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Abstract DHA (C22:6n-3) is an important PUFA impli-
cated in a number of (patho)physiological processes. For a
long time, the exact mechanism of DHA formation has re-
mained unclear, but now it is known that it involves the pro-
duction of tetracosahexaenoic acid (C24:6n-3) from dietary
linolenic acid (C18:3n-3) via a series of elongation and de-
saturation reactions, followed by B-oxidation of C24:6n-3 to
C22:6n-3. Although DHA is deficient in patients lacking per-
oxisomes, the intracellular site of retroconversion of C24:6n-3
has remained controversial. By making use of fibroblasts
from patients with defined mitochondrial and peroxisomal
fatty acid oxidation defects, we show in this article that per-
oxisomes, and not mitochondria, are involved in DHA for-
mation by catalyzing the B-oxidation of C24:6n-3 to C22:6n-3.
Additional studies of fibroblasts from patients with X-linked
adrenoleukodystrophy, straight-chain acyl-CoA oxidase
(SCOX) deficiency, p-bifunctional protein (DBP) deficiency,
and rhizomelic chondrodysplasia punctata type 1, and of fi-
broblasts from L-bifunctional protein and sterol carrier pro-
tein X (SCPx) knockout mice, show that the main enzymes
involved in B-oxidation of C24:6n-3 to C22:6n-3 are SCOX,
DBP, and both 3-ketoacyl-CoA thiolase and SCPx.HR These
findings are of importance for the treatment of patients
with a defect in peroxisomal 3-oxidation.—Ferdinandusse,
S., S. Denis, P. A. W. Mooijer, Z. Zhang, J. K. Reddy, A. A.
Spector, and R. J. A. Wanders. Identification of the peroxi-
somal f3-oxidation enzymes involved in the biosynthesis of
docosahexaenoic acid. J. Lipid Res. 2001. 42: 1987-1995.
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chondrial fatty acid oxidation disorders e sterol carrier protein X

For years, it was generally assumed that the biosynthesis
of PUFAs takes place in the endoplasmic reticulum, which
is also the main site for phospholipid biosynthesis (1). DHA
(C22:6n-3), the major PUFA in adult mammalian brain and
retina, was believed to be synthesized from dietary linolenic
acid (C18:3n-3) in a pathway consisting of a series of elon-
gation and desaturation reactions. This pathway required

that n-3 docosapentaenoic acid (C22:5n-3) become desat-
urated at position 4 by a microsomal acyl-CoA-dependent
A*desaturase to form C22:6n-3. Several studies, however,
have indicated that such a A'-desaturase does not appear
to exist (2-5). Instead, it was found that a 24-carbon n-3
fatty acid is synthesized, which is desaturated at position 6
to produce tetracosahexaenoic acid (C24:6n-3), followed
by one round of B-oxidation with C22:6n-3 as final prod-
uct. Although still disputed, the peroxisome is the likely
site of C24:6n-3 B-oxidation. After its formation, DHA is
transported back to the endoplasmic reticulum, where it
is esterified into membrane lipids (6, 7). Figure 1 shows
the revised pathway for the biosynthesis of DHA. The syn-
thesis of arachidonic acid (C20:4n-6) and n-6 docosapen-
taenoic acid (C22:5n-6) from dietary linoleic acid (C18:2n-6)
follows a similar pathway (1).

The B-oxidation step in the revised pathway of PUFA
biosynthesis requires a considerable exchange of unsatur-
ated fatty acids between different subcellular compart-
ments (6). Several lines of evidence suggest that peroxi-
somes are the intracellular site of this B-oxidation step.
First, patients with Zellweger syndrome (a peroxisome
biogenesis disorder), who lack functional peroxisomes,
have clearly reduced levels of DHA, especially in brain
and retina but also in liver, kidney (8), and blood (9). In
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Fig. 1. Pathway of DHA biosynthesis. DHA is synthesized from di-
etary linolenic acid (C18:3n-3) in a series of microsomal elongation
and desaturation reactions, followed by retroconversion of C24:6n-3
to C22:6n-3 in the peroxisome via one round of B-oxidation.

addition, in newborn PEX5 knockout mice, a mouse model
for Zellweger syndrome, the DHA concentration in the
brain is also strongly reduced (40% as compared with levels
in normal littermates) (10). In an extensive study of n-3 fatty
acid metabolism, Moore et al. (5) reported that control hu-
man fibroblasts metabolized [1-14C]18:3n-3 to labeled tetra-
cosapentaenoic acid (C24:5n-3), C24:6n-3, and C22:6n-3. In
contrast, fibroblasts from patients with Zellweger syndrome
metabolized [1-14C]18:3n-3 to C24:5n-3 and C24:6n-3, but
not to C22:6n-3. Likewise, [3-14C]22:5n-3, [3-14C]24:5n-3,
and [3-14C]24:6n-3 were all metabolized to C22:6n-3 in con-
trol fibroblasts, but not in Zellweger fibroblasts. Similar re-
sults were obtained by Petroni et al. (11), who incubated
control and Zellweger fibroblasts with [!*C]eicosapen-
taenoic acid ([1-14C]20:5n-3). In a more recent article, it was
demonstrated that peroxisomes are required for biosynthesis
of DHA from linolenic acid in livers from neonatal piglets
(12). This was concluded from the observation that isotope-
labeled DHA, and all the intermediates of the pathway, were
formed only when combined microsomal and peroxisomal
fractions were incubated with [U-13C]18:3n-3.

