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biosynthesiss of docosahexaenoic acid 

Sachaa Ferdinandusse1, Simone Denis1, Petra A.W. Mooijer , Zhongyi Zhangr, Janardan K. 
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Pathology,Pathology, Northwestern University Medical School, Chicago, IL, USA; ^Department of 
Biochemistry,Biochemistry, University of Iowa, Iowa City, IA, USA. 

Abstract t 
Docosahexaenoicc acid (DHA, C22:6n-3) is an important polyunsaturated fatty acid 
(PUFA)) implicated in a number of (patho)physiological processes. For a long time, the 
exactt mechanism of DHA formation has remained unclear, but now it is known that it 
involvess the production of C24:6n-3 from dietary linolenic acid (C18:3n-3) via a series of 
elongationn and desaturation reactions, followed by p-oxidation of C24:6n-3 to C22:6n-3. 
Althoughh DHA is deficient in patients lacking peroxisomes, the intracellular site of 
retroconversionn of C24:6n-3 has remained controversial. Making use of fibroblasts from 
patientss with defined mitochondrial and peroxisomal fatty acid oxidation defects, we show 
inn this paper that peroxisomes, and not mitochondria, are involved in DHA formation by 
catalyzingg the p-oxidation of C24:6n-3 to C22:6n-3. Additional studies in fibroblasts from 
patientss with X-linked adrenoleukodystrophy (XALD), straight-chain acyl-CoA oxidase 
(SCOX)) deficiency, D-bifunctional protein (DBP) deficiency and rizomelic 
chondrodysplasiaa punctata (RCDP) type 1, and fibroblasts from L-bifunctional protein 
(LBP)) and sterol carrier protein X (SCPx) knockout mice, show that the main enzymes 
involvedd in p-oxidation of C24:6n-3 to C22:6n-3 are SCOX, DBP and both 3-ketoacyl-
CoAA thiolase and SCPx. These findings are of importance for the treatment of patients 
sufferingg from a defect in peroxisomal p-oxidation. 

Introductio n n 
Forr years, it was generally assumed that the biosynthesis of polyunsaturated fatty acids 
(PUFAs)) takes place in the endoplasmic reticulum, which is also the main site for 
phospholipidd biosynthesis (1). Docosahexaenoic acid (DHA) (C22:6n-3), the major PUFA 
inn adult mammalian brain and retina, was believed to be synthesized from dietary 
linolenicc acid (C18:3n-3) in a pathway consisting of a series of elongation and 
desaturationn reactions. This pathway required that C22:5n-3 becomes desaturated at 
positionn 4 by a microsomal acyl-CoA dependent A4-desaturase to form C22:6n-3. Several 
studiess in the past few years, however, have indicated that such a A4-desaturase does not 
appearr to exist (2-5). Instead, it was found that a 24-carbon n-3 fatty acid is synthesized, 
whichh is desaturated at position 6 to produce C24:6n-3, followed by one round of 
p-oxidationn with C22:6n-3 as final product. Although still disputed, the peroxisome is the 
likelyy site of C24:6n-3 p-oxidation. After its formation, DHA is transported back to the 
endoplasmicc reticulum where it is esterified into membrane lipids (6,7). Fig. 1 shows the 
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Fig.. 1 Pathway of DHA 
biosynthesis.. DHA is synthesized 
fromfrom dietary linolenic acid 
(C18:3n-3)) in a series of 
microsomall  elongation and 
desaturationn reactions, followed 
byy retroconversion of C24:6n-3 
too C22:6n-3 in the peroxisome 
viaa one round of p-oxidation. 

revisedd pathway for the biosynthesis of DHA. The synthesis of arachidonic acid (C20:4n-
6)) and C22:5n-6 from dietary linoleic acid (C18:2n-6) follows a similar pathway (1). 

