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Peroxisomal disorders have been associated with malfunction of peroxisomal metabolic pathways, but the
pathogenesis of these disorders is largely unknown. X-linked adrenoleukodystrophy (X-ALD) is associated with
elevated levels of very-long-chain fatty acids (VLCFA; C. ,,.,) that have been attributed to reduced peroxisomal
VLCFA B-oxidation activity. Previously, our laboratory and others have reported elevated VLCFA levels and
reduced peroxisomal VLCFA (-oxidation in human and mouse X-ALD fibroblasts. In this study, we found
normal levels of peroxisomal VLCFA B-oxidation in tissues from ALD mice with elevated VLCFA levels.
Treatment of ALD mice with pharmacological agents resulted in decreased VLCFA levels without a change in
VLCFA B-oxidation activity. These data indicate that ALDP does not determine the rate of VLCFA p-oxidation
and that VLCFA levels are not determined by the rate of VLCFA (3-oxidation. The rate of peroxisomal VLCFA
B-oxidation in human and mouse fibroblasts in vitro is affected by the rate of mitochondrial long-chain fatty
acid B-oxidation. We hypothesize that ALDP facilitates the interaction between peroxisomes and mitochondria,
resulting, when ALDP is deficient in X-ALD, in increased VLCFA accumulation despite normal peroxisomal
VLCFA g-oxidation in ALD mouse tissues. In support of this hypothesis, mitochondrial structural abnormal-

ities were observed in adrenal cortical cells of ALD mice.

Peroxisomes are single membrane-bound subcellular or-
ganelles present in most eukaryotic cells (8). Peroxisomes are
involved in several vital metabolic pathways, including B-oxi-
dation of very-long-chain fatty acids (VLCFA; C.,,.), plas-
malogen biosynthesis, oxidation of H,O,, a-oxidation of phy-
tanic acid, bile acid synthesis, and cholesterol biosynthesis
(40). Two major classes of peroxisomal disorders have been
described. The first class, peroxisomal biogenesis disorders
(PBDs; McKusick 601539), is a heterogeneous group of auto-
somal recessive diseases characterized by alterations in various
peroxisomal proteins (called peroxins and encoded by PEX
genes) involved in peroxisome biogenesis (38). PBDs include
Zellweger syndrome (McKusick 214100), neonatal adrenoleu-
kodystrophy (McKusick 202370), infantile Refsum’s disease
(McKusick 266510), and rhizomelic chondrodysplasia punctata
(McKusick 215100). The second class of peroxisomal disor-
ders, typified by X-linked adrenoleukodystrophy (X-ALD;
McKusick 300100), includes disorders with a single peroxiso-
mal enzyme or protein defect.

X-ALD is the most common peroxisomal disorder, with an
incidence of approximately 1 in 17,000 (4, 9). It is a postnatal
rapidly progressive disease that affects primarily the central
nervous system white matter, the adrenal cortex, and the testis
(23). The biochemical signature of X-ALD is increased levels
of saturated unbranched VLCFA in plasma and tissues, par-
ticularly in the cholesterol ester, ganglioside, and proteolipid
fractions of the brain white matter and cholesterol esters of the
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adrenal cortex (23). It has been clearly established that in
fibroblasts, white cells, and amniocytes from X-ALD patients,
there is a decrease in peroxisomal VLCFA degradation. Re-
duced activity of peroxisomal very-long-chain acyl coenzyme
A (acyl-CoA) synthetase (VLCS), the enzyme that activates
VLCFA to initiate their degradation, has been demonstrated
in fibroblasts from X-ALD patients. However, the X-ALD
gene, ABCD1, identified by positional cloning (24), encodes a
protein (ALDP) that is a member of the ATP binding cassette
(ABC) transporter superfamily of membrane proteins (16).
ALDP is located in the peroxisomal membrane (25) but has no
homology to any known VLCS (34) and no demonstrable
VLCS activity (36). The role of ALDP in VLCFA metabolism,
the pathophysiology of X-ALD, and its relationship to VLCS
activity have yet to be determined.

Fatty acids are activated by thioesterification to CoA by fatty
acyl-CoA synthetases before they can participate in either cat-
abolic or anabolic pathways (41). Fatty acyl-CoA synthetases
capable of activating short-chain fatty acids (SCFA; C, to C,),
medium-chain fatty acids (MCFA; C, to C,,), long-chain fatty
acids (LCFA; C,, to C,,), or VLCFA (C.,,) have been de-
scribed. The protein encoded by the VLCS gene activates both
VLCFA and LCFA, in contrast to long-chain acyl-CoA syn-
thetase, which activates only LCFA. Long-chain acyl-CoA syn-
thetase activity is found in peroxisomes, mitochondria, and
microsomes, while VLCS activity is only found in peroxisomes
and microsomes. Steinberg et al. (37) reported that for VLCS,
the rate of activation of LCFA is 10- to 20-fold higher than the
rate of activation of VLCFA. It has been suggested that ALDP
is directly involved in VLCFA B-oxidation through transport of
VLCS, VLCFA, or a required cofactor across the peroxisomal
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membrane. It should be noted, however, that the absence of
ALDP results in the reduction, but not elimination, of VLCS
activity and VLCFA B-oxidation in peroxisomes, suggesting
either that there are compensatory activities in the peroxisome
or that the effect of ALDP on peroxisomal VLCFA B-oxida-
tion in fibroblasts is indirect.