In spite of the many experiments that show that peroxi-
somes are involved in the biosynthesis of PUFAs, Infante
and Huszagh (13, 14) propose that synthesis of these fatty
acids occurs in the outer mitochondrial membrane via a
channeled carnitine-dependent pathway. Although there is
not much direct experimental evidence to support the ex-
istence of such a mitochondrial pathway, a role for the mito-
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chondrion in the biosynthesis of DHA cannot be ruled
out with absolute certainty. We therefore set out to study
the role of peroxisomes and mitochondria, and their fatty
acid oxidation systems, in DHA synthesis in more detail.

Figure 2 shows a schematic representation of the peroxi-
somal B-oxidation system. There are two complete sets of
B-oxidation enzymes present in the peroxisome (15).
Straight-chain acyl-CoA oxidase (SCOX) is responsible for
the initial oxidation of very long-chain fatty acyl-CoAs,
whereas branched-chain acyl-CoA oxidase (BCOX) oxi-
dizes branched-chain fatty acyl-CoA. The enoyl-CoA esters
of both straight- and branched-chain fatty acids are then
hydrated and subsequently dehydrogenated by the same
enzyme: D-bifunctional protein (DBP). The function of
the second multifunctional protein present in the peroxi-
some, L-bifunctional protein (LBP), is still unknown. The
last step of the B-oxidation process, the thiolytic cleavage,
is performed by sterol carrier protein X (SCPx) in the
case of the branched-chain substrates, whereas straight-
chain substrates most likely are handled by both SCPx and
the classic 3-ketoacyl-CoA thiolase.

Until now, only patients with an isolated defect of SCOX
and DBP have been identified. In addition, patients with
rhizomelic chondrodysplasia punctata (RCDP) type 1 lack
3-ketoacyl-CoA thiolase in their peroxisomes. This is, how-
ever, not the only deficiency in these patients. Because of
a defect in PEX7, the gene encoding the peroxisome tar-
geting signal 2 (PTS2) receptor, their peroxisomes lack
all proteins imported via this receptor, including alkyl-
dihydroxyacetonephosphate synthase, an enzyme of the
plasmalogen biosynthetic pathway, and phytanoyl-CoA hy-
droxylase, the first enzyme of the peroxisomal a-oxidation
pathway (16—18). No patients have been identified with a
deficiency of BCOX, LBP, and SCPx, but knockout mice
have been created for the latter two enzymes (19, 20).

To elucidate the role of both the peroxisome and mito-
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Fig. 2. Schematic representation of the fatty acid B-oxidation ma-
chinery in human peroxisomes catalyzing the oxidation of very
long-chain fatty acyl-CoA (VLCFA-CoA) and branched-chain fatty
acyl-CoA (pristanoyl-CoA and THC-CoA). Oxidation of VLCFA-
CoA (C24:0 and C26:0) involves straight-chain acyl-CoA oxidase,
p-bifunctional protein (DBP), and both 3-ketoacyl-CoA thiolase
and sterol carrier protein X (SCPx), whereas oxidation of
branched-chain fatty acyl-CoA involves branched-chain acyl-CoA
oxidase, DBP, and SCPx [see ref. (15) for review]. THC-CoA,
trihydroxycoprostanoyl-CoA.
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chondrion, we studied the biosynthesis of DHA from [1-14C]-
18:3n-3, [1-1%C]20:5n-3, and [3-1*C]24:6n-3 in fibroblasts
from patients with a peroxisome biogenesis disorder and
from patients with a deficiency of one of the following mi-
tochondrial enzymes: carnitine palmitoyltransferase 1
(CPT1), carnitine acylcarnitine translocase (CACT), car-
nitine palmitoyltransferase 2 (CPT2), and very long-chain
acyl-CoA dehydrogenase (VLCAD). The first three enzymes
are necessary for the transport of activated fatty acids across
the inner mitochondrial membrane (21) and the last en-
zyme is part of the mitochondrial B-oxidation system (22).
In addition, we investigated the role of the various peroxi-
somal B-oxidation enzymes in DHA biosynthesis by incubat-
ing fibroblasts from patients with a deficiency of SCOX and
DBP, patients with RCDP type 1, and from LBP and SCPx
knockout mice with *Clabeled precursors. We also studied
DHA synthesis in fibroblasts from a patient with X-linked
adrenoleukodystrophy (X-ALD). These patients accumu-
late very long-chain fatty acids because of impaired peroxi-
somal B-oxidation of these fatty acids. However, this is not
caused by a deficiency of one of the enzymes of the (3-oxida-
tion system, but by a defect of the peroxisomal membrane
protein ALDP (adrenoleukodystrophy protein) (23, 24).