Thee 0-oxidation step in the revised pathway of PUFA biosynthesis requires a 
considerablee exchange of unsaturated fatty acids between different subcellular 
compartmentss (6). Several lines of evidence suggest that peroxisomes are the intracellular 
sitee of this fl-oxidation step. First, patients suffering from Zellweger syndrome (a 
peroxisomee biogenesis disorder), who lack functional peroxisomes, have clearly reduced 
levelss of DHA, especially in brain and retina but also in liver, kidney (8) and blood (9). In 
addition,, in newborn PEX5 knockout mice, a mouse model for Zellweger syndrome, the 
DHAA concentration in the brain is also strongly reduced (40% as compared with levels in 
normall  littermates) (10). In an extensive study on n-3 fatty acid metabolism, Moore et at 
reportedd that control human fibroblasts metabolized [1- C]18:3n-3 to labeled C24:5n-3, 
C24:6n-33 and C22:6n-3 (5). In contrast, fibroblasts from patients suffering from Zellweger 
syndromee metabolized [l- 14C]18:3n-3 to C24:5n-3 and C24:6n-3, but not to C22:6n-3. 
Likewise,, [3-14C]-labeled 22:5n-3, 24:5n-3 and 24:6n-3 were all metabolized to C22:6n-3 
inn control, but not in Zellweger fibroblasts. Similar results were obtained by Petroni etal., 
whoo incubated control and Zellweger fibroblasts with [l- 14C]20:5n-3 (11). In a recent 
paper,, it was demonstrated that peroxisomes are required for biosynthesis of DHA from 
linolenicc acid in livers from neonatal piglets (12). This was concluded from the 
observationn that isotope-labeled DHA, and all the intermediates of the pathway, were 
formedd only when combined microsomal and peroxisomal fractions were incubated with 
[13C-U]18:3n-3. . 

Inn spite of the many experiments which show that peroxisomes are involved in the 
biosynthesiss of PUFAs, Infante etal. propose that synthesis of these fatty acid occurs in the 
outerr mitochondrial membrane via a channeled carnitine-dependent pathway (13,14). 
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Althoughh there is not much direct experimental evidence to support the existence of such 
aa mitochondrial pathway, a role for the mitochondrion in the biosynthesis of DHA 
cannott be ruled out with absolute certainty. We therefore set out to study the role of 
peroxisomess and mitochondria, and their fatty acid oxidation systems, in DHA synthesis 
inn more detail. 

Fig.. 2 shows a schematic representation of the peroxisomal p-oxidation system. There 
aree two complete sets of p-oxidation enzymes present in the peroxisome (15). Straight-
chainn acyl-CoA oxidase (SCOX) is responsible for the initial oxidation of very long-chain 
fattyy acyl-CoAs, while branched-chain acyl-CoA oxidase (BCOX) oxidizes branched-chain 
fattyy acyl-CoAs. The enoyl-CoA esters of both straight- and branched-chain fatty acids are 
thenn hydrated and subsequently dehydrogenated by the same enzyme: D-bifunctional 
proteinn (DBP). The function of the second multifunctional protein present in the 
peroxisome,, L-bifunctional protein (LBP), is still unknown. The last step of the 
p-oxidationn process, the thiolytical cleavage, is performed by sterol carrier protein X 
(SCPx)) in case of the branched-chain substrates, while straight-chain substrates most likely 
aree handled by both SCPx and the classical 3-ketoacyl-CoA thiolase. 

VLCFA-CoA A 

1 1 
Straight-chainn acyl-CoA oxidase 

L-Bifunctionall  protein 

3-Ketoacyl-CoAA thiolase 

11 ^ 
VLCFA-CoAA n-2 

Pristanoyl-CoA A 

Branched-chainn acyl-

^ ^ ^ ^ 

Trimethyltn n 

t t 
D-Bifunctional l 

11 1 

THC-CoA A 

4 4 
CoAA oxidase 

4 4 
protein n 

* * 

Steroll  carrier protein X 

t t 
idecanoyl-CoA A Choloi i fl-CoA fl-CoA 

Fig.. 2 Schematic representation of the fatty acid |3-oxidation machinery in human peroxisomes 
catalyzingg the oxidation of very long-chain fatty acyl-CoAs (VLCFA-CoA) and branched-chain fatty 
acyl-CoAss (pristanoyl-CoA and THC-CoA). Oxidation of VLCFA-CoAs (C24:0 and C26:0) 
involvess straight-chain acyl-CoA oxidase, D-bifunctional protein (DBP) and both 3-ketoacyl-CoA 
thiolasee and sterol carrier protein X (SCPx), while oxidation of branched-chain fatty acyl-CoAs 
involvess branched-chain acyl-CoA oxidase, DBP and SCPx (see (15) for review). 

Untill  now, only patients with an isolated defect of SCOX and DBP have been 
identified.. In addition, patients suffering from Rizomelic Chondrodysplasia Punctata 
(RCDP)) type 1 lack 3-ketoacyl-CoA thiolase in their peroxisomes. This is, however, not 
thee only deficiency in these patients. Due to a defect in PEX7, the gene encoding the 
peroxisomee targeting signal 2 (PTS2) receptor, their peroxisomes lack all proteins imported 
viaa this receptor, including alkyl-dihydroxyacetonephosphate synthase, an enzyme of the 
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plasmalogenn biosynthetic pathway, and phytanoyl-CoA hydroxylase, die first enzyme of 
thee peroxisomal a-oxidation pathway (16-18). No patients have been identified with a 
deficiencyy of BCOX, LBP and SCPx, but knockout mice have been created for the latter 
twoo enzymes (19,20). 

