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bstract

Changes in the molecular species of lipids associated with Pex2 gene-mutation were investigated to elucidate the pathogeneses of peroxisome
iogenesis disorders. Although no differences were observed in the concentrations of cholesterol and phosphatidyl choline between mutated Z65

nd control CHO-K1 cells, the amounts of cholesterol esters and glycolipids in Z65 cells were twice those in CHO-K1 cells, but phosphatidyl
thanolamine (PE), particularly 1-O-octadec-1′-enyl-2-oleoyl PE, was absent in Z65 cells by FABMS. Enhanced synthesis of glycolipids in Z65
ells was associated with an abundance of lignoceric acid-containing ones, suggesting a role of glycolipids in the retention of longer saturated fatty
cids.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Peroxisomes are intracellular organelles that participate in
xidative reactions, and their dysfunction in peroxisome biogen-
sis disorders (PBD) gives rise to severe neurological symptoms,
ainly due to the altered lipid composition of neuronal cells

1,2]. The peroxisomal enzymes for the breakdown of fatty
cids through �- and �-oxidation, and for the formation of

lasmalogens have been known to be retarded in PBD, such
s Zellweger syndrome, resulting in the accumulation of very
ong chain fatty acids and a lack of plasmalogens in nerve cells,

Abbreviations: PBD, peroxisome biogenesis disorders; Pex, peroxin; PE,
hosphatidyl ethanolamine; PC, phosphatidyl choline; FABMS, fast atom
ombardment mass spectrometry; GC–MS, gas liquid chromatography–mass
pectrometry; CE, cholesterol esters; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
iphenyl-2H-tetrazolium bromide; FCS, fetal calf serum; PBS, phosphate-
uffered saline
∗ Corresponding author. Tel.: +81 6 6721 2332; fax: +81 6 6723 2721.
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ollowed by abnormal neuronal migration and an increased num-
er of apoptotic cells [3]. Mutations or truncation of the peroxin
Pex) gene-products in PBD has been shown to interfere with
he biogenesis of peroxisomes, resulting in empty peroxisomes
r an impaired function of peroxisomes in PBD. However, the
nability of peroxisomal �-oxidation itself is not the cause of

defect in neuronal migration in Pex5-null mice, Zellweger
odel mice [4]. The Pex5 protein binds to newly synthesized

roteins ending in peroxisome targeting signal 1, and targets
hem to the peroxisomal membrane, indicating a low correla-
ion of metabolic alterations and pathological changes in PBD.
lthough the altered lipid composition caused by peroxisomal
ysfunction is apparently implicated in the impaired differentia-
ion and migration of neural cells in PBD, it remains unclear what
hanges are induced by peroxisomal dysfunction that disturb the
rdinary organization and function of biomembranes. We previ-

usly reported the accumulation of glycosphingolipids in Pex2
ene-mutated Z65 cells and the fibroblasts of patients with PBD
5,6]. Since the synthesis of glycosphingolipids was recently
hown to involve the neutralization of the ceramide-mediated

mailto:iwamori@life.kindai.ac.jp
dx.doi.org/10.1016/j.jchromb.2007.01.048
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poptotic signals in cells exposed to several stimuli including
nticancer drugs and �-irradiation, our observation also seems
o be a molecular event that maintains the homeostasis of mem-
rane structure and function in Z65 cells with Pex2-mutation
7,8]. In this paper, we report a new finding regarding strik-
ng differences in the molecular species, particularly of lipids
xhibiting altered concentrations, and the finding is thought to
e involved in the vulnerability to hydrogen peroxide.

. Experimental

.1. Materials

Glycolipids, glucosyl ceramide (GlcCer), lactosyl ceramide
LacCer), ganglioside GM3, and sphingomyelin were purified
rom human erythrocytes as described previously [9,12], and
heir N-stearoyl derivatives were prepared by deacylation with
phingolipid ceramide N-deacylase (Pseudomonas sp. TK4),
ollowed by reacylation with stearoyl chloride [9]. Ceramides
ere prepared by treatment of sphingomyelin with Clostridium
erfringens phospholipase C (Sigma–Aldrich, St. Louis, MO,
SA). A monoclonal anti-GM3 antibody (M2590) was obtained

rom Seikagaku Co., Tokyo, and an anti-sphingomyelin anti-
ody (VJ-41) was established in our laboratory [10]. Dioleoyl
hosphatidyl ethanolamine (PE), glycerol (PG), choline (PC),
nd serine (PS) were provided by Aswell Co., Osaka, Japan.
atty acids, fatty acid methyl esters, and cholesterol, cholesterol
leate and 3-(4,5-dimethylthazol-2yl)-2,5-diphenyltetrazolium
romide (MTT) were purchased from Supelco, Bellefonte, PA,
SA, and Sigma–Aldrich, respectively.