MATERIALS AND METHODS

Materials

Radiolabeled [1-1*C]18:3n-3, [1-14C]20:5n-3, and [1-1%C]22:6n-3
were purchased from New England Nuclear (DuPont, Boston,
MA). [3-11C]24:6n-3 was synthesized as described previously (2).
Each radiolabeled fatty acid had a specific activity between 50
and 55 mCi/mmol.

Methods

Patient cell lines. Cell lines were used from several patients
with various peroxisomal and mitochondrial fatty acid B-oxida-
tion disorders. The fibroblasts from patients with a peroxisome
biogenesis disorder studied in this article were from four pa-

tients with Zellweger syndrome and one patient with neonatal
adrenoleukodystrophy (NALD), which is a less severe form of a
peroxisome biogenesis defect. These patients all had the clinical
and biochemical abnormalities described for patients with a per-
oxisome biogenesis disorder, including deficient hexacosanoic
acid (C26:0) and pristanic acid B-oxidation and phytanic acid
a-oxidation (25). The fibroblasts from the X-ALD patient had im-
paired C26:0 B-oxidation, which is caused by a mutation in the
gene encoding the peroxisomal membrane protein ALDP (23,
24). The SCOX- and DBP-deficient patients all had mutations in
the encoding gene and no enzyme activity could be measured in
fibroblasts of these patients (26—28). Peroxisomes from the pa-
tients with RCDP type 1 under study lack 3-ketoacyl-CoA thiolase
because of a mutation in the PEX7 gene encoding the PTS2 re-
ceptor. Immunoblot studies performed with an antibody raised
against 3-ketoacyl-CoA thiolase revealed that only the unpro-
cessed protein of 44 kDa is present in fibroblast homogenates. It
is known that 3-ketoacyl-CoA thiolase is synthesized as a precur-
sor protein and is proteolytically cleaved to its mature form of 41
kDa inside the peroxisome (29). Cultured skin fibroblasts from
an SCPx knockout mouse were obtained from U. Seedorf (West-
phalian Wilhelms-University, Miinster, Germany) (20) and fibro-
blasts of an LBP knockout mouse were generated by Qi et al.
(19). Both knockout mice have been fully characterized and
completely lack SCPx and LBP gene function, respectively. The
fibroblasts used in this study were from patients with a mitochon-
drial B-oxidation disorder, that is, a confirmed deficiency of CPT1,
CACT, CPT2, or VLCAD due to mutations in the encoding genes
[see ref. (22) for review]. These mutations result in a deficiency of
mitochondrial fatty acid oxidation as established by individual en-
zyme activity measurements in cultured skin fibroblasts.

All patient cell lines used in this study were taken from the
cell repository of the Laboratory for Genetic Metabolic Diseases
(Academic Medical Center, University of Amsterdam, Amster-
dam, The Netherlands) and were derived from patients diag-
nosed in this center. Informed consent was obtained from parents
or guardians of the patients whose fibroblasts were studied in this
article and the studies were approved by the Institutional Review
Board of the Academic Medical Center, University of Amsterdam.

Experimental protocol. DHA synthesis from [1-1%C]18:3n-3, [1-1“C]-
20:5n-3, and [3-14C]24:6n-3 was studied in cultures of fibroblasts
grown in tissue culture flasks (25 cm?). Incubations were carried

TABLE 1. Radiolabeled fatty acids produced by human and mouse skin fibroblasts after a 96-h incubation with [1-1C]18:3n-3

Amount of Radiolabeled Fatty Acid Detected

Fibroblast Type C18:3n-3 (C20:4n-3 C20:5n-3 (C22:5n-3 (C24:5n-3 (C24:6n-3 (C22:6n-3
cpm/ mg protein

Controls (n = 5) 3,470 + 4077 1,269 = 554 41,264 + 10,159 39,346 * 13,977 803 = 604 1,057 = 762 16,265 * 6,117

Zellweger (n = 4) 7,570 = 2,055¢ 3,500 * 775 33,305 * 5,612 78,883 * 20,305 2,696 * 361 8,081 = 2,185 0*x0

NALD 3,092 1,727 13,255 60,404 755 4,834 917

CPT1 8,393 3,786 74,214 79,215 2,557 2,068 15,488

CACT (n = 3) 8,696 = 2,999« 4,215 * 1,852 60,030 * 9,776 99,987 * 28,947 3,814 * 818 2,624 + 800 18,419 = 4,478

