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Activation of PPAR«a by Fatty Acid Accumulation Enhances Fatty
Acid Degradation and Sulfatide Synthesis
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Very-long-chain acyl-CoA dehydrogenase (VLCAD) catalyzes the first reaction in the mitochondrial fatty
acid B-oxidation pathway. VLCAD deficiency is associated with the accumulation of fat in multiple organs
and tissues, which results in specific clinical features including cardiomyopathy, cardiomegaly, muscle
weakness, and hepatic dysfunction in infants. We speculated that the abnormal fatty acid metabolism in
VLCAD-deficient individuals might cause cell necrosis by fatty acid toxicity. The accumulation of fatty acids
may activate peroxisome proliferator-activated receptor (PPAR), a master regulator of fatty acid metabolism
and a potent nuclear receptor for free fatty acids. We examined six skin fibroblast lines, derived from
VLCAD-deficient patients and identified fatty acid accumulation and PPARa activation in these cell lines.
We then found that the expression levels of three enzymes involved in fatty acid degradation, including
long-chain acyl-CoA synthetase (LACS), were increased in a PPARa-dependent manner. This increased
expression of LACS might enhance the fatty acyl-CoA supply to fatty acid degradation and sulfatide
synthesis pathways. In fact, the first and last reactions in the sulfatide synthesis pathway are regulated by
PPARa. Therefore, we also measured the expression levels of enzymes involved in sulfatide metabolism
and the regulation of cellular sulfatide content. The levels of these enzymes and cellular sulfatide content
both increased in a PPARa-dependent manner. These results indicate that PPARa activation plays
defensive and compensative roles by reducing cellular toxicity associated with fatty acids and sulfuric acid.
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Introduction

Mitochondrial acyl-CoA dehydrogenases catalyze the
first reaction of the fatty acid f-oxidation pathway, convert-
ing acyl-CoA to enoyl-CoA. These dehydrogenases com-
prise four isozymes: short-chain acyl-CoA dehydrogenase
(SCAD), medium-chain acyl-CoA dehydrogenase (MCAD),
long-chain acyl-CoA dehydrogenase (LCAD), and very-
long-chain acyl-CoA dehydrogenase (VLCAD), which have
overlapping substrate specificity (Izai et al. 1992; Aoyama
et al. 1994). VLCAD and LCAD catalyze reactions that
generate long-chain fatty acyl-CoAs such as palmitoyl-
CoA. Notably, VLCAD contributes more than 90% of pal-
mitoyl-CoA dehydrogenation activity in human heart and
liver tissue (Aoyama et al. 1995b). VLCAD deficiency is
associated with the accumulation of fat in multiple organs

and tissues, liver dysfunction, cardiomyopathy, cardiomeg-
aly, muscle weakness, and fasting coma with high fre-
quency (Aoyama et al. 1993, 1995a). Additionally, muta-
tion analyses have identified a genotype-phenotype
relationship for VLCAD deficiency (Aoyama et al. 1995a;
Souri et al. 1996; Andresen et al. 1999; Gregersen et al.
2001). Mutation analysis of six patients has revealed
homozygous loss of 35 amino acids in patients 1 and 6
(Aoyama et al. 1995a), homozygous loss of glutamate-130
in patient 2 (Souri et al. 1996), point mutation of lysine-382
to glutamine and loss of glutamate-130 in patient 3 (Souri
et al. 1996), homozygous loss of lysine-299 in patient 4
(Souri et al. 1996), and loss of 45 amino acids and point
mutation of arginine-613 to tryptophan in patient 5 (Souri
et al. 1996). Immunoblot analysis using an anti-human
VLCAD antibody demonstrated the absence of mature
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VLCAD protein in all cell lines (Aoyama et al. 1995b).
Consequently, these six patients all exhibited severe
VLCAD deficiency.