.2. Cell lines

CHO-K1 and Z65 cells [11] were cultured in Dulbecco-
odified MEM medium, supplemented with 10% FCS,

00 U/ml penicillin and 0.1 mg/ml streptomycin, in a humidified
ncubator at 37 ◦C under a 5% CO2 atmosphere, and were used
or experiments when they reached sub-confluence (80–90%).

.3. Separation and quantitation of lipids

After lyophilization of cells, total lipids were extracted
rom the lyophilized powder (55–62 mg) with 2 ml of chloro-
orm/methanol/water (20:10:1, 10:20:1 and 1:1, v/v) sequen-
ially and the extracts were combined. Then the concentrations of
holesterol and lipid-bound phosphorus in the total lipid extracts
ere determined by gas chromatography with 5�-cholestane as

n internal standard and Bartlett’s method, respectively [12].
holesterol ester, ceramides and phospholipids were devel-
ped on TLC plates with n-hexane/diethyl ether/acetic acid
80:30:2, v/v), chloroform/methanol/acetic acid (94:1:5, v/v),
nd chloroform/methanol/water (60:35:8, v/v), respectively, and
heir concentrations were determined by TLC-densitometry at

he analytical wavelength of 500 nm after visualization with
upric acetate-phosphoric acid reagent using cholesterol oleate,
-stearoyl sphingosine, dioleoyl phosphatidyl ethanolamine
nd choline, and N-stearoyl sphingosylphosphorylcholine as

m
m
d
F

. B 852 (2007) 367–373

tandards, respectively. Then, the lipid extracts were fraction-
ted into neutral and acidic lipids on a DEAE–Sephadex column
A-25, acetate form; Amersham Bioscience, Uppsala, Sweden).
he unabsorbed neutral lipid fraction were evaporated to dry-
ess, and acetylated with 2 ml of acetic anhydride and 3 ml of
yridine at room temperature overnight. The acetylated gly-
olipids were purified by Florisil column chromatography and
hen deacetylated with 0.5 M NaOH in methanol at 37 ◦C for
h. After neutralization with 1 M acetic acid in methanol, salts
ere removed by dialysis [12]. On the other hand, the gan-
liosides were prepared from the absorbed acidic lipid fraction
y cleavage of the ester-containing lipids, followed by dial-
sis as described above [12]. The gangliosides and neutral
lycolipids thus obtained were developed on TLC plates with
hloroform/methanol/0.5% CaCl2 in water (55:45:10, v/v) and
hloroform/methanol/water (60:35:8, v/v), and then visualized
ith resorcinol–HCl and orcinol–H2SO4 reagent, respectively.
he density of spots was determined at the analytical wave-

engths of 580 nm for resorcinol–HCl-positive spots and 420 nm
or orcinol–H2SO4-positive spots, respectively, using a dual-
avelength TLC densitometer (CS-9000; Shimadzu, Kyoto).
tandard glycolipids: N-stearoyl derivatives of GlcCer, LacCer
nd GM3 (0.1–1.5 �g), were developed on the same TLC plates
or the preparation of standard curves for quantitation.

.4. TLC-immunostaining

The total lipid extracts were applied to plastic-coated TLC
lates, which were then developed as above. Each plate was incu-
ated with a blocking buffer (1% polyvinylpyrrolidone (PVP)
nd 1% ovalbumin in PBS) at 4 ◦C overnight and then with anti-
M3 or anti-sphingomyelin antibodies in 3% PVP in PBS at
7 ◦C for 2 h. Afterwards, the plates were washed five times
ith 0.1% Tween 20 in PBS, and the antibodies bound to the
LC plates were detected using peroxidase-conjugated anti-
ouse IgG+M antibodies (Cappel Laboratories, Cochranville,

A), diluted 1:1000 (v/v) with 3% PVP in PBS, and with enzyme
ubstrates H2O2 and 4-chloro-1-naphthol, as described previ-
usly [9,10,12]. The density of spots was also determined using
0–100 ng of GM3 and sphingomyelin as standards for quanti-
ation with a TLC-densitometer as described above, the limit of
etection being 5 ng.