There are an estimated 48 mammalian ABC proteins (7),
located in cellular and subcellular membranes, that transport a
wide variety of substrates, including ions, sugars, amino acids,
proteins, and lipids (15, 16). Mammalian ABC transporter
proteins typically consist of two hydrophobic transmembrane
domains and two hydrophilic nucleotide-binding folds encoded
by a single gene. Peroxisomal ABC transporters (7) comprise a
subgroup (D) of related proteins that are encoded as half-
transporters with a single transmembrane domain and a single
nucleotide-binding fold. In mammals, there are four ABC sub-
family D (ABCD) proteins, ALDP (encoded by the ABCDI
gene), the adrenoleukodystrophy-related protein ALDRP (en-
coded by the ABCD2 gene), the 70-kDa peroxisomal mem-
brane protein PMP70 (encoded by the ABCD3 gene), and the
PMP70-related protein PMP70R (encoded by the ABCD4
gene). Other mammalian ABC half-transporters identified to
date dimerize to form functional transporters (33, 35). Ho-
modimerization of ALDP and heterodimerization of ALDP
with ALDR and PMP70 in vitro were demonstrated in our
laboratory (34) and by Liu et al. (19). The functional signifi-
cance of these dimers is unknown. However, differences in
substrate transport among the various possible homo- and het-
erodimers could reflect the metabolic demands of various cell
types since the peroxisomal ABC transporters are known to
have differing tissue expression patterns in vivo (3, 12, 28, 39).
This laboratory (6, 17) and others (10, 27) have demonstrated
that overexpression of ALDR or PMP70, as well as ALDP,
cDNA in fibroblasts from X-ALD patients improves peroxiso-
mal B-oxidation. Thus, these peroxisomal ABC half-transport-
ers, either specifically or nonspecifically, are able to facilitate
peroxisomal VLCFA B-oxidation in fibroblasts lacking ALDP.

Previously, we reported the effect of a pharmacological
agent, sodium 4-phenylbutyrate (4PBA), on fibroblasts from
human PBD and X-ALD patients and ALD mice and showed
that 4PBA treatment corrects VLCFA B-oxidation and
VLCFA levels in these cells (17, 43). Initially, correction of
VLCFA B-oxidation and VLCFA levels in these cells was at-
tributed to an observed two- to threefold increase in ALDRP
expression (17). However, more recent data suggest that in-
creased histone acetylation, unrelated to increased ALDR ex-
pression, is associated with induction of VLCFA B-oxidation in
cultured skin fibroblasts and indicates that induction of perox-
isomal VLCFA B-oxidation by 4PBA and other pharmacolog-
ical agents was associated with induction of mitochondrial
LCFA B-oxidation (22). These data imply that there is intra-
cellular communication between mitochondria and peroxi-
somes in human and mouse fibroblasts.

Recently, Baumgart et al. reported mitochondrial alter-
ations caused by defective peroxisomal biogenesis in a mouse
model (PEX5 /") of Zellweger syndrome (2). These included
severe alterations of mitochondrial ultrastructure, changes in
the expression and activity of mitochondrial respiratory chain
complexes, and an increase in the heterogeneity of the mito-
chondrial component in various organs and specific cell types
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(2). Mitochondrial abnormalities have also been reported in
seminal studies documenting a peroxisomal defect in Zell-
weger syndrome (14) and in X-ALD (30). There are prece-
dents, therefore, for mitochondrial involvement in peroxisomal
disorders.

In this study, we measured peroxisomal VLCFA B-oxidation
activity and VLCFA levels in ALD mouse tissues before and
after treatment with various pharmacological agents to inves-
tigate the relationship between peroxisomal VLCFA B-oxida-
tion and VLCFA levels. The relationship between mitochon-
drial and peroxisomal fatty acid B-oxidation activities in
cultured skin fibroblasts (i) with naturally occurring mutations
in fatty acid metabolism and (ii) in the presence of drugs
affecting mitochondrial activity was investigated. The role of
mitochondria in the induction of peroxisomal VLCFA B-oxi-
dation in fibroblasts by 4PBA was examined, and mitochondria
in mouse tissue were examined ultrastructurally for morpho-
logical abnormalities.

MATERIALS AND METHODS

Fibroblast cell lines, cell culture, and drug treatment. Primary fibroblast cell
lines were derived from normal human controls and human X-ALD or mito-
chondrial mutant patients and from wild-type and ALD mice and grown at 37°C
in 5% CO, and Dulbecco modified Eagle medium supplemented with fetal calf
serum (10%), penicillin (100 U/ml), and streptomycin (100 U/ml). Cell lines were
grown to confluence in the presence or absence (control culture conditions) of
antimycin A (0.4 pg/pl), sodium 4PBA (5 mM), or trichostatin A (TSA; 50 nM).
4PBA and TSA were from Sigma (St. Louis, Mo.).