CPT2 7,199 2,845 55,798 84,113 3,581 2,049 18,919

VLCAD 6,599 3,319 54,998 60,449 2,781 2,024 14,501

X-ALD 10,560 2,211 61,678 58,828 2,482 1,635 13,498

SCOX (n = 3) 7,861 = 1,706 4,625 * 2,104 54,654 * 15,350 94,991 *= 42,300 3,783 = 1,124 6,310 + 2,505 1,791 £ 55

DBP (n = 3) 4,137 = 2,590¢ 2,203 = 1,199 42,769 * 21,368 54,065 = 21,838 1,892 = 814 3,090 = 1,028 3,078 = 1,518

RCDP type 1 (n = 3) 3,262 = 1,093 2,698 = 1,013 36,447 + 10,017 66,120 =23,755 2,626 = 2,670 2,688 * 137 18,015 = 2,724

Control mouse 1,671 773 56,858 70,228 882 2,024 10,050

LBP =/~ mouse 2,669 0 122,890 78,476 1,187 3,065 18,273

SCPX =/~ mouse 2,005 1,912 88,115 48,912 1,439 1,671 12,588

The methyl esters of the radiolabeled fatty acids contained in the cells were separated by HPLC. n = number of different cell lines; all incuba-
tions were performed in triplicate.

%Mean value * standard deviation.
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out in MEM supplemented with penicillin-streptomycin, and
containing 10% fetal calf serum (fatty acid free), 20 mM HEPES,
and '“C-labeled fatty acid. In the case of [1-1*C]18:3n-3 and
[1-14C]20:5n-3 the incubation was carried out with 2 wM labeled
fatty acid, whereas [3-1C]24:6n-3 was used at a concentration of
0.2 wM. The fibroblasts were kept in an incubator at 37°C for 96
h except for the incubations with [3-14C]24:6n-3, which were ter-
minated after 24 h. Parallel incubations were performed to de-
termine the amount of protein.

Lipid analyses. Lipids were extracted from the incubation
medium as described by Moore et al. (5). Briefly, the lipids were
extracted with a 2:1 (v/v) mixture of chloroform-methanol con-
taining 1% acetic acid (v/v). The chloroform phase was dried
under Ny, and the residue was resuspended in 2 ml of 1.5 N HCI-
methanol and heated to 90°C for 2 h to produce fatty acid methyl
esters. After extraction of the methyl esters in heptane, the hep-
tane phase was dried under Ny and the residue was resuspended
in 150 wl of 70% acetonitrile, which was stored at —20°C until
analysis. Seventy microliters of the sample were subjected to
HPLC analysis as described below.

To isolate cellular lipids, the incubation medium was removed
and the fibroblasts were scraped into 1 ml of methanol and
transferred to a screw-top glass vial. The tissue culture flasks were
washed with 1 ml of 3 N HCl-methanol, which also was trans-
ferred to the glass vial. Finally, fatty acid methyl esters were pro-
duced and extracted as described above.

HPLC analysis. Radioactive methyl esters prepared from the
cell lipids or incubation medium were separated by reversed-
phase HPLC. A reversed-phase Cyg column (4.6 X 150 nm; Beck-
man, Fullerton, CA) with 5-pm spherical packing was used with a
mobile phase of water and acetonitrile in a two-step isocratic elu-
tion (76% acetonitrile for 50 min, 90% acetonitrile for 10 min),
followed by an equilibration period of 10 min at 76% acetoni-
trile. The effluent was mixed with scintillation solution at a 1:1
ratio, and the radioactivity was measured by passing the mixture
through an online Radiomatic Instruments (Packard, Meriden,
CT) Flo One-f radioactivity detector. The system was standard-
ized with methyl esters of the following radiolabeled fatty acids:
C18:3n-3, C20:5n-3, C24:6n-3, and C22:6n-3.

RESULTS

Peroxisomal versus mitochondrial involvement
in DHA biosynthesis

Linolenic acid (C18:3n-3) utilization. After a 96-h incuba-
tion of control human skin fibroblasts with [1-1%C]18:3n-3,
substantial amounts of the radiolabeled fatty acids con-
tained in the cells consisted of C22:6n-3 (mean value in five
different control fibroblast cell lines was 15.5%) (see Ta-
ble 1). In addition, radioactivity was detected in almost all
intermediates of the proposed pathway of DHA biosynthe-
sis (Fig. 1), including radiolabeled C24:5n-3 and C24:6n-3
(Fig. 3). Similar results were obtained with fibroblasts from
patients with a deficiency of mitochondrial fatty acid oxida-
tion. Fibroblasts from patients with a deficiency in one of
the steps involved in the mitochondrial carnitine shuttle
(CPT1, CACT, or CPT2) as well as from a patient with a de-
fect of the first enzyme of the mitochondrial fatty acid oxi-
dation system, VLCAD, revealed normal synthesis of DHA
from radiolabeled linolenic acid compared with the synthe-
sis observed in control fibroblasts (Table 1). In contrast, no
radiolabeled C22:6n-3 was formed in fibroblasts from pa-
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Fig. 3. Radiolabeled fatty acids contained in the cell lipids of fi-
broblast cultures incubated with 2 pM [1-14C]18:3n-3 for 96 h. After
the cell lipids were extracted and methylated, the radiolabeled ma-
terial was analyzed by HPLC with an online flow liquid scintillation
detector. The HPLC traces shown are from a control human skin fi-
broblast cell line (A), a patient with Zellweger syndrome (B), and a
CACT-deficient patient (C).