.5. Structural analysis of lipids

The individual lipids were purified with a silica gel
Iatrobeads 6RS8060; Iatron Lab., Tokyo) column chromatog-
aphy by gradient elution; n-hexane to n-hexane/diethyl ether
1:1, v/v), chloroform to chloroform/methanol (1:1, v/v), and
hloroform/methanol (1:1, v/v) to methanol. The purified lipids
ere analyzed by negative ion FABMS (JMS-700TKM; JEOL
td., Tokyo) with triethanolamine as a matrix solvent, and by
LC–mass spectrometry (QP-5050A; Shimadzu, Kyoto) as the

ethyl esters of fatty acids after methanolysis with 1 N HCl in
ethanol. The amount of plasmalogen-type phospholipids was

etermined on the basis of the acid-labile property as follows.
irst, purified phospholipids were applied on a TLC plate, which
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as then exposed to HCl vapor for 1 min, followed by develop-
ent with chloroform/methanol/water (60:35:8, v/v, and were

isualized with cupric acetate–phosphoric acid reagent. The
ensities of intact and lysophospholipids produced from plas-
alogen were measured by TLC densitometry with dioleoyl and
onooleoyl phospholipids as standards. Second, purified phos-

holipids (5 �g) were dissolved in chloroform/methanol (1:1,
/v) containing 0.05 M HCl and incubated at 37 ◦C for 40 min
o cleave the alkenyl linkage in plasmalogen. After partitioning
ith water, the lower phase containing intact and lysophospho-

ipids was analyzed by TLC as above.

.6. Cell viability assaying with MTT

Z65 and CHO-K1 cells were cultured in 96 well plates at the
ensity of 1 × 104 cells/well for 72 h in the ordinary medium and
hen exposed to various concentrations of H2O2 for 3 h. After
xchange of the medium to the ordinary one, the cells were

ultured for 24 h, followed by in medium containing 0.1 mg of
-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
ide (MTT) for 4 h, and the resultant insoluble formazan

roduct was dissolved in dimethylsulfoxide. The optical density

i
a
[
c

ig. 1. TLC-and TLC-immunostaining of total lipid extracts of Z65 and CHO-K1 ce
lates with chloroform/methanol/water (60:35:8, v/v) for A and B, and chloroform/me
upric acetate-phosphoric acid reagent (A), anti-sphingomyelin antibodies (B), orcino
hol, cholesterol; CE, cholesterol ester.
. B 852 (2007) 367–373 369

f each well was measured with a microplate reader at 490 nm,
nd that for control cells cultured without H2O2 was taken as
00% viability.

. Results

.1. Lipid compositions of Z65 and CHO-K1 cells

Fig. 1 shows TLC and TLC-immunostaining of the total
ipid extracts of Z65 and CHO-K1 cells. Although the amounts
f cholesterol, PG and PC/PS in Z65 cells were the same as
hose in CHO-K1 cells, that of CE in Z65 cells was higher
han that in CHO-K1 cells, but PE and sphingomyelin were
resent at lower concentrations in Z65 cells than in CHO-K1
ells. The results were confirmed by TLC immunostaining with
nti-sphingomyelin antibodies, which cross-reacted with disat-
rated fatty acyl PC [15], the density of disaturated fatty acyl PC
eing the same in both types of cells, and that of sphingomyelin

n CHO-K1 cells being stronger than that in Z65 cells (Fig. 1A
nd B). On the other hand, in accord with the previous findings
6], GlcCer, LacCer and GM3 in Z65 cells were present in higher
oncentrations than in CHO-K1 cells (Fig. 1C and D). Then, the

lls. The lipids, corresponding to 0.2 mg of dried cells, were developed on TLC
thanol/0.5% CaCl2 in water (55:45:10, v/v) for C and D, and were detected with
l–sulfuric acid reagent (C), and anti-GM3 antibodies (D). Sm, sphingomyelin;
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ig. 2. TLC and TLC scanning of PE before (b) and after (a) treatment with H
/v) containing 0.05 M HCl at 37 ◦C for 40 min, developed with chloroform/m
eagent. TLC scanning was carried out of PEs after cleavage of the alkenyl link

roportion of plasmalogen-type in individual phospholipids was
etermined by acid-mediated cleavage of the alkenyl linkage in
lasmalogen. The highest proportion of plasmalogen-type phos-
holipids in CHO-K1 cells was observed for PE, amounting to
bout half for PE (Fig. 2).

