD brain. This inverse
relationship between the levels of PlsEtn and ROS was further supported in an in vitro study using
gene-silencing for dihydroxyacetone phosphate-acyl transferase (DHAP-AT), a key enzyme for
PlsEtn biosynthesis. Levels of PlsEtn were also found decreased in vitro following gene-silencing
for the ALDP/ALD related protein. Furthermore, low levels of PlsEtn were detected in brain white
matter of ALDP knock out (KO) mice. A treatment of ALDP KO mice with lovastatin increased
PlsEtn levels in the brain. Further, in an in vitro study, lovastatin treatment of rat C6 glial cells
increased PlsEtn biosynthesis and reduced the cytokine-induced ROS accumulation. In summary,
this study reports that altered metabolism of PlsEtn and ROS in cALD may be corrected by
lovastatin treatment.
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Introduction
The most common peroxisomal disorder affecting males at early ages,
adrenoleukodystrophy (ALD), results from deletion /mutation in the ABCD1 gene, leading
to an absent or non-functioning adrenoleukodystrophy protein (ALDP) (Mosser et al. 1993).
This defect causes an accumulation of very long chain fatty acids (VLCFA) in tissues and
plasma via inhibition of peroxisomal β-oxidation. The accumulation of VLCFA is the
hallmark of ALD disease. Two major clinical variants exist: cerebral ALD (cALD) and
adrenomyeloneuropathy (AMN). Though caused by the same or a similar mutation or
deletion, cALD is biochemically associated with redox alterations, inflammation and
subsequent loss of myelin/oligodendrocytes. cALD is often fatal in childhood, whereas
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AMN patients live to adulthood with mild involvement of the peripheral nervous system
(Moser et al. 1991; Powers 1995; Singh 1997, 2002; Moser et al. 2007). Unlike cALD,
ALDP knock out (KO) mice do not show cerebral pathology. However, they present AMN
like symptoms and show imbalance in antioxidant systems with increasing age (Powers et
al. 2005; Fourcade et al. 2008). Therefore, a two hit hypothesis for cALD is proposed in
which metabolic alterations cause destabilization of membrane structure and then a second
event makes the membrane vulnerable to ROS and inflammation. We hypothesized that an
imbalance in the endogenous antioxidant system due to intrinsic or extrinsic alterations leads
to myelin membrane lipid oxidation, reactive oxygen species (ROS) formation, and
immunogenic myelin fragmentation. These changes ultimately lead to manifestations of the
inflammatory disease process. The major thrust of this investigation was to identify a trigger
or causative factor which turns a metabolic disorder into a devastating inflammatory disease
with profound demyelination and loss of oligodendrocytes.

ROS and inflammation are risk factors for several brain disorders. Both interfere with
normal functioning of cellular organelles that harbor both ROS-producing and ROS-
neutralizing systems. Locally-produced ROS, due to imbalances in its metabolizing systems,
modify ROS-reactive lipid substrates. Among them, plasmenylethanolamine (PlsEtn; 1-
alkyl-1’enyl-2-acyl-sn- glycero-3-phosphoethanolamine) and polyunsaturated fatty acids
(PUFA) are major substrate targets of ROS. In the mammalian brain, PlsEtn is one of the
major phospholipids, with the sn-1 position of glycerol bearing a long chain fatty alcohol
linked through an ether bond having a cis-double bond between the first and second carbons
(vinyl ether bond). The sn-2 position of glycerol is occupied mainly by PUFA, and the sn-3
position incorporates phosphoethanolamine moiety. The vinyl ether bond endows PlsEtn
with a unique intramolecular antioxidant activity, which in turn protects PUFA present at the
sn-2 position of the same molecule. Analysis of PlsEtn following acid hydrolysis from a
normal brain shows three major alcohol components: 1-hexadecanol (16:0), 1- octadecanol
(18:0) and 1- octadecenol (18:1 consists of cis- 9 and cis-7 species) (Poulos et al. 1991;
Khan et al. 2005). Biosynthesis of the alkylether bond of PlsEtn, a rate-limiting reaction,
requires the peroxisomal enzymes dihydroxyacetone-acyltransferase (DHAP-AT) and
alkyldihydroxyacetonephosphate synthase (alkyl DHAP synthase) (Nagan et al. 1997; Liu et
al. 2005). Alkyl alcohol, utilized by alkyl DHAP synthase for PlsEtn biosynthesis, is
reported to be synthesized in peroxisomes using acetyl CoA generated by peroxisomal β-
oxidation (Hayashi and Oohashi 1995; Hayashi and Hara 1997; Hayashi and Sato 1997).
Because, 1-Alkylglycerol is formed exclusively in peroxisomes, the peroxisomal
contribution to PlsEtn biosynthesis is reported to be determined by a ratio of the alkyl
alcohol, represented as dimethlyacetal DMA, with the corresponding fatty acid following
GC or GC/MS analysis (Bakovic et al. 2007). This ratio is used as the marker to measure
PlsEtn levels in tissues and cells (Dacremont and Vincent 1995; Caruso 1996). The levels of
PlsEtn in the brain are regulated by both biosynthetic enzyme system and hydrolytic activity
of PlsEtn-specific phospholipase A2 (Farooqui and Horrocks 2004).

PlsEtn in white matter myelin contains mainly PUFA, including linoleic, arachidonic and
docosahexaenoic acids (Norton and Cammer 1984; Norton 1984). A drastic reduction in
PlsEtn leads to PUFA oxidation and compromise of membrane integrity and functions
(Rodemer et al. 2003; Engelmann 2004). Furthermore, PlsEtn is suggested to have
antioxidant activity (Zoeller et al. 1988), and its protection of biological structures such as
neural membranes against free radical attack has been documented in vitro as well as in vivo
(Zoeller et al. 2002; Hoffman-Kuczynski and Reo 2004, 2005; Kuczynski and Reo 2006).
Evidence in favor of the antioxidant activity of PlsEtn was recently strengthened by gene-
engineering of PlsEtn biosynthetic enzymes and by pharmacological manipulations of
PlsEtn levels (Rodemer et al. 2003; Hoffman-Kuczynski and Reo 2004). Oxidative
degradation of PlsEtn produced reactive aldehydes (Foglia et al. 1988) and caused oxidative
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stress in the human brain (Weisser et al. 1997). Excellent reviews of plasmalogens,
peroxisomes and neurological disorders have been published (Farooqui et al. 2003; Mandel
and Korman 2003).