Fatty acid analysis. Total lipids in mouse tissues and human and mouse
fibroblast cell lines were extracted, fractionated, purified by thin-layer chroma-
tography, and subjected to capillary gas chromatography as previously described
(20).

Fatty acid oxidation. Fatty acid oxidation activity of mouse tissue and human
and mouse fibroblast cell lines, postnuclear supernatants, and peroxisomal frac-
tions was determined by measuring their capacity to degrade 1-'#C-labeled fatty
acids to water-soluble products (42). In some experiments, further metabolism of
water-soluble products to CO, by mitochondria was also measured. Reaction
tubes were fitted with serum stoppers and plastic center wells (Kontes) contain-
ing 0.5-cm? glass microfiber filters (presoaked in 10 pl of 20% KOH). After a 1-h
fatty acid B-oxidation reaction, 200 wl of 3 N H,SO, was added through the
stopper to the bottom of the glass tube. After 2 h, the glass microfiber filter was
removed and radioactivity was determined in a scintillation counter. Specific
activity was expressed as nanomoles of *CO, released per hour per milligram of
protein. [1-"*Clpalmitic acid (C,q; American Radiolabeled Chemicals) and
[1-"*CJlignoceric acid (Cau.o; synthesized from tricosanol [Sigma] and K'*CN
[American Radiolabeled Chemicals] by the method of Muralidharan and Kishi-
moto [26]) were solubilized by brief sonication and incubation at 37°C in 10 mM
Tris Cl (pH. 8.0) containing 10 mg of a-cyclodextrin per ml. [1-'*C]phytanic acid
(synthesized from methyl pristanate and K'*CN [26]) was solubilized by brief
sonication and incubation at 37°C in 10 mM Tris CI (pH. 8.0) containing 10 mg
of B-cyclodextrin per ml. Fatty acid oxidation data were calculated as specific
activity (nanomoles per hour per milligram).

Flow cytometric analysis of the effect of 4PBA on mitochondrial mass. Mito-
tracker Green FM (Molecular Probes), a fluorescent dye, was used to measure
mitochondrial mass in fibroblasts before and after 4PBA treatment. The cells
were then incubated for 30 min with 50 nM Mitotracker Green FM under normal
growth conditions. Cells were harvested, resuspended in cold phosphate-buffered
saline, and analyzed by flow cytometry with a FACScalibur (Becton Dickinson)
and CellQuest software. The autofluorescence of unstained cells was analyzed
and subtracted from the analysis of fibroblasts stained with Mitotracker.

In vivo delivery of drugs to ALD mice. 4PBA (0.16 g/kg/day) and TSA (3.0 or
0.3 mg/kg/day) were delivered to ALD mice in their water supply on the basis of
a water intake of 4 ml/day. Mice were sacrificed after 8 weeks, and the livers of
wild-type, ALD, and 4PBA-treated ALD mice were collected. VLCFA levels and
LCFA (Cy4.,) and VLCFA (C,,.) B-oxidation activity levels were measured as
described above. Research experiments involving the use of mice complied with
all relevant federal guidelines and institutional policies.
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Auxotrophy. Wild-type and ALD mouse fibroblasts were grown in glucose-
free, delipidated medium alone (minimal medium) or in minimal medium sup-
plemented with C,,., (1 nmol/ml of medium) in the presence or absence of 4PBA
(5 mM) or TSA (50 nM). Both 4PBA and TSA were tested because both of these
pharmacological agents are known to induce VLCFA B-oxidation and decrease
VLCFA levels in vitro. Before addition to the medium, C,,., was dried under N,
and solubilized by sonication in a-cyclodextrin. Cells were incubated in 10-cm-
diameter culture dishes for the times indicated, harvested, and counted in a
hemocytometer.

Electron microscopy. Adrenal glands were harvested from wild-type and ALD
mice after perfusion with 4% glutaraldehyde. They were postfixed in osmium
tetroxide and embedded in epoxy resin. The embedded tissues were thin sec-
tioned and stained with uranyl acetate-lead citrate and processed for electron
microscopic examination as previously described (20).

Statistical analysis. P values were calculated by using the two-tailed Student ¢
test. A P value < 0.01 was used as the criterion for statistical significance.

RESULTS

Fatty acid B-oxidation in X-ALD fibroblasts and tissues.
Previously, our laboratory (20) reported both a statistically
significant increase in VLCFA levels in fibroblasts and tis-
sues from X-ALD patients and ALD mice (Fig. 1A) and a de-
crease in the ability of fibroblasts from X-ALD patients and
ALD mice to oxidize VLCFA (Fig. 1B). As shown in Fig. 1B,
VLCFA B-oxidation in ALD mouse fibroblasts was approxi-
mately one-third of the level observed in wild-type mouse
fibroblasts. This mirrors the findings obtained with fibroblasts,
white blood cells, and amniocytes from human X-ALD pa-
tients compared with those obtained with normal controls (23).
Surprisingly, no difference in VLCFA (C,,., [Fig. 1B] and Cs,
[data not shown]) B-oxidation between wild-type and ALD
mouse tissues (brain, adrenal gland, and liver [including puri-
fied liver peroxisomes]) was seen. This demonstrates that in
mouse tissues, normal peroxisomal VLCFA B-oxidation occurs
in the absence of ALDP. Taken together, these data suggest
that ALDP is not required for peroxisomal VLCFA B-oxida-
tion and that the elevated levels of VLCFA in ALD mouse
tissues are not a consequence of impaired peroxisomal degra-
dation.