Too elucidate the role of both the peroxisome and mitochondrion, we studied the 
biosynthesiss of DHA from [l-14C]18:3n-3, [l-14C]20:5n-3 and [3-14C]24:6n-3 in 
fibroblastsfibroblasts from patients with a peroxisome biogenesis disorder and from patients with a 
deficiencyy of one of the following mitochondrial enzymes: carnitine palmitoyltransferase 
11 (CPT I), carnitine acylcarnitine translocase (CACT), carnitine palmitoyltransferase 2 
(CPTT II) and very long-chain acyl-CoA dehydrogenase (VLCAD). The first three enzymes 
aree necessary for the transport of activated fatty acids across the inner mitochondrial 
membranee (21) and the last enzyme is part of the mitochondrial P-oxidation system (22). 
Inn addition, we investigated the role of the various peroxisomal p-oxidation enzymes in 
DHAA biosynthesis by incubating fibroblasts from patients with a deficiency of SCOX and 
DBP,, patients suffering from RCDP type 1, and from LBP and SCPx knockout mice with 

C-labeledd precursors. We also studied DHA synthesis in fibroblasts from a patient 
sufferingg from X-linked adrenoleukodystrophy (XALD). These patients accumulate very 
long-chainn fatty acids because of an impaired peroxisomal p-oxidation of these fatty acids. 
However,, this is not caused by a deficiency of one of the enzymes of the p-oxidation 
system,, but by a defect of the peroxisomal membrane protein ALDP 
(adrenoleukodystrophyy protein) (23,24). 

Materialss and Methods 

Materials Materials 
Radiolabeledd [l-14C]18:3n-3, [l-14C]20:5n-3 and [l-14C]22:6n-3 were purchased from 
Neww England Nuclear (DuPont, Boston, MA). [3-14C]24:6n-3 was synthesized as 
describedd previously (2). Each radiolabeled fatty acid had a specific activity between 50 
andd 55 mCi/mmol. 

PatientPatient ceU lines 
Celll  lines were used from several patients suffering from various peroxisomal and 
mitochondriall  fatty acid p-oxidation disorders. The fibroblasts from patients with a 
peroxisomee biogenesis disorder studied in this paper were from four patients with 
Zellwegerr syndrome and one patient with neonatal adrenoleukodystrophy (NALD), which 
iss a less severe form of a peroxisome biogenesis defect. These patients all had the clinical 
andd biochemical abnormalities described for patients with a peroxisome biogenesis 
disorder,, including deficient C26:0 and pristanic acid p-oxidation and phytanic acid 
a-oxidationn (25). The fibroblasts from the XALD patient had impaired C26:0 p-oxidation, 
whichh is caused by a mutation in the gene encoding the peroxisomal membrane protein 
ALDPP (23,24). The SCOX and DBP deficient patients all had mutations in the encoding 
genee and no enzyme activity could be measured in fibroblasts of these patients (26-28). 
Peroxisomess from the patients with RCDP type 1 we studied, lack 3-ketoacyl-CoA thiolase 
duee to a mutation in the PEX7 gene encoding the PTS2 receptor. Immunoblot studies 
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performedd with an antibody raised against 3-ketoacyl-CoA thiolase revealed that only the 
unprocessedd protein of 44 kDa is present in fibroblast homogenates. It is known that 
3-ketoacyl-CoAA thiolase is synthesized as a precursor protein and is proteolytically cleaved 
too its mature form of 41 kDa inside the peroxisome (29). Cultured skin fibroblasts from an 
SCPxx knockout mouse were obtained from Dr. U. Seedorf (Westphalian Wilhelms-
Universityy Munster, Germany) (19) and fibroblasts of an LBP knockout mouse were 
generatedd by Qi et al. (20). Both knockout mice have been fully characterized and 
completelyy lack SCPx or LBP gene function, respectively. The fibroblasts from patients 
withh a mitochondrial (5-oxidation disorder used in this study were from patients with a 
confirmedd deficiency of CPT I, CACT, CPT II or VLCAD due to mutations in the 
encodingg genes (see (22) for review). These mutations result in a deficiency of 
mitochondriall  fatty acid oxidation as established by individual enzyme activity 
measurementss in cultured skin fibroblasts. 