Preservation of PlsEtn structure is significant for proper myelin function not only because
PlsEtn is highly enriched in myelin but it acts also as an myelin endogenous antioxidant.
The significance of PlsEtn in neural pathologies is strengthened by reports that aging and
Alzheimer brains have reduced levels of PlsEtn (Ginsberg et al. 1995; Farooqui et al. 1997;
Han et al. 2001; Helmy et al. 2003; Andre et al. 2006; Maeba et al. 2007). Circulating PlsEtn
levels are significantly decreased in serum from diagnosed Alzheimer-type dementia at all
stages, and the severity of this decrease correlated with dementia severity (Goodenowe et al.
2007). Drastically reduced PlsEtn levels are observed in peroxisome assembly diseases,
including Zellweger syndrome (ZS) and rhizomelic chondrodysplasia punctata (RCDP)
(Heymans et al. 1984; Hoefler et al. 1988; Aubourg et al. 1993; Schmitt et al. 1993).
Therefore, peroxisomal dysfunction during a secondary insult may also contribute to
reduced levels of PlsEtn in cALD‥

Neural membranes are considered a Pandora’s box of lipid mediators, many of which have
powerful neurochemical effects and some of which are involved in signaling. Membrane
lipid dysregulation in myelin/oligodendrocytes may not only cause dysmyelination/
destabilization but also lead to membrane fragmentation, lipid peroxidation as well as
produce chemotactic molecules for vascular immune cells (Latorre et al. 2003; Gorgas et al.
2006). Therefore, the objective of this investigation was to examine lipid alterations in
different areas including the degenerative plaque and histologically normal looking areas of
the cALD brain and to evaluate the peroxisomal contributions in these alterations. ALD
disease is a peroxisomal defect with oxidative and inflammatory components in it. We
focused this study on PlsEtn because key biosynthetic enzymes are localized in peroxisomes
(Liu et al. 2005), and PlsEtn is known to modulate oxidative stress (Zoeller et al. 1988).
Lovastatin treatment has been reported to increase PlsEtn levels in serum of
hypercholesterolemic patients (Brosche et al. 1996) and to increase peroxisomal activity in
keratinocytes (Williams et al. 1992). Moreover, lovastatin treatment is known not only to
increase peroxisomal β-oxidation and decrease VLCFA in human skin fibroblasts from ALD
patients (Singh et al. 1998a) but also to decrease VLCFA levels in plasma of ALD/AMN
patients (Singh et al. 1998b; Pai et al. 2000). Therefore, the present study was directed to
investigate the effects of lovastatin on the relationship between PlsEtn status and ROS levels
as well as to examine the effects of lovastatin on the metabolism of PlsEtn in ALDP KO
mice brain.

This study reports that reduction of PlsEtn levels due to ALDP dysfunction in cALD brain
potentiated oxidative stress. The treatment of ALDP KO mice with lovastatin enhanced
levels of PlsEtn in the brain white matter, providing support for the previously reported
efficacy of lovastatin in reducing the VLCFA abnormality in ALD patients (Singh et al.
1998b; Singh et al. 1998a; Pai et al. 2000). These observations suggest that lovastatin
therapy may be beneficial in correcting the overall metabolic defects observed in cALD.

Materials and methods
Human cALD brain and normal brain tissues

Frozen (−80°C) postmortem cALD brain (from four different patients) and age matched
frozen control brain tissues (cerebrum section slices) were obtained from the Brain and
Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD,
USA. Another frozen cALD brain tissue harvested within 2 h of death (age 9 years) at our
hospital at Medical University of South Carolina (MUSC) was used in the study as
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described earlier (Paintlia et al. 2003). All five cALD brains had elevated levels of VLCFA
measured as C26:0/C22:0 compared to age-matched control brains. The different areas of
white matter (plaque, plaque shadow, around the plaque shadow, normal looking area away
from plaque) from each cALD brain were identified and sliced by an experienced
pathologist (Dr. Avtar K. Singh, M.D., Department of Pediatrics and Department of
Pathology and Laboratory Medicine, MUSC, Charleston, SC). Three different white matter
samples of each area from each cALD brain and three white matter brain samples from each
normal control brain were dissected on a cold plate and weighed after removal of meninges,
blood vessels and grey matter. Samples from grey matter were also analyzed and compared
with white matter. Grey matter from the cALD brain showed no significant alterations in the
levels of PlsEtn as well as VLCFA compared to grey matter from normal control brain.

Preparation of mouse primary astrocytes
C57BL6 breeding pairs were purchased from Jackson Laboratory (Ban Habor, ME) and
maintained at the institution’s animal facility. Animal procedure was approved by the
MUSC Animal Review Committee and received humane care in compliance with MUSC’s
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 (Pahan et al. 1998). Briefly, the cortex was rapidly
dissected in ice-cold calcium/magnesium-free Hanks’ balanced salt solution (pH 7.4) as
described previously (Won et al. 2001). The tissue was then minced, incubated in Hanks’
balanced salt solution containing trypsin (2 mg/ml) for 20 min, and washed twice with
culture medium (Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum and 10 µg/ml gentamicin) and then disrupted by triturating through a Pasteur
pipette, following which cells were seeded in 75-cm2 culture flasks (Falcon, Franklin, NJ,
USA). After incubation at 37 °C in 5% CO2 for 1day, the medium was completely changed.
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 flasks
were incubated for 1 day when they were shaken again for 8h to remove the
oligodendrocytes. The remaining population was used for astrocyte cultures. All the cultured
cells were maintained at 37 °C in 5% CO2.

Rat C6 glial cell culture
Rat C6 glial cells were grown to confluence in DMEM/F-12 containing 10% fetal bovine
serum (FBS). They were allowed to grow in the same medium without serum for 48 h and
then used for the experiments. Viability of the cells was assayed by trypan blue dye
exclusion, and CNPase activity was measured to ascertain that C6 cells showed
oligodendrocyte properties under serum free condition (Khan et al. 1998).

Lipid extraction and analysis from brain tissue
Total lipid from brain tissue was extracted as described earlier (Wilson and Sargent 1993;
Khan et al. 1998). Lipids were resolved and purified as described earlier (Khan et al. 2000)

Preparation and analysis of dimethylacetal (DMA) and fatty acid methyl ester (FAME) by
gas chromatography (GC)

FAME/DMA from the brain-extracted lipids and C6 cultured cells were prepared according
to the procedure of Lepage and Roy (Lepage and Roy 1986) with modification as described
(Khan et al. 2005). pentadecanoic (C15:0; 5 µg), heptadeca dimethyl acetal (C17:0 DMA, 5
µg) and heptacosanoic acid (C27:0; 2 µg) were used as internal standard. The purified

Khan et al. Page 4

J Neurochem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



samples of FAME/DMA were analyzed on a fused silica capillary column 25 M 007 Series
methyl silicone, 0.25-mm internal diameter from Quadrex Corp (Woodbridge, CT) in a gas
chromatograph either GC-15A or GC-17A connected with a flame ionization detector from
Shimadzu Corporation. The peaks of individual FAME and DMA were identified by
comparison of their relative retention times with those of known standards, and they were
later verified by the addition of standards to prepared samples. The individual DMA and
FAME were measured as absolute quantities by comparison with internal standard and also
as area percent as described earlier (Pai et al. 2000).