tients with Zellweger syndrome, although the [1-1*C]18:3n-3
was converted to other intermediates in the biosynthetic
pathway. In addition, increased amounts of radiolabeled
(C24:6n-3, the precursor of DHA, were found. Fibroblasts
from a patient with NALD, a milder variant of Zellweger
syndrome characterized by a less severe peroxisomal defi-
ciency, synthesized some radiolabeled DHA but only 1% of
the radioactivity was converted to C22:6n-3 after the incuba-
tion period (Table 1).

Analysis of the radiolabeled fatty acids excreted in the
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TABLE 2. Radiolabeled fatty acids produced by human and mouse skin fibroblasts after a 96-h incubation with [1-14C]20:5n-3

Amount of Radiolabeled Fatty Acid Detected

Fibroblast Type C20:5n-3 C22:5n-3 C24:5n-3 C24:6n-3 (C22:6n-3
cpm/ mg protein

Controls (n = 5) 52,198 * 8,570« 57,325 * 10,241 113 =179 1,782 * 489 25,740 * 5,801

Zellweger (n = 4) 35,375 * 5,460¢ 173,244 + 47,838 454 * 114 18,217 = 6,319 00

NALD 12,434 127,834 254 10,424 2,709

CPT1 75,871 104,389 62 2,395 25,703

CACT (n = 3) 65,920 * 3,356 122,591 *+ 39,373 608 * 216 2,607 £ 430 22,156 * 7,377

CPT2 72,040 116,406 753 2,682 25,820

VLCAD 71,660 89,327 824 3,129 21,711

X-ALD 91,424 120,148 422 3,490 23,738

SCOX (n = 3) 54,264 * 7,102¢ 147,870 = 19,946 540 * 208 10,791 = 1,018 2,610 = 564

DBP (n = 3) 53,579 £ 26,7964 99,605 * 40,835 0 5,544 5,645 + 2,990

RCDP type 1 (n = 3) 38,706 = 121« 71,072 = 10,403 618 * 105 3,164 = 588 21,911 = 354

Control mouse 63,244 92,878 0 2,865 15,382

LBP =/~ mouse 111,787 105,147 569 4,607 28,387

SCPX~/~ mouse 106,583 63,424 0 2,398 18,505

The methyl esters of the radiolabeled fatty acids contained in the cells were separated by HPLC. n = number of different cell lines; all incuba-

tions were performed in triplicate.
“Mean value * standard deviation.

medium revealed a pattern similar to that of the fatty
acids contained in the cells. This was true for both control
skin fibroblasts as well as fibroblasts from patients with a
mitochondrial or peroxisomal defect (data not shown).
This is in agreement with the findings by Moore et al. (5),
who concluded that these mitochondrial and peroxisomal
defects do not cause selective retention or release of cer-
tain radiolabeled fatty acids. Therefore, all results shown
are obtained by analysis of the cells only.

Eicosapentaenoic acid (C20:5n-3) ulilization. Similar results
were obtained after incubation of fibroblasts with [1-14C]-
20:5n-3 (Table 2). After an incubation of 96 h, control fi-
broblasts produced radiolabeled C22:5n-3 and C22:6n-3,
as well as small amounts of C24:5n-3 and C24:6n-3. Fibro-
blasts from patients with a deficiency of either CPTI,
CACT, CPT2, or VLCAD revealed normal synthesis of DHA
from [1-'*C]20:5n-3. Fibroblasts from patients with Zell-
weger syndrome, however, produced no radiolabeled DHA.
In contrast, they accumulated large amounts of C24:6n-3
(about 10 times more than observed in control fibro-
blasts). Incubations of fibroblasts from a patient with
NALD resulted in intermediate values. These fibroblasts
produced 10% of the amount of radiolabeled DHA
formed in control fibroblasts and accumulated about six
times the normal amount of C24:6n-3.