We speculated that long-chain fatty acids and their
derivatives could accumulate in multiple tissues and organs
in VLCAD-deficient patients. In turn, the resulting fatty
acid toxicity may trigger cell necrosis in the liver, heart, and
skeletal muscle (Aoyama et al. 1995b). This potential accu-
mulation of long-chain fatty acids could activate peroxi-
some proliferator-activated receptors (PPARs), a group of
nuclear receptors, as their endogenous ligands (Forman et
al. 1997; Kliewer et al. 1997) to enhance fatty acid degrada-
tion (Aoyama et al. 1998). Additionally, this fatty acid
accumulation might increase the supply of palmitoyl-CoA,
a representative long-chain fatty acid ester, and other long-
chain fatty acid derivatives involved in ceramide/sphingo-
lipid synthesis. Here, we have focused our attention on sul-
fatides, which are specific and ubiquitous glycosphingolipids
built from ceramide, galactose, and sulfate (Fig. 1)
(Nakajima et al. 2013). This is because the two possible
rate-limiting reactions catalyzed by serine palmitoyl-CoA
transferase (SPT) and cerebroside sulfotransferase (CST) in
the sulfatide synthesis pathway (Fig. 1) are potently regu-
lated through PPAR in rodents (Rivier et al. 2000;
Baranowski et al. 2007; Zabielski et al. 2010; Yamane et al.
2011; Kimura et al. 2012; Nakajima et al. 2013). Our study
also investigates the control mechanisms involved in human
sulfatide metabolism, which are currently unknown. We
have examined fatty acid accumulation, PPAR activation,
and changes in the metabolic regulation of fatty acids and
sulfatides using VLCAD-deficient cells.

Materials and Methods

Source of VLCAD-deficient skin fibroblasts and culture method

The case histories of six VLCAD patients were reported previ-
ously (Aoyama et al. 1993, 1995b). Patients 1 and 3 were female
while the others were male (Aoyama et al. 1995b). Skin tissues were
collected from each of the six patients and skin fibroblasts were cul-
tured in Dulbecco’s modified Eagle’s medium containing 10% (v/v)
fetal calf serum, 1x antibiotic-antimycotic solution (Invitrogen Life
Technologies Corp., Carlsbad, CA, USA), 0.1 mM nonessential
amino acids, and 4.5 mg D-glucose/mL. Skin tissues were also col-
lected from three healthy adult men and skin fibroblasts were cultured
as described previously (Aoyama et al. 1995b).

Chemicals

MKS886, a PPARa-specific antagonist (Kehrer et al. 2001), and
fenofibrate (FF) were obtained from Wako Pure Chemical (Osaka,
Japan) and Sigma Chemical Company (St. Louis, MO, USA), respec-
tively.

Analyses of free fatty acids (FFA) and triglycerides (TG)

To determine the content of FFA and TG, 20-30 mg of pelleted
cells was mixed with 150 uL cold water. The mixture was treated
with a microsonicator (Powersonic Model 50, Yamato, Tokyo, Japan)
(Aoyama et al. 1990; Nakajima et al. 1994), and lipids were extracted
with 18 volumes of n-hexane/isopropanol solution (3:2, v/v) as

described previously (Li et al. 2007). Impurities in the lipid fraction
were removed by washing with aqueous sodium sulfate (Nakajima et
al. 1994; Li et al. 2007). The amounts of FFA and TG were measured
using an NEFA C-test kit and a triglyceride E-test kit (Wako Pure
Chemical, Osaka, Japan), respectively.