Quantitation of phospholipids and VLCFA
Levels of the phospholipids including PlsEtn, diacylethanolamine (PtdEtn),
phosphatidylcholine (PC) and phosphatidylethanolamine (PE or PlsEtn+PtdEtn) were
measured by HPTLC and quantitated by densitometry. PlsEtn and PtdEtn were quantitated
after purification and acid hydrolysis of PE fraction and quantitated by densitometry using
PE (having both PlsEtn and PtdEtn) as standard (Ganser et al. 1988; Khan et al. 2000).
PlsEtn was also quantitated by measuring long chain alcohol as DMA by GC and expressed
as absolute concentration, percent change or as percent area of FAME+DMA. PlsEtn levels
were also expressed as a ratio of DMA derivatives to corresponding fatty acid (FAME) as
described elsewhere (Dacremont and Vincent 1995; Khan et al. 2005). The total amount of
PlsEtn is reflected in the ratio of 16:0DMA, 18:0DMA and 18:1DMA. The measurement of
VLCFA (C26:0) is represented as ratio of C26:0/C22:0 or as mass of 26:0 (nmol/ mg
protein)as described earlier (Khan et al. 1998; Pai et al. 2000; Khan et al. 2005).

Studies on mouse
Animal procedure was approved by the MUSC Animal Review Committee, and all animals
received humane care in compliance with the MUSC's experimental guidelines and the
National Research Council's criteria (Guide for the Care and Use of Laboratory Animals).

ALDP KO (C57BL6) and control (normal) (C57BL6) breeding pairs were purchased from
Jackson Laboratory (Ban Habor, ME) and maintained at the institution’s animal facility. The
genotypes of all newborns from ALDP KO were determined by a PCR-based method as
described (Forss-Petter et al. 1997) using the primers suggested in data sheets from Jackson
Laboratory (http://jaxmice.jax.org). These primers were- 5′-
CACAGCCTCTCTCCTTAAGACC-3′ (oIMR1120), 5′-TCGTTGTCTAGGCAACTGG-3′
(oIMR1121) and 5′-CTTCTATCGCCTTCTTGACG-3′ (oIMR1122). Two primers detect
disrupted allele ALDP KO. Presence of the wild type allele was revealed in the same
reaction by using a third primer (oIMR1121). PCR consisted of a 10 min heating step at 95
°C, followed by 35 cycles of denaturation at 95 °C for 1 min, annealing at 54 °C for 1 min,
and extension at 72 °C for 1 min. The PCR products were then subjected to agarose gel
electrophoresis. Lovastatin (Calbiochem, San Diego, CA, USA) therapy was performed on
40–45 day-old male mice. It was administered ip (0.5 mg/kg body weight in 0.1% Triton
X-100 and PBS) daily for 3 weeks. Control ALDP KO and control (normal) mice were
injected with 0.1% Triton X-100 and PBS. White matter from brain tissue was harvested
from controls (normal and ALDP KO) and lovastatin-treated mice and analyzed for lipids,
including PlsEtn, VLCFA and long chain fatty acids.

Biosynthesis of PlsEtn in cultured C6 cells
Biosynthesis rate of PlsEtn and PtdEtn was determined using [1,2-14C] ethanolamine;
specific activity 110 mCi/mmol from American Radiolabeled Chemicals Inc, St. Louis, MO,
USA. Cells were treated overnight (15 hr) with or without lovastatin. Lovastatin was
prepared in DMSO, and DMSO was used as vehicle. After washing, the cells were pulsed
with the labeled ethanolamine (0.1 µCi) for 2 h and/or 24 h. Viability of cells under
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experimental conditions was assayed by trypan blue dye exclusion as described (Khan et al.
1998). Incorporation of labeled ethanolamine was measured in total lipid extract as
described (Bichenkov and Ellingson 2000). In brief, the lipids were separated on HPTLC
plate as described earlier (Khan et al. 2000), and the area containing PE was scraped from
the plate, extracted for lipids and reloaded on the plate along with standard PE (a mixture of
PlsEtn and PtdEtn). After drying the plate, it was exposed to HCl vapor for hydrolysis of
vinyl ether bond for 10 min and resolved in a solvent system described earlier (Khan et al.
2000). After exposing to iodine vapor, the spots of PtdEtn and hydrolyzed PlsEtn were
analyzed for radioactivity using a liquid scintillation counter Beckman LS 3801 system.

Measurement of ROS in cultured C6 cells
ROS were determined using the membrane permeable fluorescent dye 6-carboxy 2′, 7′-
dichlorodihydrofluorescein diacetate (DCFH2-DA) in serum-free medium. The cultured
cells with or without treatment were incubated with 5 µM DCF dye in PBS for 2 hr 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) as described (Khan
et al. 2005).

Gene-silencing by SiRNA for ALDP and ALDRP in primary astrocytes
The Silencer siRNA (Ambion, Austin, TX, USA) was used for Abcd1 and /or Abcd2
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 Abcd1 and/or
Abcd2 using siPORT NeoFX transfection agent (Ambion, Austin, TX, USA). Three siRNA
for Abcd1 and Abcd2 (Ambion, Austin, TX, USA) each were used (Abcd1 siRNA 1, ID
162218; 5’-CCUCUACAACCUAAUUUAUtt-3’ 5’-AUAAAUUAGGUUGUAGAGGtg-3’
siRNA 2, ID 60153; 5’-GGUAUUUGAAGAUGUCAAAtt-3’ 5’-
UUUGACAUCUUCAAAUACCtg-3’ siRNA 3, ID 60064; 5’-
GGAAAUUGCCUUCUACGGGtt-3’ 5’-CCCGUAGAAGGCAAUUUCCtc-3’ Abcd2
SiRNA1, ID 188185; 5’-GGCUUUAGCUUACCAGAUGtt-3’ 5’-
CAUCUGGUAAGCUAAAGCCtt-3’ siRNA 2, ID 214996; 5’-
GGUAAAUGUCUAGAAAUGGtt-3’ 5’-CCAUUUCUAGACAUUUACCtg-3’ siRNA 3,
ID 214997, 5’-GCUGUAGAGAUCAAUAGAGtt-3’ 5’-
CUCUAUUGAUCUCUACAGCtc-3’). The siRNAs were mixed and diluted in OPTI-
MEM1 medium to final concentration of 30nM/well. siRNA/transfection agent was
dispensed into culture plates as directed by manufacturer. A positive control using GAPDH
siRNA (Ambion, Austin, TX, USA) and negative control having sequence similarity to no
known human, mice or rat gene were included. Cells were maintained in DMEM with
reduced 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.