Tetracosahexaenoic acid (C24:6m-3) utilization. The results
with [1-1%C]18:3n-3 and [1-1%C]20:5n-3 support the find-
ing by Moore et al. (5) that the pathway for DHA synthesis
from n-3 fatty acid precursors in human fibroblasts in-
volves the formation of 24-carbon polyunsaturated inter-
mediates, followed by retroconversion of C24:6n-3 to
(C22:6n-3. To study this retroconversion reaction more di-
rectly, fibroblasts were incubated with [3-14C]24:6n-3 (Ta-
ble 3). Control fibroblasts converted almost all radio-
labeled C24:6n-3 to C22:6n-3, which also was observed in
fibroblasts from patients with CACT deficiency. The rate
of B-oxidation of this substrate in these cell lines was 10
pmol/h per mg. Fibroblasts from patients with Zellweger

syndrome, however, produced no radiolabeled DHA
(Fig. 4).

Role of the peroxisomal fatty acid -oxidation
enzymes in DHA biosynthesis

Linolenic acid (C18:3n-3) utilization. The results obtained
in fibroblasts from patients lacking functional peroxi-
somes and from patients with a mitochondrial fatty acid
oxidation defect confirmed that the peroxisome, and not
the mitochondrion, is the site for retroconversion of
(C24:6n-3 in the pathway for C22:6n-3 synthesis. Because
the peroxisomal B-oxidation system consists of two separate
sets of enzymes, the question was which enzymes would
be responsible for the B-oxidation process in the path-
way of DHA synthesis. To investigate this, we studied DHA
synthesis from radiolabeled precursors in fibroblasts
from patients with a deficiency of one of the B-oxidation
enzymes or from knockout mice lacking one of the en-
zymes. After a 96-h incubation of human skin fibroblasts

TABLE 3. Radiolabeled fatty acids produced by human and
mouse skin fibroblasts after a 24-h incubation with [3-14C]24:6n-3

Amount of Radiolabeled
Fatty Acid Detected

Fibroblast Type C24:6n-3 C22:6n-3
cpm/ mg protein

Controls 3,609 15,227
2,945 13,832

Zellweger 9,692 0
10,023 0

CACT 2,321 12,864
2,876 18,777

SCOX 11,091 856
11,068 2,129

DBP 8,356 839

The methyl esters of the radiolabeled fatty acids contained in the cells
were separated by HPLC. All incubations were performed in triplicate.

Ferdinandusse et al. Peroxisomal involvement in DHA synthesis 1991

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

25000 A 8000~ C
Control C22:6 DBP C24:6
= 20000 T 0ol
Q. o,
L L
> 15000 >
:E = 4000}
S 10000} 9
S g
3 3
& S 2000
& 5000} C24:6 m C22:6
0 " b ol L P AAA A J OK 2l odchboducde dt L A '“‘)LM
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
8000 B y 20000~ D C22:6
_ Zellweger ‘ — CACT
£ 6000} £ 15000}
2 2
2 2
= 4000} = 10000}
k3t 2
S 3
T 2000+ T 5000f
2 A C24:6
C22:6
0 0 b ol |L Aaalde. ._JA Beasnaie J
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min)

Fig. 4. Radiolabeled fatty acids contained in the cell lipids of fibroblast cultures incubated with 0.2 pM [3-19C]24:6n-3 for 24 h. After the
cell lipids were extracted and methylated, the radiolabeled material was analyzed by HPLC with an online flow liquid scintillation detector.
The HPLC traces shown are from a control human skin fibroblast cell line (A), a patient with Zellweger syndrome (B), a DBP-deficient

patient (C), and a CACT-deficient patient (D).

deficient for SCOX activity with [1-14C]18:3n-3, 1% of
the radiolabeled fatty acids contained in the cells con-
sisted of C22:6n-3 compared with 15.5% in control fibro-
blasts (see Table 1 and Fig. 5). In fibroblasts from pa-
tients with a deficiency of DBP, 2.6% of the radiolabeled
fatty acids was (C22:6n-3 (Table 1 and Fig. 5). Both
SCOX- and DBP-deficient fibroblasts accumulated rela-
tively large amounts of C24:6n-3 (about six and three
times more than was observed in control fibroblasts, re-
spectively). In contrast, DHA synthesis from [1-1%C]18:3n-3
was normal in fibroblasts from patients with RCDP type 1,
characterized by the absence of 3-ketoacyl-CoA thiolase in
their peroxisomes, and from an X-ALD patient. The re-
sults obtained after incubation of skin fibroblasts from a
control mouse with [1-1%C]18:3n-3 were comparable with
the results in control human skin fibroblasts. In fibro-
blasts from both the LBP and SCPx knockout mouse nor-
mal synthesis of C22:6n-3 was observed (Table 1).
Eicosapentaenoic acid (C20:5n-3) utilization. Similar results
were obtained after incubation with [1-1*C]- 20:5n-3 (see
Table 2). In fibroblasts of patients with SCOX and DBP
deficiency about 10% and 18%, respectively, of the
amount of radiolabeled DHA synthesized by control fibro-
blasts was produced. In fibroblasts from patients with

1992  Journal of Lipid Research Volume 42, 2001

RCDP type 1 and X-ALD, however, no deficiency in DHA
synthesis was found. Compared with the C22:6n-3 produc-
tion from [1-14C]20:5n-3 in control mouse skin fibroblasts,
the production in fibroblasts from both the LBP and
SCPx knockout mice was also normal.