Octanoyl-CoA dehydrogenase activity

Because the assay using electron transfer flavoprotein (Furuta et
al. 1981) is more sensitive and reliable than that using ferricenium ion
(Lehman et al. 1990), the former was adopted in this study. Briefly,
approximately 3 mg of pelleted cells was resuspended in 150 uL of
solution containing 67 mM potassium phosphate (pH 7.5), 200 mM
sodium chloride, and 0.6% (w/v) Triton X-100. The suspension was
gently sonicated, and the solution was centrifuged at 3,000 x g for 5
min. Fifty uL of the supernatant fraction was mixed with a solution
containing 67 mM potassium phosphate (pH 7.5), 50 uM octanoyl-
CoA, and 0.4 uM electron transfer flavoprotein in a final volume of
1.5 mL. The mixture without the electron transfer flavoprotein was
preincubated for 2 min at 37°C with gentle bubbling of nitrogen gas
to exclude oxygen. The reaction was started by addition of the elec-
tron transfer flavoprotein, and carried out under nitrogen gas.
Electron transfer flavoprotein reduction was measured by using a flu-
orometer (Hitachi F-2000, Hitachi High-Tech Science Co., Tokyo,
Japan) with excitation at 342 nm and emission at 496 nm.

Assays for DNA-binding activity of PPARs

The DNA-binding activities of PPARa, PPARJ, and PPARy
were determined using the PPARa, PPARJ, and PPARy Transcription
Factor Assay kits (Cayman Chemical, Ann Arbor, MI, USA), respec-
tively. These assays are based on an enzyme-linked immunosorbent
assay using PPAR response element (PPRE)-immobilized microplates
and specific PPAR antibodies, thus offering similar results to those of
the conventional radioactive electrophoretic mobility shift assay.
DNA-binding assays were carried out according to the manufacturer’s
instructions using whole cell lysates (100 xg protein per assay). An
equal weight of cells from the individual patient or control were
mixed and used. Results are expressed as the fold-change relative to
the control cells.

Immunoblot analysis

Whole cell lysates (60 g protein) were subjected to 10% SDS-
polyacrylamide gel electrophoresis. After electrophoresis, proteins
were transferred to polyvinylidene fluoride membranes (GE
Healthcare, Little Chalfont, UK), which were incubated with the pri-
mary antibody and then with alkaline phosphatase-conjugated goat
anti-rabbit IgG (Aoyama et al. 1989, 1990). Antibodies specific for
LCAD, MCAD, and long-chain acyl-CoA synthetase (LACS) were
described previously (Aoyama et al. 1998). Actin protein levels
served as the loading control. Band intensities were measured by
densitometry, normalized to those of actin, and then expressed as
fold-changes relative to the average value of the three control cells.

Extraction and measurement of sulfatides

An equal weight of cells from an individual patient or control
was mixed and used. The sample (20 mg) was treated with a micro-
sonicator (Powersonic Model 50) in 6 volumes of cold water, and lip-
ids were extracted with 18 volumes of n-hexane/isopropanol solution
(3:2, v/v), as described previously (Li et al. 2007). Lipid extracts
were then treated with methanolic sodium hydroxide to convert sulfa-
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tides to their corresponding lysosulfatides (LS; sulfatides without
fatty acids) (Li et al. 2007). After purification through Mono-tip C18
cartridges (GL Sciences, Tokyo, Japan), LS samples were analyzed
by matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) together with N-acetylated
LS-sphinganine (d18:0) as the internal standard (Li et al. 2007). MS
analyses were performed on a TOF/TOF 5800 system (AB Sciex,
Framingham, MA, USA) using a negative ion reflector mode with
two-point external calibration: N-acetylated LS-d18:0 ([M-H]™
584.310) and LS-(4E)-sphingenine (d18:1) ([M-H] 540.284). Five
molecular species of LS were detected as follows: LS-sphingadienine
(d18:2), LS-d18:1, LS-d18:0, LS-icosasphinganine (d20:0), and
LS-4D-hydroxyicosasphinganine (t20:0). LS-phytosphingosine
(t18:0) and LS-(4E)-icosasphingenine (d20:1) were undetected (Hu et
al. 2007; Li et al. 2007). The total amount of sulfatides in each
sample was calculated as the sum of these five LS species.