The concentrations of lipids determined on TLC-densi-
ometry and TLC-immunostaining in Z65 and CHO-K1 cells
re shown in Fig. 3. Although no change was observed in
he amount of the nonplasmalogen-type of PE between Z65
nd CHO-K1 cells, that of the plasmalogen-type of PE in Z65
ells was reduced to 13% of that in CHO-K1 cells. In this
onnection, the total amount of phospholipids including sph-
ngomyelin in Z65 cells was 84% of that in CHO-K1 cells,
nd the reduced amounts of phospholipids in Z65 cells was
ompensated for by an increase in glycosphingolipid, GlcCer,

acCer and GM3, resulting in similar total amounts of phos-
holipids plus glycosphingolipids, i.e., 11.04 �g for Z65 cells
nd 11.82 �g for CHO-K1 cells per mg of dried cells. Among
lycosphingolipids, the rate of increase of GlcCer was highest,

F
t
K
(

ig. 3. Lipid compositions in Z65 and CHO-K1 cells. Values are means of individua
HO-K1 cells; CE, cholesterol ester; Chol, cholesterol; NP-PE, nonplasmalogen ty
hosphatidyl choline; PS, phosphatidyl serine; Sm, sphingomyelin.
Es from Z65 and CHO-K1 cells were incubated in chloroform/methanol (1:1,
ol/water (60:35:8, v/v), and then detected with cupric acetate-phosphoric acid
ith HCl. St, standard mixture; PE, dioleoyl PE; Lyso PE, 1-monooleoyl PE.

robably due to enhanced transcription of ceramide glucosyl-
ransferase, as reported previously [6]. The total amount of
lycosphingolipids in Z65 cells was twice that in CHO-K1 cells,
nd GM3 comprised 76% of the glycosphingolipids in Z65
ells.

As to neutral lipids, although cholesterol and ceramides in
65 cells were present in similar amounts to in CHO-K1 cells,

he concentration of cholesterol esters in Z65 cells was 2.4 times
igher than that in CHO-K1 cells.

.2. Molecular species of cholesterol esters, GM3 and PE

The molecular species of cholesterol esters and GM3, whose
mounts were increased in Z65 cells, were determined by
C–MS (Fig. 4) and FABMS (Fig. 5), respectively. As shown in

ig. 4, palmitic (16:0), oleic (18:1), and stearic (18:0) acids were

he major fatty acids of cholesterol esters in both Z65 and CHO-
1 cells, whereas stearic (18:0) and longer chain fatty acids

20–24) were more abundant in Z65 cells than in CHO-K1 cells,

l lipids in three different experiments. Closed column, Z65 cells; open column,
pe of PE; Plas-PE, plasmalogen type of PE; PG, phosphatidyl glycerol; PC,
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Fig. 4. Total ion chromatograms of fatty acid methyl esters derived from choles-
terol esters. Cholesterol esters purified from Z65 and CHO-K1 cells were
methanolyzed with HCl in methanol and the liberated fatty acid methyl esters
were analyzed by GC–MS. The shoulder peak of oleic acid (18:1) represents the
structural isomer as to the double bond.

Fig. 5. Negative ion FABMS spectra of GM3 purified from Z65 and CHO-K1
cells. GM3 was analyzed by negative ion FABMS with triethanolamine as the
matrix, the molecular ion regions being represented. The ions at m/z 1151, m/z
1235 and m/z 1263 correspond to GM3 with palmitoyl (16:0), behenoyl (22:0),
and lignoceroyl (24:0) sphingosine, respectively.
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mounting to 45% for Z65 and 21.5% for CHO-K1 cells of the
otal fatty acids. Also, the ceramide moieties of GM3 mainly
omprised palmitoyl (16:0), behenoyl (22:0), and lignoceroyl
24:0) sphingosine, among which the 24:0- containing one was
ignificantly abundant in Z65 cells in comparison with CHO-
1 cells, the content of 24:0 (m/z 1263) in GM3 from Z65 cells
eing twice than that for CHO-K1 cells (Fig. 5). Similar enrich-
ent of lignoceric acid was observed in the molecular species

f GlcCer and LacCer in Z65 cells.
On the other hand, the changes in the molecular species of