Tetracosahexaenoic acid (C24:6n-3) utilization. Incubations
with [3-1%C]24:6n-3 were performed to study directly the
retroconversion of this substrate to C22:6n-3 in peroxiso-
mal 3-oxidation mutants. Fibroblasts both of patients with
SCOX deficiency and of a patient with a deficiency of DBP
formed little radiolabeled DHA, only 10% and 6%, re-
spectively, of the amount produced in control fibroblasts
(Table 3 and Fig. 4). The B-oxidation rate of [3-11C]-
24:6n-3 in these fibroblasts was 0.7 and 0.4 pmol/h per
mg, respectively, compared with 10 pmol/h per mg in
control fibroblasts.

DISCUSSION

Although many experimental data indicate that a per-
oxisomal B-oxidation step is part of the biosynthetic path-
way of DHA, the role of the peroxisome in this pathway
has remained the subject of discussion. Our studies with
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Fig. 5. Radiolabeled fatty acids contained in the cell lipids of fibroblast cultures incubated with 2 uM [1-1*C]18:3n-3 for 96 h. After the cell
lipids were extracted and methylated, the radiolabeled material was analyzed by HPLC with an online flow liquid scintillation detector. The
HPLC traces shown are from a control human skin fibroblast cell line (A), an SCOX-deficient patient (B), a DBP-deficient patient (C), and an

RCDP type 1 patient (D).

control fibroblasts and fibroblasts from patients with Zell-
weger syndrome show that synthesis of C22:6n-3 in human
cells involves peroxisomal retroconversion of (C24:6n-3.
When fibroblasts from Zellweger patients were incubated
with [1-14C]18:3n-3 or [1-14C]20:5n-3 radiolabeled C24:6n-3
was formed, whereas no radiolabeled C22:6n-3 could be de-
tected. This shows that C24:6n-3 is not an elongation
product from C22:6n-3, but that C24:6n-3 is an intermedi-
ate in DHA synthesis. In fibroblasts from patients with a
deficiency of one of the mitochondrial enzymes CPT]I,
CACT, CPT2, or VLCAD, the synthesis of radiolabeled
C22:6n-3 from either [1-14C]18:3n-3 or [1-14C]20:5n-3 was
normal. These results support the pathway proposed by
Voss et al. (2), who suggested that instead of a direct conver-
sion of C22:5n-3 to C22:6n-3 by a microsomal A*-desaturase,
(C22:5n-3 is first elongated to C24:5n-3, which is then de-
saturated by a AS-desaturase to C24:6n-3, followed by ret-
roconversion of C24:6n-3 to C22:6n-3. This is also in
agreement with findings in a patient with A®-desaturase
deficiency, a newly identified disorder (30). Fibroblasts of
this patient hardly formed any C22:6n-3 from C24:5n-3,
whereas the conversion of C24:6n-3 to C22:6n-3 was
normal. In this article, we directly evaluated this last step of
DHA synthesis and found that fibroblasts from peroxisome-

deficient patients did not convert [3-1%C]24:6n-3 to radio-
labeled C22:6n-3, whereas this conversion was normal in
fibroblasts from patients with a mitochondrial fatty acid
oxidation defect. This confirms the results obtained by
Moore et al. (5), that DHA biosynthesis in human fibro-
blasts is a peroxisome-dependent process.

DHA plays an important role in the structure of cell
membranes, particularly of neuronal tissues and retinal
photoreceptor cells, which suggests that the DHA defi-
ciency observed in Zellweger patients could very well be
involved in the clinical symptomatology of this syndrome
(demyelination, psychomotor retardation, and retinopa-
thy). It has been claimed that supplementation of DHA
might result in at least some clinical improvement in Zell-
weger patients (31, 32). Because peroxisomal -oxidation
is an essential step in the biosynthesis of DHA, studies of
patients with a deficiency of a single B-oxidation enzyme
could shed more light on the role of DHA in the pathol-
ogy of peroxisomal fatty acid oxidation disorders. Because
of these possible clinical implications, it is important to
know which of the B-oxidation enzymes are responsible
for the oxidation of C24:6n-3.