Gene-silencing by SiRNA for DHAP-AT and ALDP+ALDRP in cultured C6 cells
Cultured C6 cells were grown to 50–60% confluency in DMEM/F-12 (1:1) with 10% serum
and in the presence of antibiotic. The cells were transfected with DHAP-AT (Gnpat) SiRNA
(30nM concentration) or Abcd1 (ALDP; 30nM concentration) or Abcd2 (ALDRP; 30nM
concentration) or ALDP+ALDRP SiRNA (30 nM concentration of each) obtained from
Ambion (Austin, TX, USA). The sequences of the specific siRNAs were as described:
(DHAT-AT) SiRNA sequences ID# 190113 (Sense 5’-GCCAAGUGAUAUCAAGUCCtt-3’
Antisense 5’-GGACUUGAUAUCACUUGGCtt-3’, ID# 190114 (Sense 5’-
CGUACUUUUGGAGGAAAUAtt-3’ Antisense 5’-UAUUUCCUCCAAAAGUACGtc-3’,
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ID# 55122 (Sense 5’-GGUAGACAGUAAAUAUGUGtt-3’ Antisense 5’-
CACAUAUUUACUGUCUACCtt-3’).

Abcd1 SiRNA sequences ID# 162218 (Sense 5’-CCUCUACAACCUAAUUUAUtt-3’
Antisense 5’-AUAAAUUAGGUUGUAGAGGtg-3’), ID# 60153 (Sense 5’-
GGUAUUUGAAGAUGUCAAAtt-3’ Antisense 5’-UUUGACAUCUUCAAAUACCtg-3’);
ID# 60064 (Sense 5’-GGAAAUUGCCUUCUACGGGtt-3’ Antisense 5’-
CCCGUAGAAGGCAAUUUCctc-3’).

Abcd2 SiRNA sequences ID# 195407 (Sense 5’-CCCUCUAUCCCAUCCUUGGtt-3’
Antisense 5’-CCAAGGAUGGGAUAGAGGGtt-3’), ID# 195408 (Sense 5’-
GCUACUAGAACUUCGGAAAtt-3’ Antisense 5’-UUUCCGAAGUUCUAGUAGCtg-3’),
ID#195409 (Sense 5’-CCUUACCAAACCGAUUUUAtt-3’ Antisense 5’-
UAAAAUCGGUUUGGUAAGGtt-3’). Cells were maintained in DMEM/F-12 in absence
of serum, and silencing was examined by Western blot at 72 h using antibody against
DHAP-AT (Khan et al. 2005) or ALDP (Contreras et al. 1996) or ALDRP (custom made
from ANASPEC against the mouse 20 residues c-terminal sequence; 722
CKILGEDSVLKTIQTPEKTS 741) specific antibodies. The cells were maintained up to 96
h before harvesting for the analysis of PlsEtn and VLCFA. Negative control SiRNA is a
scrambled (Scr) sequence obtained from Ambion Inc (Austin, TX, USA) and bears no
homology to human, mouse or rat genomes. Treatment with cytokines (Cyt), TNF-α (50ng/
ml) + IL-1β (50ng/ml), was carried out at 72 h after treatment with SiRNA or Scr, and the
cells were analyzed at 96 h as described above.

Expression of 4-HNE and acrolein by immunohistochemistry of brain section from cALD
and control (normal) brains

Expressions of immunoreactive 4-HNE and acrolein were detected by immunohistochemical
analysis using specific antibodies. Paraffin embedded sections from the formalin fixed brain
tissues were stained for 4-HNE (Rabbit Polyclonal from A. G. Scientific, Inc., San Diego,
CA, USA) and acrolein (Rabbit Polyclonal, Novus Biological Inc., Littleton, CO, USA) as
described earlier (Paintlia et al. 2003). In brief, the brain tissue sections were deparaffinized,
sequentially rehydrated in graded alcohol, and then immersed in phosphate-buffered saline
(PBS, pH 7.4). Slides were then microwaved for 2 min in antigen unmasking solution,
cooled and washed 3 times for 2 min in PBS. Sections were immersed for 25 min in 3%
hydrogen peroxide in distilled water to eliminate endogenous peroxidase activity, then
blocked in immunohistochemical grade 1% bovine serum albumin in PBS for 1 h and
diluted goat serum for 30 min to reduce non-specific staining. Sections were incubated
overnight with 4-HNE and acrolein antibody and then rinsed 3 times for 5 min in PBS
containing 0.1% Tween-20. Secondary HRP labeled anti-rabbit or anti-goat or anti-mouse
IgG was incubated on slides for 30 min. The HRP signal was amplified with TSA Biotin
system NEL 700 (NEN Life Products, Boston, MA), and the slides were washed with PBS
3X 5 min each time and incubated with streptavidin TR (1:500) for 1 h, then again washed
with PBS 3X5 min each, mounted in Permount cover slips. All sections were analyzed using
an Olympus microscope, and images were captured using a digital video camera controlled
by Adobe Photoshop 7.0 (Adobe Systems, CA, USA).

Immunoblot analysis and protein oxidation detection
Tissue extracts were subjected to SDS-PAGE and immunoblotting using rabbit polyclonal
DHAP-AT antibody (custom-made) or β-actin as previously described (Haq et al. 2006).
The protein oxidation was determined using Chemicon’s OxyBlot oxidized protein
Detection Kit, protocol provided. Briefly, protein lysates were allowed to react with 2, 4-
dinitrophenylhydrazine (DNP) reagent to convert oxo group to hydrazone. Lysates were
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subjected to SDS-PAGE and transferred to blotting membrane, blots were incubated with
primary antibody to attach with hydrazone moiety of the proteins. Oxidized protein
molecular weight markers provided in the kit were used as standard. Detection sensitivity is
10 femtomoles of hydrazone residues on a single protein.

Statistical evaluation
Statistical analysis was performed using software Graphpad Prism 3.0 (San Diego, CA,
USA). Unless otherwise stated, all the values were expressed as mean ± SD of n
determinations or as mentioned. The results were examined by unpaired t-test. Multiple
comparisons were performed using ANOVA followed by Bonferroni test as appropriate. p
value less than 0.05 was considered significant.