Since this laboratory (6, 17) and others (10, 27) have dem-
onstrated that overexpression of ALDR or PMP70, as well
as ALDP, cDNA following transfection into fibroblasts from
X-ALD patients restores peroxisomal B-oxidation, its in-
creased expression in the ALD mouse might be compensa-
tory. However, measurement of the level of expression of these
other peroxisomal half-transporters is unchanged in ALD
mouse tissues (J.-F. Lu et al., unpublished data). Treatment of
human and mouse wild-type and X-ALD fibroblasts with var-
ious pharmacological agents, including 4PBA, increases mito-
chondrial LCFA B-oxidation, as well as peroxisomal VLCFA
B-oxidation (22). Therefore, the influence, if any, of mitochon-
drial activity on peroxisomal VLCFA B-oxidation was investi-
gated by using cells with naturally occurring mutations in fatty
acid metabolism and drugs affecting mitochondrial function.

Mitochondrial mutant fibroblast B-oxidation. Human mito-
chondrial mutant fibroblasts deficient in (i) carnitine palmi-
toyltransferase 1 (CPT1), a protein involved in import of
LCFA into mitochondria, or (ii) mitochondrial long-chain fatty
acyl-CoA dehydrogenase [(V)LCAD], an enzyme involved in
mitochondrial B-oxidation of saturated unbranched LCFA,
were assayed for the ability to oxidize fatty acids. Both cell lines
showed reduced LCFA (C,4.,,) B-oxidation activity, as ex-
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FIG. 1. ALD mouse tissues have normal VLCFA (C,,.,) B-oxida-
tion but accumulate VLCFA. (A) Total lipids were extracted, fraction-
ated, and analyzed by gas chromatography as previously described
(20). Cy6.¢/Css. ratios are shown. These data were taken from Table 2
of reference 20 with permission. (B) VLCFA (C,,,,) B-oxidation ac-
tivity (nanomoles per hour per milligram) was measured in wild-type
(WT) and ALD mouse fibroblasts and tissues. Isolated peroxisomes
were determined to be intact if most of the peroxisomal catalase
activity was recovered in the peroxisomal pellet. Results are shown as
means * the standard deviations with the number of experiments
performed in parentheses.

pected, and, surprisingly, also showed reduced VLCFA (C,,.)
B-oxidation (Fig. 2). VLCFA B-oxidation was approximately
75% of normal control activity. Fibroblasts deficient in MCAD
(mitochondrial medium-chain fatty acyl-CoA dehydrogenase)
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FIG. 2. LCFA (Cy4) and VLCFA (C,,,) B-oxidation activities
were measured in fibroblasts with a reduced capacity for mitochondrial
fatty acid B-oxidation. Fibroblasts lacking either (i) CPTI, i.e., the
ability to transport LCFA across the mitochondrial membrane, or (ii)
(V)LCAD, i.e., the ability to metabolize LCFA, had reduced rates of
LCFA (C,4,) and peroxisomal VLCFA (C,,.,) B-oxidation. Fibro-
blasts with mutations affecting MCAD and SCAD B-oxidation had
normal rates of both LCFA (C,,.) and peroxisomal VLCFA (C,,.)
B-oxidation. Wild-type fatty acid B-oxidation was determined in each
experiment as described in Materials and Methods, and this value was
used to calculate the percentage of wild-type activity in the fibroblast
cell lines being studied. Results are shown as means * the standard
deviations with the number of experiments performed in parentheses.

and SCAD (mitochondrial short-chain fatty acyl-CoA dehy-
drogenase), which are necessary for mitochondrial B-oxidation
of saturated unbranched MCFA and SCFA, respectively, dem-
onstrated normal LCFA and VLCFA B-oxidation activity.
These data suggest that the level of peroxisomal VLCFA {3-ox-
idation activity is related to LCFA B-oxidation activity or
LCFA levels. The level of MCFA or SCFA B-oxidation activity
or MCAD or SCAD levels does not affect peroxisomal VLCFA
B-oxidation.

Effect of LCFA level on VLCFA B-oxidation. To test the
hypothesis that peroxisomal VLCFA B-oxidation activity is
related to LCFA B-oxidation and/or levels, LCFA (Cg.,) load-
ing experiments were performed. Wild-type and ALD mouse
liver postnuclear supernatants or isolated peroxisomes were
incubated with increasing concentrations of C,.,, and the ef-
fects on VLCFA B-oxidation were measured. An inverse rela-
tionship between the amount of C,,,, and the rate of VLCFA
(Cy4.0) B-oxidation in postnuclear supernatants was observed
(Fig. 3). This effect was also seen when wild-type and ALD
mouse liver peroxisomes isolated from Nycodenz density gra-
dients were incubated with increasing amounts of C,4., (Fig.
3). Peroxisomal phytanic acid a-oxidation was only mildly af-
fected by the addition of C,¢., (Fig. 3), suggesting that the
effect of C,4., loading is specific for VLCFA (C,,.,) B-oxida-
tion and not simply due to limitation of cofactor availability
resulting from excess unlabeled Cg.,.