The results obtained in this study show that C24:6n-3 is
B-oxidized by the same set of enzymes as used for the

Ferdinandusse et al. Peroxisomal involvement in DHA synthesis 1993

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

C24:6 (n-3)-CoA

| Straight-chain acyl-CoA oxidase | | Branched-chain acyl-CoA oxidase |
L-Bifunctional protein

| 3-Ketoacyl-CoA thiolase |

X 4

(€22:6 (n-3)-CoA (DHA-CoA)

| D-Bifunctional protein l

| Sterol carrier protein X |

Fig. 6. Schematic representation of the fatty acid B-oxidation ma-
chinery in human peroxisomes involved in the retroconversion of
(C24:6n-3 to C22:6n-3. Our results showed that C24:6n-3 is -oxi-
dized by the same set of enzymes involved in the (-oxidation of the
very long-chain fatty acids C26:0 and C24:0 (see Fig. 2). Oxidation
of C24:6n-3 involves straight-chain acyl-CoA oxidase (SCOX), DBP,
and both 3-ketoacyl-CoA thiolase and SCPx. Branched-chain acyl-
CoA oxidase and L-bifunctional protein, however, are also both
able to handle this substrate, but cannot maintain normal C22:6n-3
production without SCOX and DBP activity, respectively.

B-oxidation of the very long-chain fatty acids C26:0 and
C24:0 (see Fig. 2 and Fig. 6). Current evidence holds that
oxidation of C24:0 and C26:0 involves SCOX, DBP, and
both 3-ketoacyl-CoA thiolase and SCPx (15). On incuba-
tion of fibroblasts of patients with a deficiency of SCOX
with [3-1C]24:6n-3, a strongly reduced rate of C24:6n-3
B-oxidation was found. However, some residual activity
was present. It is not likely that the defective SCOX pro-
tein is responsible for this residual activity, because no
SCOX protein can be detected when performing immuno-
blot analysis of any of the SCOX-deficient cell lines used
in this study and it has been established that one of these
patients has a large deletion of the SCOX gene (26). This
suggests that the other peroxisomal oxidase, BCOX, can
also handle this substrate, but that its activity is not suffi-
cient for normal C22:6n-3 production. It is also unlikely
that the mitochondrial B-oxidation system is responsible
for the residual activity, because in fibroblasts of Zellweger
patients, in whom both SCOX and BCOX are lacking,
there is no C24:6n-3 (-oxidation activity, whereas in pa-
tients with a deficiency of mitochondrial fatty acid
B-oxidation normal activity was measured. In the case of the
second and third steps of the B-oxidation process of C24:6n-
3, our studies showed that, as for C26:0, DBP is responsible
for these steps. As in SCOX-deficient patients, some resid-
ual activity was present in DBP-deficient patients. The fact
that no DBP protein can be detected on immunoblot
analysis of virtually all patients studied argues against a role
of DBP in residual C22:6n-3 formation in DBP-deficient
cells. The most likely explanation is that the other peroxi-
somal multifunctional enzyme, LBP, can also act on this
substrate. Studies of fibroblasts from an LBP knockout
mouse have shown, however, that LBP activity is not essen-
tial for DHA production. In the presence of either one of
the peroxisomal thiolases normal amounts of DHA were
produced from labeled precursors, which shows that both
thiolases are able to perform the last step of C24:6n-3
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B-oxidation and can maintain normal C22:6n-3 produc-
tion by themselves, in the absence of the other thiolase.
This also has been observed for C26:0 p-oxidation, which
is normal both in patients with RCDP type 1 and in SCPx
knockout mice, in contrast to pristanic acid B-oxidation,
which is deficient in mice lacking SCPx function (33). It
should be noted, however, that for the interpretation of
our results we assume that the pathway of DHA biosynthe-
sis is similar in humans and mice.

Our results obtained with fibroblasts from an X-ALD pa-
tient indicate that B-oxidation of C24:6n-3 does not follow
the exact same route as C26:0 and C24:0. The peroxiso-
mal membrane protein ALDP, which is mutated in pa-
tients with X-ALD, resulting in impaired B-oxidation of
very long-chain fatty acids, including C26:0 and C24:0, ap-
pears not to be involved in retroconversion of C24:6n-3.
We found that DHA synthesis is normal in fibroblasts from
an X-ALD patient, which is in agreement with results ob-
tained by Petroni et al. (11).

Because of our results with fibroblasts from SCOX- and
DBP-deficient patients, it would be interesting to investi-
gate DHA levels in these patients. Martinez (8) already
showed that one patient with a deficiency of DBP (which
was called bifunctional enzyme deficiency at that time)
had low brain DHA levels, although they were not so se-
verely reduced as in patients with a peroxisome biogenesis
disorder. In addition, a preliminary study by our group of
PUFA composition in plasma samples from 10 DBP-deficient
patients, revealed reduced DHA levels in 5 patients (our un-
published data). This might reflect the reduced but not fully
deficient DHA synthesis we observed in fibroblasts of these
patients, in contrast to the complete deficiency in Zellweger
patients. The presence of DHA and its precursors in the
diet influences the PUFA composition of membrane lipids,
and this influence probably becomes even greater in the
case of reduced DHA synthesis, as in DBP patients. i
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