Results
Loss of PlsEtn in cALD brain

Different areas (marked as 1, 2, 3, 4 on X-axis of Fig 1) of brain white matter from cALD
patient and white matter from age-matched control subjects (normal control brain) were
dissected and identified (1, plaque; 2, plaque shadow; 3, around plaque shadow; 4, normal
looking area away from the plaque) by a pathologist. Care was taken that white matter used
in this study was not contaminated with grey matter. These samples were analyzed for
VLCFA (26:0) along with all the three long chain alcohol species of PlsEtn as DMA using
capillary GC. Masses of PC and PE, PlsEtn and PtdEtn were quantitated in the same samples
using HPTLC. The ratio of 26:0/22:0 (Fig 1A) and the levels of 26:0 expressed as nmol/mg
protein (Fig 1B) were significantly higher in plaque/plaque shadow areas and at least half to
one fold elevated in histologically normal looking area (Fig 1A–B) compared to normal
control, documenting a direct relationship between degree of VLCFA increase and the
pathology of cALD brain. We also found an inverse relationship between the levels of
VLCFA and PlsEtn in the same samples. Two (16:0DMA and 18:1DMA) of the three
species of long chain alcohols incorporated in PlsEtn were significantly lower in a sequential
manner (minimum in the plaque area and maximum in the normal looking area) measured as
tissue concentration of DMA (Fig 1D) and the ratio of DMA vs. corresponding fatty acid
(Fig 1C). Lack of reduced levels of the third PlsEtn species (18:0DMA) indicates a species
specific loss rather than a generalized loss of PlsEtn in the cALD brain. Since PlsEtn is a
component of the PE (PlsEtn+PtdEtn) class of phospholipids in brain white matter, we
measured the mass of PE (Fig 1E) along with both of its fractions (PlsEtn + PtdEtn) (Fig
1F). In the same sample, we also measured the mass of PC to compare it with PE (Fig 1E).
While the levels of PE reduced in accordance with the loss of DMA/PlsEtn, the PC levels
did not change with the different areas of cALD brain. Unlike white matter, grey matter had
no significantly reduced levels of PE (data not shown). Mass of both PlsEtn and PtdEtn
decreased in cALD compared to normal brain (Fig 1F). However, the loss of PlsEtn
compared to PtdEtn was observed in a sequential manner, with a greater decrease in the
plaque (area 1) and lesser in the normal looking brain (area 4) (Fig 1F). Reduced levels of
PlsEtn were also observed in cALD white matter by Wilson and Sargent (Wilson and
Sargent 1993). These results indicate a loss of PlsEtn rather than a generalized loss of total
phospholipids in the white matter of cALD brain.

SiRNA silencing of Abcd1 and Abcd2 genes for ALDP and ADRP expressions respectively
increased the levels of VLCFA and decreased the levels of PlsEtn (DMA) in mouse primary
astrocytes and in cultured C6 cells

We observed significantly reduced levels of DMA measured as % change compared to
untreated control when expression of ALDP+ALDRP was blocked by SiRNA silencing of
Abcd1 and Abcd2 genes together in mouse primary astrocytes (Fig 2C) and in cultured C6
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cells (Fig 2D). The silencing, as expected, also increased VLCFA measured as % change of
the levels of 26:0 in mouse primary astrocytes (Fig 2B) and in C6 cells (data not shown). Fig
2A shows that the silencing of Abcd1 and Abcd2 resulted in reduced expression of ALDP
and ALDRP, respectively, in mouse primary astrocytes. However, the silencing of both
Abcd1 and Abcd2 together resulted in increased VLCFA levels and decreased DMA levels.
The observations may be due to gene redundancy of Abcd1 and Abcd2 to each other in
cultured cells. These results support an inverse relationship between levels of VLCFA and
PlsEtn due to the peroxisomal defect of ALDP/ALDRP. Because the silencing significantly
reduced the levels of DMA in both mouse primary astrocytes and cultured C6 cells and the
fact that C6 cells are readily available in our laboratory, we used C6 cells in subsequent
experiments.

SiRNA silencing of Gnpat gene for DHAP-AT enzyme expression decreased the levels of
PlsEtn (DMA) and increased the levels of ROS in cultured C6 cells

To investigate whether a decrease in the levels of PlsEtn results in increased levels of ROS,
we reduced the levels of PlsEtn (measured as DMA) in C6 cells by silencing the Gnpat gene
responsible for DHAP-AT expression, the rate limiting peroxisomal enzyme for the
biosynthesis of PlsEtn. C6 cells under serum free condition, expressing an oligodendrocyte-
like property and showing an increased levels of VLCFA by cytokine treatment (Khan et al.
1998), were treated with SiRNA for Gnpat or with scrambled SiRNA as negative control.
SiRNA treatment reduced the expression of DHAP-AT as shown by Western blot (Fig 3A).
This reduced expression of DHAP-AT resulted in reduced levels of PlsEtn measured as
levels of DMA (Fig 3B) and as a ratio of DMA vs. corresponding fatty acid (Fig 3C). The
silencing also increased the levels of ROS (Fig 3D). Treatment with the scrambler did not
significantly alter either the expression of DHAP-AT protein, DMA or ROS (Fig 3A–D).
Treatment of cells with proinflammatory cytokines or toxic lipids is known to decrease the
levels of DMA and increase the levels of ROS (Khan et al. 2005). Therefore, we examined
the effects of cytokines on cells under silenced Gnpat gene. The silencing rendered cultured
C6 cells more sensitive to cytokines. It depleted not only PlsEtn measured as levels of DMA
(Fig 3E) and ratio of DMA/acid (Fig 3F) to higher degree but also greatly increased the
levels of ROS (Fig 3G), supporting further the relationship between inflammation, levels of
PlsEtn and levels of cellular ROS.

Reactive lipid aldehydes and oxidized proteins in cALD brain
The mechanisms of the VLCFA accumulation-induced decrease in PlsEtn may involve
increased cellular oxidative stress in the cALD brain. Therefore, we investigated the levels
of the deleterious lipid peroxidation products, reactive aldehydes (4-HNE and acrnolein).
These aldehydes modify and inactivate not only protein by covalent bond formation but also
initiate and propagate PUFA peroxidation, hence continuously generating free radicals until
exhaustion of the substrates. We observed increased levels of both 4-HNE and acrolein in
the plaque area as well as in histologically normal looking areas of the cALD brain (Fig 4A).
Acrolein is especially notorious to oxidize and convert proteins to deleterious protein
carbonyls, thereby possibly compromising their structure/functions. We also observed
increased expression of protein carbonyls in all areas of cALD brains (two patients),
including histologically normal looking areas, whereas normal control brains did not show
the expression of protein carbonyls (Fig 4B). Increased levels of 4-HNE in the juvenile ALD
brain has already been shown by Powers et al (Powers et al. 2005). However, our results are
unique in showing the levels of acrolein and protein carbonyls and also that these deleterious
oxidative markers are expressed even in those areas otherwise histologically normal with
lesser accumulated VLCFA compared to plaque and/or plaque shadow areas as shown in Fig
1A–B.
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Levels of PlsEtn and VLCFA in brain of ALDP knock out mice and their modulation by
lovastatin treatment