E in Z65 cells in comparison with those in CHO-K1 cells were
ramatic, as shown in Fig. 6. Since oleic acid was found to
e the predominant fatty acid of lyso PE yielded on cleavage
f the alkenyl linkage on GC–MS, the intense molecular ions
t m/z 700 and 728 for PE of CHO-K1 cells were identified
s those of 1-O-hexadec-1′-enyl-2-oleoyl and 1-O-octadec-1′-
nyl-2-oleoyl PE, but the relative intensities of the ions at m/z
00 and m/z 728 for PE of Z65 cells were greatly decreased,
n particular, no ion at m/z 728 being yielded for PE of Z65
ells. As to the molecular species of the diacylated type of PE,
hen their relative intensities were compared with those of 16:0,
8:1-PE at m/z 716 and 18:0, 18:1-PE at m/z 744, both of which
xhibited similar intensities in Z65 and CHO-K1 cells, the ions
t m/z 746, 766 and 792 corresponding to 18:0, 18:0-PE, 18:0,
0:4-PE, and 18:0, 22:5-PE, respectively, from Z65 cells exhib-
ted significantly higher intensities than for those from CHO-K1
ells. The fatty acid composition determined by GC–MS of PE
emaining after treatment with HCl (Fig. 2) also revealed the
igher concentrations of 18:0, 20:4 and 22:5 in PE of Z65 cells
han for that of CHO-K1 cells, suggesting that the reduction of
lasmalogen-type PE in Z65 cells is affected by the molecular
pecies of PE with higher proportions of polyunsaturated fatty
cids, probably for maintenance of the fluidity of biomembranes.

.3. Viability of cells cultured in the presence of H2O2

As shown in Fig. 7, the concentrations of H2O2 at which
he cell viability was 50%, compared with control cells cultured
ithout H2O2, were 1.38 mM for CHO-K1 cells and 0.69 mM

or Z65 cells, respectively, indicating that Z65 cells are more sen-
itive to H2O2 than CHO-K1 cells. The sensitivity of Z65 cells
o H2O2 was thought to be partly correlated with the reduced
mount of plasmalogen, which traps peroxide, and with the
ncrease in polyunsaturated fatty acids sensitive to peroxide.

. Discussion

The major function of amphipathic lipids, i.e., cholesterol,
hospholipids and glycolipids, is to form the lipid bilayer, whose
hysicochemical properties, including membrane fluidity, are
etermined by the concentrations of membrane constituents and
he molecular species of phospholipids and glycolipids, and they
re essential to maintain several membrane-mediated processes,

uch as ion transport, signal transduction and cellular migration.

Peroxisomes are one of the main sites in the cell where
xygen-free radicals are both generated and scavenged. Hydro-
en peroxide in peroxisomes is mainly formed by oxidases that
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Fig. 6. Negative ion FABMS spectra of PE purified from Z65 and CHO-K1 cells. PEs were analyzed by negative ion FABMS with triethanolamine as the matrix,
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[14–16]. Since the amount of lignoceric acid (24:0) in glycol-
ipids was higher than that in cholesterol esters in Z65 cells, the
elevated syntheses of GlcCer, LacCer and GM3 with a higher
he molecular ion regions being represented. Asterisks denote the ions for pla
-O-octadec-1′-enyl-2-oleoyl PE at 728 (18P, 18:1), respectively.

ransfer hydrogen from metabolites to molecular oxygen. Per-
xisomes contain a battery of anti-oxidant enzymes to prevent
amage by free radicals derived from hydrogen peroxide. In
BD, both the generation and scavenging of oxygen-free rad-

cals are impaired, which leads to a functional loss of various
nzymes such as acyl CoA oxidase and catalase. Accordingly,
ailure in fatty acid metabolism due to peroxisomal dysfunction
s deemed to bring about impaired physicochemical properties
f biomembranes as a membrane disorder in the neuronal cells
n PBD.