Effect of mitochondrial inhibitor on fibroblast fatty acid
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B-oxidation. When human and mouse fibroblasts (wild-type
and X-ALD) were treated with the mitochondrial inhibitor
antimycin A (a complex III inhibitor; 31), mitochondrial activ-
ity was totally inhibited, as determined by a CO, release assay
(data not shown). Presumably, the remaining LCFA B-oxida-
tion activity seen in Fig. 4 is peroxisomal, suggesting that per-
oxisomal LCFA B-oxidation is not affected by the absence of
ALDP or by the presence of antimycin A. Treatment with the
mitochondrial inhibitor antimycin A results in a decrease (ap-
proximately 25%) in peroxisomal VLCFA (C,,.,) B-oxidation
activity, in agreement with the data in Fig. 2 and 3, where the
rate of VLCFA B-oxidation appears to be dependent on the
rate of LCFA B-oxidation.

Collectively, the data shown in Fig. 2 to 4 suggest that de-
creases in VLCFA B-oxidation activity associated with X-ALD
could be a secondary effect of elevated intracellular LCFA
levels and that ALDP may not participate directly in peroxi-
somal fatty acid B-oxidation.

In vivo effect of 4PBA on VLCFA (-oxidation and levels.
Previously, we reported that 4PBA treatment of ALD mice in
vivo resulted in a decrease in VLCFA levels in tissue and, on
the basis of results obtained with 4PBA-treated fibroblasts,
proposed that this was attributable to the increase in ALDRP
expression (17). More recently, we evaluated the effects of
4PBA and other pharmacological agents on fatty acid B-oxi-
dation in ALD mouse fibroblasts and showed that pharmaco-
logical induction of VLCFA and LCFA fatty acid B-oxidation
could occur in the absence of increased ALDRP expression
(22).

The effect of 4PBA and TSA on VLCFA metabolism in vivo
in ALD mice is to reduce VLCFA levels (Fig. 5A), with no
effect on LCFA or VLCFA B-oxidation activity after 8§ weeks
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FIG. 3. Effect of LCFA concentration on VLCFA (C,,.,) B-oxida-
tion and phytanic acid a-oxidation in wild-type (WT) and ALD mouse
liver postnuclear supernatants (PNS) and VLCFA (C,,.,) B-oxidation
in isolated peroxisomes. Increasing amounts of unlabeled LCFA
(Ci6:0) were added to mouse liver postnuclear supernatants and iso-
lated peroxisomes, and peroxisomal VLCFA (C,,.,) B-oxidation and
phytanic acid a-oxidation were measured.
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FIG. 4. Effect of the mitochondrial complex III inhibitor antimycin
A on fibroblast fatty acid B-oxidation. Human and mouse fibroblasts
from wild-type (WT) and affected individuals were grown for 2 days in
medium containing antimycin A (0.4 pg/ml). Wild-type LCFA B-oxi-
dation (C,¢,) and VLCFA (C,,.,) fatty acid B-oxidation were deter-
mined in each experiment as described in Materials and Methods and
set to 1. These values were used to calculate the fold decrease in
activity in the fibroblast cell lines being studied. Results are shown as
means * the standard deviations with the number of experiments
performed in parentheses.
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of treatment (Fig. 5B). Thus, after drug treatment, there is a
decrease in VLCFA levels in the liver in the absence of a
change in VLCFA B-oxidation, supporting the hypothesis that
VLCFA levels in vivo are not determined by the rate of per-
oxisomal VLCFA B-oxidation. Neither (i) the increase in
VLCFA levels that results from the absence of ALDP in ALD
mice nor (ii) the decrease following exposure to 4PBA or TSA
correlates with any alteration in the rate of peroxisomal
VLCFA B-oxidation activity.

Effect of 4PBA treatment on fibroblast B-oxidation. To eval-
uate the role of mitochondria in the effect of 4PBA treatment
on fibroblasts B-oxidation, we examined the time course of the
ALD mouse fibroblast in vitro B-oxidation response to 4PBA.
As shown in Fig. 6, LCFA (C,4.,) B-oxidation increased earlier
(after 4 h of treatment) than peroxisomal VLCFA (C,,.,) B-0x-
idation (after 12 h of treatment). This increase in B-oxidation
appears to be independent of the increase in ALDRP expres-
sion, which was not seen until after 2 days of treatment (data
not shown).

On the basis of the proposed interaction between peroxiso-
mal B-oxidation and mitochondrial B-oxidation, we investigat-
ed the possibility that pharmacological agents affect VLCFA
levels in ALD mice by inducing mitochondrial B-oxidation and
have a secondary effect on peroxisomal B-oxidation.