Analysis of mRNA
An equal weight of cells from an individual patient or control

was mixed and used. Total RNA was extracted using an RNeasy
Mini Kit (QIAGEN, Hilden, Germany), and samples of 2 ug of RNA
were reverse-transcribed using oligo-dT primers and SuperScript 11
reverse transcriptase (Invitrogen Life Technologies Corp.). The
mRNA levels were quantified by real-time polymerase chain reaction
using a SYBR Premix Ex Taq™ II (Takara Bio, Otsu, Japan) on a
Thermal Cycler Dice TP800 system (Takara Bio) (Kamijo et al. 2007;
Kanbe et al. 2014). Specific primers were designed using Primer
Express Software 2.0 (Applied Biosystems, Foster City, CA, USA)
(Table 1). The mRNA levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, gene encoding human GAPDH) were used as an
internal control. Measurements of mRNA levels were normalized to

those of GAPDH and then expressed as fold-changes relative to the

average value of the three controls.

Statistical analysis

All data are expressed as the mean + standard deviation (SD).
Statistical analyses were performed using one-way ANOVA or two-
way ANOVA with Bonferroni correction (SPSS Statistics 17.0; SPSS

Table 1. Primer pairs used for real-time PCR.

GenBank
Gene Primer sequence (5’ to 3")
accession number
F  TCACTCAGAATGGGAGAAAGC
ACADL NM_001608
R CTCCAATTCCACCAAGATGCT
F  TAACCAACGGAGGAAAAGCT
ACADM NM_000016
R CTGCTTCCACAATGAATCCA
F  AACAGACGGAAGCCCAAGC
ACSL1 NM 001995
R TCGGTGAGTGACCATTGCTC
F  TATGCCTCTCACCACAC
ARSA NM_ 000487
R GGTCTCAGGTCCATTGTC
F  GAAGACGCACAAGACGGCCA
GAL3ST1 NM_004861
R AAGGCGAACTTGAGCCGGTG
F  GCAACCTCCCGACTTCTAGTA
GALC NM 000153
R ACCACTCGTATCCTCGGAAATA
F  CCTCAAGATCATCAGCAATGC
GAPDH NM_002046
R GGTCATGAGTCCTTCCACGAT
F  GCCGAGCTCCAAGCTACTCT
PPARA NM_005036
R CAACAGTTTGTGGCAAGACAA
F  ATCTGACCCTGCTTTCCAGA
PPARD NM_006238
R TCACACAGTGGCTTCTGCTC
F  CGGAGCTGATCCCAAAGTT
PPARG NM_005037
R CTCGAGGACACCGGAGAG
F  TGAAGGAAAAGTGCGGACA
SPTLCI NM 006415
R TGTAGGTGAAAGGCTGGAGA
F  GAGTCCAGAGCCAGGTTTTG
SPTLC2 NM_004863
R CTGAGGGAGCACCAAAAAG
F  ACCGATAGCAGAGCAAATCA
SPTLC3 NM 018327
R TTCGCAAGTTGCTGTACTCTC
F  CAAACCAGCCAGCCCACTACCAGAA
UGTS NM 003360

TTCCTAGATTCTTTGGTTTGGGTCC

F, forward sequence; R, reverse sequence.
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Inc., Chicago, IL, USA). Correlation coefficients were calculated levels of FFA and TG were measured first, because simple

using Spearman’s rank correlation analysis. A probability value of and conventional assay kits were available. The FFA con-

less than 0.05 was considered to be statistically significant. tent of patient cells was 2.9-fold higher than that of control

cells (Fig. 2A). TG levels ranged from 20-110 ug/g, with

Results wide differences among individuals and thus there was no

Analyses of FFA and TG statistically significant difference between the patients’ and

Six strains of skin fibroblasts from VLCAD-deficient control cells under the culture conditions adopted. These

patients and three strains from healthy adult men were pre- FFA and TG levels were much lower than those present in
pared as described above. The doubling times for these cell human serum.

strains were approximately 4.5-5.5 days, with no significant

differences among the cell strains. VLCAD deficiency Assays for DNA-binding activity of PPARs

impairs the first reaction in the mitochondrial fatty acid We next investigated whether the increased levels of
p-oxidation pathway. Therefore, increased levels of FFA, FFA in patient cells activated PPAR by serving as a source
TG, and fatty acyl-CoAs were expected to be present. The of endogenous ligands (Forman et al. 1997; Kliewer et al.