To investigate whether lovastatin treatment increases the levels of PlsEtn in brain, ALDP
KO mice were treated intraperitoneally for 3 weeks with a dose of 0.5 mg/kg of lovastatin
suspended in triton X-100 as described earlier in studies with experimental autoimmune
encephalomyelitis (EAE) animal models (Stanislaus et al. 1999). Similar to the normal
looking area from cALD patients (Fig. 1C, 1D), white matter from the knock out mice brain
had significantly reduced levels (p<0.05 compared to control normal) of two species (16:0
DMA and 18:1 DMA) of PlsEtn measured as a ratio of DMA/acid (Fig 5A) and mass of
DMA (Fig 5B), whereas 18:0 DMA species of PlsEtn remained unaltered (Fig 5A–B).
Treatment with lovastatin significantly (p<0.001 vs. ALDP-KO) increased the levels of all
three species of PlsEtn (Fig 5A–B). Furthermore, the lovastatin treatment of ALD KO mice
also reduced the levels of VLCFA measured both as a ratio of 26:0/22:0 (Fig 5C) and as an
absolute amount of 26:0 (Fig 5D). Increased levels of PlsEtn and decreased levels of
VLCFA by lovastatin treatment in brain of ALDP KO mice indicate the potential for the
lovastatin treatment in cALD.

Increased biosynthesis of PlsEtn and decreased levels of cytokine-induced ROS after
treatment with lovastatin in cultured C6 cells

To investigate whether lovastatin treatment increases PlsEtn biosynthesis or increases its
levels by some other activity including antioxidation, cultured C6 cells under serum free
condition (Khan et al. 1998) were treated with different concentrations of lovastatin. The
biosynthesis of both PlsEtn and PtdEtn was measured using a chase for 2h with 14C-labeled
ethanolamine as described in Material and Methods. Incorporation of 14C-labeled
ethanolamine in PlsEtn was significantly increased (p<0.05 vs. untreated) in lovastatin-
treated (1.0 and 2.0 µM) cells (Fig 6A). However, similar changes were not observed in
PtdEtn (Fig 6A). These results indicate that lovastatin treatment significantly increased
PlsEtn biosynthesis. However, the mechanisms of increased PlsEtn biosynthesis by
lovastatin are not clear. Furthermore, lovastatin’s effect on the biosynthesis of PlsEtn was
not significant at a 24 hr of pulse of the cell (data not shown). We further examined the
effect of lovastatin under similar experimental conditions in the presence and absence of
cytokines on ROS levels using DCF dye. Lovastatin treatment significantly decreased
(p<0.05 compared with cytokine-treated) ROS levels (Fig 6B), indicating that an increase in
PlsEtn directly correlates with a decrease in the levels of ROS.

Discussion
Our results demonstrated reduced levels of PlsEtn together with increased levels of VLCFA
in white matter from cALD brain. In our in vitro model, this reduction in PlsEtn was directly
related to the dysfunctions of ALDP/ALDRP. Reduced PlsEtn resulted in ROS
accumulation that might cause the second hit we hypothesized in cALD, turning a metabolic
disorder to a fatal neuroinflammatory disease process. When PlsEtn biosynthesis was
increased by lovastatin, both ROS and VLCFA levels were decreased, revealing the
potential of lovastatin in cALD treatment.

In cALD, it is understood that pathognomonic accumulation of VLCFA destabilizes myelin/
oligodendrocyte membranes while a second hit triggers the loss/reduction of myelin-
producing cells via oxidative injury. However, the nature and the origin of the events
responsible for this pathologic transition have been enigmatic. The studies described here
using different areas of brain from cALD patients and brain from ALDP KO mice document
that loss of PlsEtn and alterations in cellular redox are early events that might be involved in
the transition from metabolic to neurologic disease in X-ALD patients. Furthermore, this

Khan et al. Page 10

J Neurochem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



investigation finds loss of only two of the three long chain alcohol species of PlsEtn in
cALD brain tissue as shown (Fig 1C, 1D, 1F). Even histologically normal looking areas
from the cALD brain (area 4 in Fig 1A–F) with relatively little change in levels of VLCFA
(Fig 1A–B) showed significant reductions in PlsEtn mass when compared with age-matched
normal control brains (Fig 1D and 1F). Following silencing of Abcd1/Abcd2 in mouse
primary astrocytes (Fig 2C) and in C6 cells (Fig 2D), the observed loss of PlsEtn further
supports the relationship of loss of ALDP/ALDRP and consequent inhibition of peroxisomal
β-oxidation of VLCFA with a decrease in the levels of PlsEtn (Fig 2C–D). Long chain
alcohols incorporated in plasmalogens are documented to be synthesized, in part, by acetyl
CoA generated during β-oxidation of VLCFA in liver peroxisomes (Hayashi and Oohashi
1995). Therefore, inhibition of VLCFA oxidation may result in reduced plasmalogen
biosynthesis. Furthermore, the reduction of only two species of PlsEtn (16:0 DMA and 18:1
DMA) without a change in the third species (18:0 DMA) (Fig 1C–D) indicated that these
selective losses are not due only to myelin loss in cALD. These observations directed our
efforts to examine the status and role/function of PlsEtn in the pathobiology of cALD and to
modulate its level in glial cells and in the brain of an animal model of ALD. Previous studies
from this laboratory have reported that lovastatin treatment not only decreased VLCFA in
ALD patients (Singh et al. 1998b; Pai et al. 2000) and in human skin fibroblast cell line
(Singh et al. 1998a) but also ameliorated neuroinflammatory disease of EAE, an animal
model of multiple sclerosis (Stanislaus et al. 1999) and also in spinal cord injury animal
model (Bichenkov and Ellingson 2000; Pannu et al. 2005; Pannu et al. 2007). Moreover,
lovastatin treatment has been reported to increase PlsEtn levels in patients with
hypercholesterolemia (Brosche et al. 1996) and to up regulate peroxisomal activity in
keratinocytes (Williams et al. 1992). Therefore, we investigated the use of lovastatin to
modulate the levels of PlsEtn in ALDP KO mouse brain. These studies may also help to
elucidate whether the lovastatin-mediated regulation of PlsEtn metabolism is peroxisome
dependent mechanisms.