Effect of 4PBA treatment on mitochondrial mutant fibro-
blast B-oxidation. Human fibroblasts deficient in mitochon-
drial CPT 1 or (V)LCAD activity have reduced LCFA (C,4.)
and VLCFA (C,,.,) B-oxidation activity, as shown in Fig. 2.
When these mutant fibroblasts were treated with 4PBA, there
was no induction of either LCFA or VLCFA B-oxidation ac-
tivity (Fig. 7). 4PBA treatment of human and mouse fibroblasts
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deficient in mitochondrial MCAD or SCAD, respectively, or
mouse fibroblasts deficient in ALDP resulted in an increase in
both LCFA and VLCFA B-oxidation activities. Therefore, the
effect of 4PBA on peroxisomal VLCFA B-oxidation appears to
be dependent on its effect on mitochondrial LCFA metabolism
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FIG. 5. Effect of 4PBA on fatty acid metabolism in vivo. VLCFA
accumulation (A) and B-oxidation (B) were determined in liver post-
nuclear supernatants from wild-type (WT) mice, ALD mice, and ALD
mice treated with 4PBA (0.16 g/kg/day) or TSA (0.3 mg/kg/day) in
water. Total lipids were extracted, fractionated, and analyzed by gas
chromatography as previously described (20). Wild-type mouse Csg.(/
C,,., ratios and fatty acid B-oxidation activity levels were set to 1, and
these values were used to calculate changes in ratios and activity levels
in untreated and treated ALD mice. Results are shown as means * the
standard deviations with the number of experiments performed in
parentheses.
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FIG. 6. Time course of response to 4PBA. Fibroblasts from ALD
mice were grown in medium containing 5 mM 4PBA for the times
indicated. LCFA (C,¢,) and VLCFA (C,,.,,) B-oxidation activities
were measured, and values were expressed as fold increases relative to
untreated-control values. 4PBA treatment (5 mM) increased LCFA
(Ci.0) before VLCFA (C,,.) B-oxidation in ALD mouse fibroblasts.

but not mitochondrial MCFA or SCFA metabolism. These
data support the hypothesis that changes in the rate of mito-
chondrial LCFA B-oxidation profoundly affect the rate of per-
oxisomal VLCFA B-oxidation.

Effect of 4PBA on mitochondrial mass. Treatment of mouse
fibroblast cell lines with 4PBA resulted in a statistically signif-
icant 2.4-fold induction of mitochondrial mass in the three cell
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FIG. 7. Effect of 4PBA treatment (5 mM) on VLCFA (C,,.,) B-0x-
idation specific activity in mitochondrial fatty acid metabolism mu-
tants. Fibroblasts with mutations affecting CPT1, (V)LCAD, MCAD,
and SCAD were exposed to 4PBA for 3 days. Cells lacking the ability
to either transport LCFA across the mitochondrial membrane (CPT1)
or metabolize LCFA [(V)LCAD] did not respond to 4PBA. However,
MCAD- and SCAD-deficient cells, with normal LCFA metabolism,
responded to 4PBA with increased LCFA (C,q.) and peroxisomal
VLCFA (C,,,y) B-oxidation activity. Results are shown as means * the
standard deviations with the number of experiments performed in
parentheses.
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FIG. 8. Effect of 4PBA (5 mM) on mitochondrial mass in human
X-ALD fibroblasts. Mitotracker Green FM was used to measure mi-
tochondrial mass in fibroblasts by flow cytometry before and after
4PBA treatment. The autofluorescence of unstained cells (A) was
analyzed and subtracted from the analysis of fibroblasts stained with
Mitotracker before (B) and after (C) 4PBA treatment. The 2.4-fold
increase in mitochondrial mass after 4PBA treatment is shown in panel
D. SSC, single scanned cell. Results are shown as means * the stan-
dard deviations with the number of experiments performed in paren-
theses.

lines tested, as shown in Fig. 8. This increase reflects the
approximately threefold increase in LCFA B-oxidation ob-
served after drug treatment of mouse fibroblasts (22).

To test the hypothesis that ALDP might have an indirect
effect on mitochondrial function, we examined the influence of
peroxisomal ALDP on the function (auxotrophy experiment)
and structure (ultrastructural analysis of adrenal glands) of
mitochondria.

Auxotrophy. We tested the abilities of wild-type and ALD
mouse fibroblasts to grow using a peroxisome-dependent sub-
strate [VLCFA (C,4.)] as the energy source. As seen in Fig.
9A and B, both wild-type and ALD mouse fibroblasts died
within 3 to 5 days when grown on delipidated, glucose-free
medium with or without C,,.,. When mitochondria were stim-
ulated by exposure of cells to 4PBA (Fig. 9C and D) or TSA
(Fig. 9E and F), wild-type, but not ALD, mouse fibroblasts
were capable of growth with C,,., as the source of energy.
Since C,,., degradation is uniquely peroxisomal, these obser-
vations support the existence of an interaction between per-
oxisomes and mitochondria that is mediated by ALDP and
suggest that ALDP is required for functional interaction be-
tween peroxisomes and mitochondria.