L-Serine § O Palmitoyl-CoA
HO/\’)kO‘ + COA\SW
NH?
Serine palmitoyl-CoA transferase
(SPT)
0O
NH? 3-Ketosphinganine

G

Galactosylceramidase Ceramide galactosyltransferase
(GALC) (CGT)

OH

WWVV\ Galactosylceramide
H HN
L \n/\/\/\/\/\/\/\/\/\/\/\/

o)

Arylsulfatase A Cerebroside sulfotransferase
(ARSA) (CST)

H HN\H/\/\/\/\/\/\/\/\/\/\/\/
3-O-Sulfogalactosylceramide

(Sulfatide)

Fig. 1. Simple metabolic pathway of sulfatide metabolism.

The de novo synthesis of sphingolipids including sulfatides is initiated by an SPT-catalyzed condensation reaction
between L-serine and palmitoyl-CoA. Three additional reactions are required to generate ceramides, the common
intermediate molecules in sphingolipid synthesis. Sulfatides are synthesized from ceramides through galactosylcerami-
des in reactions catalyzed by CGT in the endoplasmic reticulum and CST in Golgi membranes. During degradation,
sulfatides are first subjected to a desulfation reaction mediated by ARSA, followed by deglycosylation through GALC,
resulting in reproduction of ceramides. Chemical examples shown in this figure possess a d18:1 sphingoid base struc-
ture with a C24:0 fatty acid (cerebronic acid) moiety.
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Fig. 2. FFA content, PPAR DNA-binding activity, and expression levels of mRNA encoding PPARs.
A. Cellular FFA content. P1-P6, individual patient cells; C1-C3, individual control cells; P, mean + SD in cells from six
patients; C, mean = SD in three control cells. B. PPAR DNA-binding activity. P, mean + SD in cells from six patients;
C, mean =+ SD in three control cells. « (open bar), PPAR«; ¢ (hatched bar), PPARJ; y (closed bar), PPARy. C. Relative
PPAR mRNA levels. A (open bar), PPARA, gene encoding human PPARa; D (hatched bar), PPARD, gene encoding
human PPARJ; G (closed bar), PPARG, gene encoding human PPARy. *P < 0.05 versus controls. Statistical analysis

was performed using one-way ANOVA.

1997). PPAR activation was examined together with levels
of PPAR mRNA expression. The PPAR DNA-binding
assay revealed a 1.9-fold higher activity of PPARa in
whole-cell lysates from the patient cells (Fig. 2B). There
were no changes in the mRNA expression levels of the
three species of PPAR between patient and control cells
(Fig. 2C). Additionally, real-time quantitative PCR
revealed that the relative mRNA levels of PPARa (PPARA),
PPARO (PPARD), and PPARy (PPARG) in the control cells
were 0.3 x 107, 0.1 x 107, and 0.2 x 107, respectively,
when compared with the GAPDH (GAPDH) mRNA level.
The presence of significant PPARa activation and the
absence of PPARy activation (Fig. 2B) may result from a
very low level of PPARy expression.

Protein and mRNA analyses for PPARo. target gene prod-
ucts

We next investigated changes in the expression levels
of three typical PPARa target gene products—LCAD,
MCAD, and LACS (Aoyama et al. 1998)—to confirm the

significance of PPARa activation in patient cells. LCAD
and MCAD are involved in the fatty acid degradation path-
way, while LACS converts long-chain fatty acids to fatty
acyl-CoAs, all of which can reduce fatty acid toxicity.
Expression of LCAD protein and its mRNA (ACADL)
increased in the patient cells, as did the protein and mRNA
levels of MCAD (ACADM) and LACS (ACSLI) (Fig. 3A,
B).