Abnormal myelin metabolism caused by excessive accumulation of VLCFA leads to ROS
formation, possibly via activation of NADPH oxidase (Dhaunsi et al. 2005), resulting to
peroxidation of PUFA, primarily embedded at the sn-2 position in PlsEtn. Consequent lipid
peroxidation causes free radical generation and myelin lipid fragmentation. Therefore, the
fragmented oxidized lipid-derived reactive aldehydes (4-HNE and acrolein) (Fig 4A) and
consequent protein carbonyls (Fig 4B) are highly deleterious, initiating immunogenic
reactions and inviting inflammation. Acrolein, a neurotoxin and the smallest reactive lipid
aldehyde, has a half life of 7–10 days and is much more reactive than 4-HNE. It is a potent
protein carbonyl-forming agent (Uchida 2003). Protein carbonyls interrupt normal cellular
functions and may become immunogenic. Antigens derived from lipid peroxidation have
been shown to contribute to the development of the immune responses associated with
alcoholic liver disease (Albano 2002; Mottaran et al. 2002). Chronic fatigue syndrome is
also characterized by an IgM-related immune response directed against disrupted lipid
membrane components and lipid peroxidation products (Maes et al. 2006). The reactive
aldehydes released from oxidized PlsEtn or PUFA react with nucleophiles, especially
glutathione, and form Schiff base adducts which may have a deleterious effect on neural cell
membranes (Kehrer and Biswal 2000; Stadelmann-Ingrand et al. 2004).

Compared to other brain cell types, oligodendrocytes and myelin membranes are more
susceptible to oxidative stress, possibly because of their high content of iron and reduced
levels of glutathione (Thorburne and Juurlink 1996; Wilson 1997; Dringen 2000). For these
reasons and the fact that reduced PlsEtn resulted in excessive ROS formation in cultured C6
cells (Fig 3D and 3G), the focus of this study is on modulation of PlsEtn metabolism by
therapeutics to reduce oxidative burden, normalize abnormal myelin metabolism and induce
remyelination. Recent studies from our laboratory reported that lovastatin, by itself (Paintlia

Khan et al. Page 11

J Neurochem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al. 2005) and in combination with an activator of AMP-activated protein kinase, induces
proliferation of OPC (oligodendrocyte precursor cells) and remyelination (Paintlia et al.
2006). This led us to examine the effect of lovastatin treatment on PlsEtn metabolism. The
treatment increased PlsEtn biosynthesis in a dose-dependent manner in cultured C6 cells
(Fig 6A). Secondly, ROS levels were decreased well in accordance with increased PlsEtn
biosynthesis (Fig 6B), supporting that PlsEtn can effectively reduce oxidative stress. Plasma
LDL from ALD patients has been shown to have altered oxidative parameters, which were
normalized by simvastatin treatment (Di Biase et al. 2000). We hypothesize that this
correction may be related to increased biosynthesis of PlsEtn by simvastatin treatment.

Next, we tested the effects of lovastatin treatment on the brain of ALDP KO mice (Fig 5).
These mice are asymptomatic in spite of accumulation of mild levels of VLCFA (Forss-
Petter et al. 1997;Lu et al. 1997;Kemp et al. 1998) and some oxidative stress observed by
increased expression of MnSOD (Powers et al. 2005). Reactive lipid aldehyde adduct
(malondialdehyde-lysine) are also observed in the spinal cords of these mice (Fourcade et al.
2008). The study of ALDP KO mice provided an opportunity to examine alterations in the
metabolism of myelin lipids, including PlsEtn and VLCFA, and also to investigate whether
lovastatin treatment can correct the observed lipid dysregulation. It is interesting to note that
ALDP KO mice had mild reductions in only those PlsEtn species (16:0 DMA and 18:1
DMA) observed in human cALD brain. Presently, the reason for the lack of alteration in
18:0 DMA in both humans and mice is not understood. In spite of the low degree of change
in PlsEtn, the changes in lipid peroxidation or glutathione reductions in ALDP KO mice
brain were not significant (data not shown). A milder reduction in the mass of PlsEtn (Fig
5B) and remarkable lower mass of VLCFA (26:0) (Fig 5D) in the brain of ALDP KO mice
compared to human cALD brain from normal looking area (Fig 1D and 1B respectively)
may explain the absence of cerebral pathology in ALDP KO mice. Treatment of the KO
mice with lovastatin for three weeks resulted in reduced VLCFA levels (Fig 5C–D) and
increased levels PlsEtn (Fig 5A–B). Unlike the effect of lovastatin treatment on the levels of
PlsEtn (Fig 5A–B), the levels of VLCFA were reduced only mildly (Fig 5C–D). Some
laboratories have not observed decreased levels of VLCFA following treatment of ALDP
KO mice with statins (Cartier et al. 2000;Yamada et al. 2000;Weinhofer et al. 2005). These
differing results may be due to method of preparation of statin solution and route/mode of
administration. Nevertheless, our studies with KO mice demonstrate that lovastatin
treatment modified the metabolism of both PlsEtn and VLCFA in the brain, indicating that
lovastatin therapy may also normalize alterations in PlsEtn and VLCFA in the brains of
ALD patients.

In summary, the studies described here report reductions of PlsEtn in cALD brain and in
cultured primary astrocytes or C6 cells due to silencing of Abcd1/Abcd2, documenting a
relationship between the function of ALDP/ALDRP and the metabolism of PlsEtn.
Secondly, the greater degree of reduction of PlsEtn in cALD brain as compared to the brain
of ALDP KO mice indicates that the degree of reduction of PlsEtn may relate with the
severity of the disease. As compared to ALDP KO mice brain, the cALD brain had an
abundance of ROS-derived reactive lipid aldehydes and deleterious protein carbonyls, which
may be immunogenic, recruiting inflammation and inducing loss of cells. Therapeutically,
the studies with the lovastatin treatment showed potential to attenuate not only the
accumulation of VLCFA but also to normalize the levels of ROS and PlsEtn, indicating the
efficacy of statin therapy for X-ALD disease.
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Abbreviations used