Ultrastructural analysis of adrenal glands. Electron micros-
copy of adrenocortical cells from older ALD mice (Fig. 10B)
indicated some structural damage to mitochondria compared
to those of wild-type controls (Fig. 10A). These changes con-
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FIG. 9. Effects of 4PBA and TSA on mouse fibroblast VLCFA
(C,4.0) auxotrophy. Wild-type (WT) and ALD mouse fibroblasts were
grown in glucose-free, delipidated medium (minimal medium) (A, C,
and E) or in minimal medium supplemented with C,,., (1 nmol/ml of
medium) (B, D, and F) either alone (A and B) or in the presence of
4PBA (5 mM) (C and D) or TSA (50 nM) (E and F). Results are
shown as means * the standard deviations with the number of exper-
iments performed in parentheses.

sisted primarily of an electron-dense condensation of cristae
but some myelinoid figures and mitochondrial dissolution in
12- to 13-month-old ALD mice. No difference was noted at 9
months of age. These abnormalities were reduced in adreno-
cortical cells from ALD mice treated with 4PBA for 1 month
(Fig. 10C), indicating that 4PBA treatment affects mitochon-
drial structure, as well as function.

DISCUSSION

Previously, our laboratory (20) and others (11, 18) have
shown that there is residual peroxisomal VLCFA B-oxidation
activity in the absence of ALDP in human and mouse X-ALD
fibroblasts, demonstrating that ALDP is not necessary for per-
oxisomal VLCFA B-oxidation. In the present report, we show
that ALD mouse tissues have normal levels of peroxisomal
VLCFA B-oxidation in the absence of ALDP and yet have
elevated VLCFA levels. These data demonstrate conclusively

MoL. CELL. BIOL.

that (i) ALDP does not control the rate of peroxisomal
VLCFA B-oxidation and (ii) VLCFA levels are not deter-
mined by the rate of VLCFA B-oxidation. Given the capacity
for normal rates of VLCFA B-oxidation in the absence of
ALDP, the question to be answered is why VLCFA B-oxida-
tion activity is reduced in some cells (fibroblasts from X-ALD
patients and mice).

Since we have recently shown that pharmacological agents
capable of inducing peroxisomal VLCFA B-oxidation in X-ALD
fibroblasts also induce mitochondrial LCFA B-oxidation (22),
we investigated the relationship between mitochondrial fatty
acid B-oxidation and peroxisomal VLCFA B-oxidation and the
possible influence of mitochondria on peroxisomal 3-oxidation
in X-ALD. The effect of ALDP on peroxisomal B-oxidation
has been shown to be dependent on the level of mitochondrial
fatty acid B-oxidation activity and, more specifically, on the
level of mitochondrial LCFA B-oxidation. (V)LCAD and CPT1
mutant fibroblasts were found to have significantly decreased
LCFA B-oxidation activity, as expected, but also decreased
VLCFA B-oxidation activity. Previously, Wanders et al. re-
ported decreased VLCFA (C,q.,) B-oxidation in fibroblasts
from patients deficient in CPT1 and carnitine-acylcarnitine
transferase (also involved in LCFA import into mitochondria).
The decrease in VLCFA B-oxidation activity in X-ALD fibro-
blasts is significantly greater than in (V)LCAD or CPT1 mu-
tants. Mutations in either MCAD or SCAD had no effect on
peroxisomal VLCFA B-oxidation, indicating that peroxisomal
VLCFA B-oxidation is related to mitochondrial LCFA, and
not MCFA or SCFA, B-oxidation. We hypothesize that satu-
ration of peroxisomal VLCS with excess LCFA could result in
the decrease in VLCFA B-oxidation observed in X-ALD since
the rate of peroxisomal VLCS activation of LCFA is 10- to
20-fold higher than the rate of activation of VLCFA (37).

There is no doubt that ALDP is a peroxisomal membrane
protein and thus must be involved in some peroxisomal func-
tion. A number of observations in the present study support
the hypothesis that the role ALDP plays in peroxisomal me-
tabolism involves either a substrate or a product in a pathway
that affects mitochondrial function in the absence of ALDP,
i.e., in X-ALD. These include the findings that (i) peroxisomal
VLCFA B-oxidation was inhibited by the addition of LCFA or
the mitochondrial inhibitor antimycin A, (ii) treatment of ALD
mice with a pharmacological agent that increases mitochon-
drial function (4PBA or TSA) resulted in no change in perox-
isomal VLCFA B-oxidation and a decrease in VLCFA levels,
(iii) the effect of 4PBA on human X-ALD fibroblasts was first
to increase mitochondrial LCFA B-oxidation and later to in-
crease peroxisomal VLCFA B-oxidation, and (iv) when mito-
chondrial LCFA B-oxidation could not be stimulated [in a
CPT1 or (V)LCAD mutant], there was no increase in peroxi-
somal VLCFA B-oxidation. The presence of abnormal mito-
chondria in X-ALD mouse adrenal cortex supports the hypoth-
esis that mitochondria are involved in the pathogenesis of
X-ALD.