Octanoyl-CoA dehydrogenase activity

Octanoyl-CoA dehydrogenase activity in patient cells
was higher than that in control cells, and this increased
activity was reduced by treatment with MK886, a PPARa-
specific antagonist (Kehrer et al. 2001) (Fig. 3C). MK886
treatment did not influence enzyme activity in the control
cells (Fig. 3C). These data suggest that functional PPARa«
activation likely occurred in VLCAD-deficient cells through
the increased levels of FFA, leading to enhanced fatty acid
degradation catalyzed by LCAD and MCAD.
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Fig. 3. Expression levels of LCAD, MCAD, and LACS, and octanoyl-CoA dehydrogenase activity.

A. Relative quantification of the expression levels of LCAD, MCAD, and LACS. Upper panel indicates protein bands
from immunoblot analysis. Actin was used as the loading control. Lower panel indicates relative protein amounts
obtained by immunoblot and densitometric analyses. P1-P6, individual patient cells; C1-C3, individual control cells; P,
mean + SD in cells from six patients; C. mean = SD in three control cells. B. Relative mRNA expression. Open bar,
ACADL, gene encoding human LCAD; hatched bar, ACADM, gene encoding human MCAD; closed bar, ACSLI, gene
encoding human LACS. C Octanoyl-CoA dehydrogenase activity. MK886 treatment is described in the legend for Fig.
4. Open bar, no treatment (NT); closed bar, MK886 treatment. *P < 0.05 versus controls; "P < 0.05, NT versus MK886
treatment. Statistical analysis was performed using two-way ANOVA.

Measurement of mRNA levels of enzymes involved in sulfa-
tide metabolism

mRNA expression levels of the five key enzymes
involved in sulfatide metabolism (Fig. 1) were analyzed.
SPT is particularly important because it is possibly the rate-
limiting enzyme in the synthesis of ceramide/sphingolipids

including sulfatides (Hanada 2003). SPT is a heterodimer,
comprising subunit LC1 and subunit LC2 or LC3. The
expression levels of SPT and the other four enzymes: CST,
arylsulfatase A (ARSA), ceramide galactosyltransferase
(CGT), and galactosylceramidase (GALC) were investi-
gated using immunoblot analysis. However, it was hard to
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Fig. 4. Effects of MK886 or fenofibrate (FF) treatment on the mRNA expression levels of enzymes involved in sulfatide syn-

thesis and degradation.

Cells were plated in dishes and allowed to grow to 80% confluence. MK886 (30 xM final concentration) and FF (200
#M final concentration) were added to the cell culture media. Both chemicals were dissolved in DMSO, and the final
concentration of DMSO in media was maintained at 0.05% (v/v) in all cases. After 6 h, the cells were harvested and
mRNA expression levels measured. mRNA levels were normalized to those of GAPDH and are shown as fold changes
relative to those of the control. SPTLCI, gene encoding human SPT subunit LC1; SPTLC2, gene encoding human SPT
subunit LC2; GAL3ST1, gene encoding human CST; ARSA, gene encoding human ARSA; UGTS, gene encoding human
CGT; GALC, gene encoding human GALC. P, mean + SD in cells from six patients; C, mean = SD in three control
cells. Open bar, no treatment (NT); hatched bar, MK886 treatment; closed bar, FF treatment. *P < 0.05 versus controls;
P <0.05, NT versus MK886 or FF treatment. Statistical analysis was performed using two-way ANOVA.

detect a distinctive protein band in all cases because of the
poor reactivity of the commercially available primary anti-
bodies against the low content of human proteins in the cell
strains. Instead, the expression levels of mRNA were
examined. The expression level of SPTLC1 (SPTLCI)
mRNA in patient cells was 3.2-fold higher than that in con-
trol cells (Fig. 4A). This high level of expression in patient
cells was significantly decreased by MK886 treatment but
unchanged by treatment with the potent PPARa agonist, FF,
(Fig. 4A). The low level of expression in control cells was
unchanged by MK886 treatment and markedly increased by