The present research was undertaken to disclose the effects
f Pex2-mutation on the concentrations and molecular species
f lipids to elucidate the pathogeneses of PBD. As shown
n Fig. 3, reduced amounts of phospholipids, particularly of
lasmalogen-type PE, were evidently observed in Pex2-mutated
65 cells, and were compensated for by increased amounts of
lycosphingolipids, resulting in similar amounts of phospho-
ipids plus glycolipids in Z65 and CHO-K1 cells. Increases in
he relative concentrations of glycolipids were proven to be due
o the enhanced transcription of ceramide glucosyltransferase,
n enzyme involved in the initial step of glycolipid synthesis,
robably in response to the retarded synthesis of phospholipids
6]. The metabolism of glycolipids is known to be utilized for the

egulation of various cellular functions. For example, an increase
n the transcription of ceramide glucosyltransferase was shown
o be closely associated with resistance to anticancer drugs
hrough removal of ceramide to escape from ceramide-mediated

F
o
Z
C

gen type of PE, 1-O-hexadec-1′-enyl-2-oleoyl PE at m/z 700 (16P, 18:1) and

poptosis [13]. In Z65 cells, enhanced synthesis of glycolipids,
ogether with that of cholesterol esters [17], might be useful for
emoving saturated longer chain fatty acids, which accumulate
n impaired oxidation due to peroxisomal dysfunction, and per-
urbed lipid bilayer packing and functioning of acylated proteins
ig. 7. MTT assaying of viable cells cultured in the presence of hydrogen per-
xide. Cell viability was expressed in comparison with the optical densities of
65 and CHO-K1 cells cultured in the ordinary medium without H2O2. ©,
HO-K1; �, Z65 cells.
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roportion of lignoceric acid were quite effective for retaining
t as conjugated molecules in membrane constituents. A slight
ecrease in sphingomyelin was considered to be due to enhanced
lycosphingolipid metabolism, as reported previously [5,6,18].

On the other hand, as it is well known for cells in PBD,
he amount of plasmalogen-type PE in Z65 cells was 13% of
hat in CHO-K1 cells [19,20]. Among the molecular species,
-O-octadec-1′-enyl-2-oleoyl PE, which was abundant in PE of
HO-K1 cells, disappeared from PE of Z65 cells. In addition, the
mounts of the nonplasmalogen-type of PE were similar, but the
olecular species were found to be strikingly different between
65 and CHO-K1 cells. A significant increase in polyunsat-
rated fatty acid-containing molecular species, 18:0, 20:4-PE
nd 18:0, 22:5-PE, in Z65 cells was noticeable in addition to an
ncrease in a disaturated fatty acyl PE, 18:0, 18:0-PE. The dien
onds in arachidonic (20:4) and docosapentaenoic (22:5) acids
elonging to the omega 6- polyunsaturated fatty acid family are
enerally susceptible to attack by free radicals, and accordingly
he decreased amount of plasmalogen was thought to be compen-
ated for by an increase in polyunsaturated fatty acids-containing
olecular species. Also, since the relative amount of arachidonic

cid in the total fatty acids obtained on methanolysis of all lipid
lasses in Z65 cells was decreased [18], it might be highly con-
entrated in PE present in the inner leaflet of the lipid bilayer
f the plasma membrane. Peroxidation of polyunsaturated fatty
cids was shown to produce very reactive species, the activity
odifying several proteins and lipids [21,22], suggesting that

xidative stress, and subsequent modification of membrane pro-
eins and lipids may be relevant to the cellular disorders in PBD.
n fact, antioxidant vitamin E was shown to restore the oxidative
mbalance and to normalize peroxisomal functions in fibrob-
asts in patients with milder forms of PBD [23]. As described
bove, the plasmalogen type of PE was an effective endoge-
eous antioxidant in the plasma and peroxisomal membranes,
nd played a role in preventing the oxidation of polyunsatu-
ated fatty acids in membranes [24]. Thus, the vulnerability of
65 cells to oxidative stress due to hydrogen peroxide is partly

mplicated the alteration of the molecular species of PE with loss
f plasmalogen and enrichment of polyunsaturated fatty acids.
urther studies should be performed to determine whether or
ot there are increases of lipid peroxides in the membranes of
65 cells. Also, an increase in the polyunsaturated fatty acids in
embrane phospholipids has been reported to modify the affin-

ty of receptors toward their signaling molecules and the activity
f membrane enzymes [25–27]. Consequently, the alteration in
he molecular species of membrane lipids brought about by the
eroxisomal dysfunction in cultured cells is probably relevant

o the pathogeneses of PBD, and the analyses of the molec-
lar species of membrane lipids in Pex-gene-mutated mice is
ow in progress to clarify the biochemical events in vivo in our
aboratory.
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