It is possible that the absence of ALDP in X-ALD is asso-
ciated with abnormal mitochondrial function, resulting in an
increase in LCFA in cells because of a deficiency in their
B-oxidation. Such an increase in LCFA could affect peroxiso-
mal VLCFA B-oxidation activity (as is seen in human and
mouse X-ALD fibroblasts) since it is known that VLCS has a



VoL. 23, 2003

FIG. 10. Effect of in vivo 4PBA treatment on mitochondrial ultra-
structure in adrenocortical cells from ALD mice. Adrenal glands were
harvested from wild-type (A), ALD (B), and 4PBA-treated ALD
(C) mice after perfusion with 4% glutaraldehyde. They were postfixed
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10- to 20-fold greater affinity for LCFA than for VLCFA (37).
Elevated VLCFA levels in X-ALD tissues, therefore, may be a
secondary consequence of an effect on mitochondrial function.
In ALD mouse tissues where the level of mitochondrial activity
is higher than in ALD fibroblasts (data not shown), peroxiso-
mal VLCFA B-oxidation is normal, presumably because ALD
tissue mitochondria are capable of higher LCFA B-oxidation
rates than ALD fibroblast mitochondria. The accumulation of
VLCFA in ALD mouse tissues, however, remains unexplained
but is probably dependent on the balance between the rate
of VLCFA incorporation into complex lipids and the rate of
complex lipid degradation, since the accumulated VLCFA
in ALD mouse tissues are mostly in complex lipids (23).
Therefore, the change in peroxisomal VLCFA B-oxidation in
X-ALD appears to be dependent on a combination of the
absence of ALDP and the level of mitochondrial activity in the
cell type under investigation.

Treatment of X-ALD fibroblasts with 4PBA resulted in an
increase in mitochondrial mass and an associated increase in
mitochondrial LCFA B-oxidation rather than a specific in-
crease in mitochondrial LCFA B-oxidation. Our findings im-
plicate interruption of ALDP-mediated interactions between
peroxisomes and mitochondria in VLCFA accumulation in
X-ALD and add to a growing body of literature suggesting that
mitochondria play a significant role in the pathogenesis of
peroxisomal disorders. In addition to the mitochondrial abnor-
malities noted in a mouse model of Zellweger syndrome (2),
the authors of the original study documenting a peroxisomal
deficiency in human Zellweger syndrome also found ultrastruc-
tural abnormalities in liver and brain mitochondria and dimin-
ished oxygen consumption when using succinate and substrates
reducing NAD; this suggested a defect in the electron trans-
port system prior to the cytochromes (14). Ultrastructural ab-
normalities in skeletal muscle mitochondria, including lipidic
inclusions (see below), have also been reported in Zellweger
syndrome (32), evidence that mitochondrial function and/or
structure are abnormal. Allen et al. (1) reported a dysfunction
in the 11-hydroxylase system of the adrenal cortex, the mito-
chondrial phase of steroidogenesis, without a block in cortico-
steroid production in patients with X-ALD. Both histoenzy-
matic and ultrastructural abnormalities of mitochondria were
found in biopsied X-ALD adrenal samples. Histoenzymatic
decreases in the mitochondrial menadione-dependent o-
glycerophosphate dehydrogenase and diphosphopyridine nu-
cleotide diaphorase, and also succinate dehydrogenase and
cytochrome oxidase, were observed in abnormal X-ALD adre-
nocortical cells compared to those of controls. The mitochon-
dria in these same cells displayed a wide variation in size and
electron density at the ultrastructural level, but the unavail-
ability of suitable age-matched controls prevented a definitive
interpretation of these findings. However, no paracrystalline,
lipidic, or myelinoid alterations of these mitochondria were
observed. Cytoplasmic lamellae, which are the hallmark and
earliest ultrastructural lesion in X-ALD adrenocortical cells

in osmium tetroxide and embedded in epoxy resin. The embedded
tissues were thin sectioned and stained with uranyl acetate-lead citrate
and examined under an electron microscope (magnification, X48,750).
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and have been proposed to represent bilayers of abnormal
fatty acids, were occasionally noted to be in contact with mi-
tochondria and the endoplasmic reticulum (30). Saturated
long-chain (C,g. to C,g.) fatty acids have been shown to be
toxic to intestinal mitochondria (21). Most recently, lipidic
intramitochondrial inclusions have been observed in atrophic
neurons of dorsal root ganglia of patients with adrenomyelo-
neuropathy, the adult form of X-ALD (29). Lipidic inclusions
may be derived from “disintegrating cristae caused by some
noxious influence” (13) and have been noted in several mito-
chondrial disorders (reviewed in reference 29). The mitochon-
drial abnormalities in the adrenal cortexes of ALD mice
(shown in Fig. 10) are similar to these previous observations
reported in the literature. Recently, ultrastructural mitochon-
drial malformations were reported in X-linked dilated cardio-
myopathy patients with mutations in the Xq28 gene, G4.5,
which also had elevated levels of saturated fatty acids (5).

In summary, these studies indicate that the rate of peroxi-
somal VLCFA B-oxidation in X-ALD is not determined solely
by the presence or absence of ALDP and provide a strong
suggestion of functional and structural alterations in mitochon-
dria as a result of the loss of ALDP in X-ALD. The restoration
of normal-appearing (Fig. 10) and normally functioning (Fig.
6) mitochondria after 4PBA treatment implies that the reduc-
tion of VLCFA levels caused by this agent may result from
effects on mitochondria rather than peroxisomes. Since the
role of ALDP in the pathogenesis of X-ALD is unclear, de-
velopment of therapies for X-ALD should not be limited to
those directed at normalization of VLCFA. Therapies directed
toward increasing mitochondrial activity and/or mass might be
beneficial in the treatment of X-ALD.
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