FF treatment (Fig. 4A). Changes in the expression level of
SPTLC2 (SPTLC2) mRNA were similar to those for
SPTLCI (SPTLCI) mRNA (Fig. 4B). The expression level
of SPTLC3 (SPTLC3) mRNA was very low in all samples.
This suggests that SPT mainly exists as a heterodimer of
subunits LC1 and LC2 within cells. The changes in the
expression level of CST (GAL3ST1) mRNA (Fig. 4C) were
similar to those for SPTLC1 (SPTLC1)/SPTLC2 (SPTLC2)
mRNA. These data indicate that the expression levels of
SPTLCI1, SPTLC2, and CST are highly regulated by
PPARa. The expression levels of ARSA (4RS4), CGT
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Fig. 5. Effects of MK886 or fenofibrate (FF) treatment on the levels and compositions of sulfatides.
A. Sulfatide levels. P, mean + SD in cells from six patients; C, mean + SD in three control cells. The same samples
used in Fig. 4 were analyzed. Open bar, no treatment (NT); hatched bar, MK886 treatment; closed bar, FF treatment.
*P < (.05 versus controls; “P < 0.05, NT versus MK886 or FF treatment. B. Percentage content of the five LS molecu-
lar species. Each sulfatide content in Fig. 5A indicates the total amount of the individual content of the five LS molecu-
lar species, while the individual percentage of each of the five contents is shown in Fig. 5B. Statistical analysis was

performed using two-way ANOVA

(UGTS), and GALC (GALC) mRNA were unchanged in all
cases (Fig. 4D-F), demonstrating PPARa-independent gene
regulation.

Measurement of sulfatides

Sulfatide levels and the sphingoid composition were
measured to confirm the changes in mRNA expression lev-
els of the five enzymes involved in sulfatide metabolism.
The constitutive sulfatide level in the patient cells was 2.3-
fold higher than that in the control cells (Fig. 5A). This
higher sulfatide level was decreased by MK886 treatment
and unchanged by FF treatment of patient cells (Fig. 5A).
The lower sulfatide level was unchanged by MK886 treat-
ment and greatly increased by FF treatment in the control
cells (Fig. 5A). These data show that sulfatide levels are
significantly regulated by PPARa, reflecting the regulation
of SPTLC1/2 (SPTLC1/2) and CST (GAL3STI) mRNA.
The sphingoid compositions of sulfatides were similar in all
cases (Fig. 5B) and were very different from those in human
serum (Hu et al. 2007; Li et al. 2007).

Discussion

The severe phenotype of VLCAD deficiency presents
as multi-organ dysfunction, with the liver, heart, skeletal
muscle, and other organs affected by cell necrosis (Aoyama
et al. 1993, 1995b; Gregersen et al. 2001). Here we have

described increased FFA accumulation in the cells of
VLCAD-deficient patients. These increased levels of FFA
could result in cell toxicity and promote functional PPARa
activation. Functional activation of PPARa was present
only in patient cells, with expression levels of LACS,
MCAD, and LCAD consistently upregulated (Aoyama et
al. 1998). MCAD and LCAD function in the elimination of
FFA through mitochondrial fatty acid p-oxidation—the
pathway responsible for fatty acid degradation—to reduce
fatty acid toxicity. Notably, LCAD can catalyze reactions
that are normally catalyzed by VLCAD despite its lower
specific activity (Izai et al. 1992). LACS catalyzes the con-
version of long-chain fatty acids to CoA esters, thereby
decreasing fatty acid toxicity and increasing the supply of
substrates for fatty acid f-oxidation and ceramide/sphingo-
lipid synthesis. These findings suggest that functional
PPARa activation plays defensive and compensative roles.
Furthermore, activation of functional PPAR« also increased
sulfatide levels by promoting increased expression of the
sulfatide synthesis pathway components SPT and CST.
Sulfatides form sulfuric conjugates by incorporating the
sulfuric residue from 3’-phosphoadenosine 5'-phosphosul-
fate and can be present in cells at very high concentrations.
For example, sulfatide levels of approximately 1.5 and 5
nmol/mg tissue have been detected in kidney and brain tis-
sues, respectively, without signs of cell toxicity (Nakajima
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Fig. 6. Scheme relating to the multiple effects of PPARa activation.
(VLCAD) indicates the absence of VLCAD in the patient. Upper box indicates the mitochondrial fatty acid f-oxidation
pathway, which performs fatty acid degradation. The first reaction is catalyzed by LCAD or MCAD for long-chain or
medium-chain fatty acyl-CoAs, respectively. Lower box indicates the sulfatide synthesis pathway. The first and the last
reactions are catalyzed by SPT and CST, respectively. Expression levels of LACS, LCAD, MCAD, SPT, and CST are
all increased by PPARa activation. The increased expression of LACS enhances fatty acyl-CoA synthesis, which
increases the supply of fatty acyl-CoA to both pathways and decreases fatty acid toxicity by converting fatty acids to