ALDP adrenoleukodystrophy protein

ALDRP adrenoleukodystrophy related protein

AMN adrenomyeloneuropathy

cALD cerebral adrenoleukodystrophy

Cyt cytokines

DHAP-AT dihydroxyacetone phosphate-acyl transferase

DMA dimethylacetal

EAE experimental autoimmune encephalomyelitis

FAME fatty acid methyl ester

GC gas chromatography

4-HNE 4-hydroxynonenal

HPTLC high performance thin layer chromatography

KO knock out

Lov lovastatin

OPC oligodendrocyte precursor cells

PC phosphatidylcholine

PE phosphatidylethanolamine

PlsEtn plasmenylethanolamine

PtdEtn diacylethanolamine

ROS reactive oxygen species

Scr scrambled

VLCFA very long chain fatty acid
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Figure 1. Levels of very long chain fatty acids (VLCFA) and phospholipids (phosphatidylcholine,
PC; phosphatidylethanolamine, PE; plasmenylethanolamine, PlsEtn; diacylethanolamine,
PtdEtn) in different areas of cALD brain and in normal control brain
Different areas [1 (plaque), 2 (plaque shadow), 3 (around the plaque shadow) and 4 (normal
looking area away from the plaque)] of white matter from the same cALD and from white
matter of age-matched control (normal) brains are analyzed. Lipids were extracted and
analyzed for the mass of phospholipids on HPTLC. Dimethylacetal (DMA) and fatty acid
methyl ester (FAME) were prepared using the total extracted lipids (Khan et al. 2000).
Analysis was performed after the addition of C15:0, C17:0 DMA and C27:0 as internal
standard. A) Levels of VLCFA measured as a ratio of 26:0/22:0. B) Mass of 26:0 measured
as nmol/mg protein. C) Levels of PlsEtn presented as ratio of DMA vs. corresponding fatty
acid. D) Mass of PlsEtn measured DMA (nmol/mg protein). E) Mass of PC and PE (nmol/
mg protein). F) Mass of PlsEtn and PtdEtn (noml/mg protein). Data are presented as mean ±
SD (n=5) from a triplicate analysis of each sample. ***P<0.001 vs. Control (Normal),
*p<0.05 vs. Control (Normal).
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Figure 2. Effect of Abcd1, Abcd2 and Abcd1+Abcd2 silencing by SiRNA on expression of ALDP
and ALDRP, levels of VLCFA and levels of PlsEtn (DMA) in mouse primary astrocytes and in
cultured C6 cells
Procedure of SiRNA of Abcd1 or Abcd2 or scrambled (Scr) treatment in mouse primary
astrocytes is described in Materials and Methods. Expression of ALDP and ALDRP was
measured by Western blot (A). VLCFA was quantitated as % change in the levels of 26:0
compared to untreated (Untr) control cells (B). PlsEtn was measured as % change in the
levels of DMA (all the three species) compared to untreated (Untr) control cells (C). DMA
in cultured C6 cells (treated as described in Materials and Methods) was also measured as %
change like in primary astrocytes (D). Results from individual silencing of Abcd1 or Abcd2
in C6 cells are not shown as the levels of DMA as well as VLCFA like astrocytes remained
unchanged. Data are expressed as mean ± SD (n=7). *P<0.05 vs. Untr and Scr, ***P<0.001
vs. Untr and Scr
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Figure 3. Effect of Gnpat (DHAP-AT) silencing by SiRNA on DHAP-AT expression, levels of
PlsEtn (DMA) and ROS, and sensitivity to cytokine in cultured C6 cells
Procedure of SiRNA of Gnpat or scrambled (Scr) treatment and sensitization with Cyt
(TNF-α, 50 ng/ml+IL-1β, 50 ng/ml) in cultured C6 cells is described in Materials and
Methods. Expression of DHAP-AT was measured by Western blot using the specific
antibody (A). PlsEtn species (all the three alcohols) were measured as % change of DMA
(Fig B,E) as well as ratio of DMA/acid (Fig C,F). Levels of ROS were quantitated as fold
change using DCF dye (D and G). Data are expressed as mean ± SD (n=3 for DHAPT
expression and n=7 for DMA and ROS). *P<0.05 vs. untreated (Untr) and Scr, **P<0.001
vs. untreated (Untr) and Scr, ***P<0.001 vs. untreated (Untr) and Scr, +++p<0.001 vs. Untr,
Untr+Cyt, Scr+Cyt.
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Figure 4. Photomicrograph of immunoreactive 4-HNE and acrolein and immunoblot of oxidized
protein in two different brain samples from cALD and normal control
A) Immunohistochemical staining was carried out using specific antibodies against 4-HNE
and acrolein. One section each from two different brains (#1 and #2) is presented (a and g
are from control brain #1; b and h are from control brain #2; c,e,i,k are from cALD brain #1;
d,f,j,l are from cALD brain #2). Acrolein staining was found more prominent in all areas
from cALD brains. Control normal brains did not show any significant staining for 4-HNE
and acrolein. (Magnification 400X). B) Immunoblot analyses of brain extracts from two
different normal control brains (1 and 2) and of three different areas (3, 5 normal looking; 4,
7 plaque shadow; 5, 8 plaque) from two different cALD brains were carried out according to
manufacturer’s instructions described in the OxyBlot Oxidized Protein Detection Kit.
Protein (30 µg) along with standard (Std) provided with the Kit was fractionated on
immunoblot, and oxidized proteins were detected using antibody to DNP. β-actin was used
as loading control.
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Figure 5. Effect of lovastatin treatment on the levels of PlsEtn (DMA) and VLCFA in brain from
ALDP knock out mice
Lovastatin (0.5 mg/kg body weight in 0.1% Triton X-100 and PBS) treatment was carried
out for 3 weeks. Lipids from white matter were extracted, and the levels of PlsEtn as ratio of
DMA/acid (A) as well as mass of DMA (B) and VLCFA as ratio of 26:0/22:0 (C) and mass
of 26:0 (D) were measured. Results are expressed as mean ± SD from 7 different mice of
duplicate determination. *p#0.05 vs. Normal, **p#0.01 vs. Normal and ALDP KO,
***p#0.001 vs. Normal and ALDP KO.
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Figure 6. Effect of lovastatin on incorporation of [1, 2-14C] ethanolamine in PlsEtn and PtdEtn
as an index of biosynthesis of PlsEtn and PtdEtn and on the levels of ROS in cultured C6 cells
Cultured C6 cells were treated with different concentrations of lovastatin (in DMSO)
overnight (15 hr) followed by a chase for 2 hr with the labeled ethanolamine. The cells were
harvested, and lipids were resolved on HPTLC. PE was purified and hydrolyzed by HCl.
Both the hydrolyzed and the non-hydrolyzed PE were resolved on HPTLC. Incorporation of
radioactivity was measured in PE (PlsEtn+PtdEtn), PtdEtn and hydrolyzed PlsEtn fractions.
Results are presented as nmol/2hr/mg protein (A). Levels of ROS were measured using DCF
dye as described earlier (Khan et al. 2005) after cytokine (Cyt)-treatment (TNF-α, 50 ng/ml
+IL-1β, 50 ng/ml) for 24 hr following lovastatin treatment. Results are expressed as

Khan et al. Page 23

J Neurochem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



arbitrary unit (OD) (B). Data are expressed as mean ± SD for 3 different experiments.
*p<0.05 vs. Untr, +p<0.05 vs. Cyt.
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