relevant CoA esters.

et al. 2013). An increased sulfatide level might decrease
sulfuric acid toxicity in cells, suggesting another defensive
role of for functional PPARa activation. These proposed
complicated associations are depicted in Fig. 6. The defen-
sive roles of PPARa activation might prevent cell necrosis
in the organs and tissues of patients with the severe pheno-
type of VLCAD-deficiency, so administration of PPARa
agonists such as fibrates may prevent and/or relieve compli-
cations. Additionally, these patients should consume food
containing low amounts of long-chain fatty acids and their
derivatives.

This study is the first to demonstrate PPARa-
dependent regulation of human sulfatide metabolism using
cells derived from VLCAD-deficient patients with
constitutively activated PPARa. This PPARa activation
enhances expression levels of the two key enzymes in
sulfatide synthesis, SPT and CST, and increases sulfatide
content without changing the sphingoid composition. The
relationship between CST expression and PPARa activation
has been identified in human cells in our present study, and
previously in mice (Kimura et al. 2012; Nakajima et al.
2013). However, the relationship between SPT expression
and PPARa remains controversial. For example,
administration of Wy-14,643—a potent PPARa agonist—
did not affect the induction of SPT expression in the hearts
of rats fed a normal diet, but did induce SPT expression in
those fed a high-fat diet (Baranowski et al. 2007).
Wy-14,643 treatment enhanced SPT expression and activity
in cultured human skin cells, though this increase
completely disappeared with long-term culture (Rivier et al.
2000). Additionally, administration of another PPARa
agonist, bezafibrate, negatively affected SPT expression in
regenerating rat liver tissue (Zabielski et al. 2010).
Meanwhile, feeding with a high-fat diet reduced SPT
expression and PPARa activity in rat skin (Yamane et al.

2011). Indeed, numerous factors influence the relationship
between PPARa and SPT, and further experiments are
needed to gain a more complete understanding of this
association. Our present study simply suggests that the
gene encoding SPT is a target of PPARa similar to the case
for CST in humans. In support, we searched for putative
PPAR-binding sites, PPRE, in the promoter regions of the
human genes, SPTLC2, which encodes the SPT subunit
LC2 and GAL3STI, which encodes CST. We used two
separate databases, JASPAR (http://jaspar.genereg.net/),
and ALGGEN (Algorismica i Genetica, http://alggen.lsi.
upc.es/). This investigation revealed several candidate
regions, as follows: —5978/-5966 (5'-GGAGCAGAG
GTAA-3"), =7570/-7558 (5'-TTACCTTTCACCT-3'),
—4539/-4527 (5'-TGACTCTTGACCA-3"), and
—2935/-2923 (5'-TAACCTCTGCCTC-3’) from exon 1 of
SPTLC2; and —9923/-9911 (5'-TGCCCCCTCTCCT-3"),
—7892/-7880 (5-AGGGCAAAGATGA-3"), —2312/-2300
(5'-GGGCCAGTGGGCA-3"), and —1238/—1226 (5'-TGC
CCTCTGCCTC-3") from exon 1 of GAL3STI. This
information may guide future in vitro experiments to con-
firm the functional importance of these sites.
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