Alll  patient cell lines used in this study were taken from the cell repository of the 
Laboratoryy for Genetic Metabolic Diseases (Academic Medical Center, University of 
Amsterdam,, the Netherlands) and were derived from patients diagnosed in this center. 
Informedd consent was obtained from parents or guardians of the patients whose 
fibroblastsfibroblasts were studied in this paper and the studies were approved by the Institutional 
Revieww Board of the Academic Medical Center, University of Amsterdam. 

ExperimentalExperimental protocol 
DHAA synthesis from [l-14C]18:3n-3, [l-14C]20:5n-3 and [3-14C]24:6n-3 was studied in 
culturess of fibroblasts grown in tissue culture flasks (25 cm). Incubations were carried out 
inn minimal essential medium (MEM) supplemented with penicillin/streptomycin, and 
containingg 10% fetal calf serum (fatty acid free), 20 mM HEPES and 14C-labeled fatty 
acid.. In case of [l-14C]18:3n-3 and [l-14C]20:5n-3 the incubation was carried out with 2 
uMM labeled fatty acid, while [3- C]24:6n-3 was used at a concentration of 0.2 uM. The 
fibroblastsfibroblasts were kept in an incubator at 37°C for 96 h except for the incubations with 
[3-14C]24:6n-3,, which were terminated after 24 h. Parallel incubations were performed to 
determinee the amount of protein. 

LipidLipid analyses 
Lipidss were extracted from the incubation medium as described by Moore etal. (5). Briefly, 
thee lipids were extracted with a 2:1 (v/v) mixture of chloroform-methanol containing 1% 
aceticc acid (v/v). The chloroform phase was dried under N2, the residue resuspended in 
22 ml 1.5 N HCl/methanol and heated to 90°C for 2 h to produce fatty acid methyl esters. 
Afterr extraction of the methyl esters in heptane, the heptane phase was dried under N2 
andd the residue resuspended in 150 ul 70% acetonitrile, which was stored at -20°C until 
analysis.. Seventy microliters of the sample was subjected to high performance liquid 
chromatographyy (HPLC) analysis as described below. 

Too isolate cellular lipids, the incubation medium was removed and the fibroblasts were 
scrapedd into 1 ml of methanol and transferred to a screw-top glass vial. The tissue culture 
flasksflasks was washed with 1 ml 3N HCl/methanol, which also was transferred to the glass 
vial.. Finally, fatty acid methyl esters were produced and extracted as described above. 
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HPLCHPLC analysis 
Radioactivee methyl esters prepared from the cell lipids or incubation medium were 
separatedd by reversed-phase HPLC. A reversed-phase C^-column (4.6 x 150 mm; 
Beekman,, Fullerton, CA) with 5 urn spherical packing was used with a mobile phase of 
waterr and acetonitrile in a two-step isocratic elution (76°/o acetonitrile for 50 min, 90% 
acetonitrilee for 10 min), followed by an equilibration period of 10 min at 76% acetonitrile. 
Thee effluent was mixed with scintillation solution at a 1:1 ratio, and the radioactivity was 
measuredd by passing the mixture through an online Radiomatic Instruments (Packard, 
Meriden,, CT) Flo One-p radioactivity detector. The system was standardized with methyl 
esterss of the following radiolabeled fatty acids: C18:3n-3, C20:5n-3, C24:6n-3 and 
C22:6n-3. . 

Results s 

Peroxisomall  versus mitochondrial involvement in DHA biosynthesis 

LinolenicLinolenic acid (Cl8:3n-3) utilization 

Afterr a 96-h incubation of control human skin fibroblasts with [1- C]18:3n-3, substantial 
amountss of the radiolabeled fatty acids contained in the cells consisted of C22:6n-3 (mean 
valuee in 5 different control fibroblast cell lines was 15.5%) (see Table 1). In addition, 
radioactivityy was detected in almost all intermediates of the proposed pathway of DHA 
biosynthesiss (Fig. 1), including radiolabeled C24:5n-3 and C24:6n-3 (Fig. 3). Similar 
resultss were obtained with fibroblasts from patients with a deficiency of mitochondrial 
fattyy acid oxidation. Fibroblasts from patients with a deficiency in one of the steps 
involvedd in the mitochondrial carnitine shuttle (CPT I, CACT or CPTII) as well as from a 
patientt with a defect of the first enzyme of the mitochondrial fatty acid oxidation system, 
VLCAD,, revealed normal synthesis of DHA from radiolabeled linolenic acid compared to 
thee synthesis observed in control fibroblasts (Table 1). In contrast, no radiolabeled 
C22:6n-33 was formed in fibroblasts from patients with Zellweger syndrome, although the 
[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. 
Fibroblastss from a patient with NALD, a milder variant of Zellweger syndrome 
characterizedd by a less severe peroxisomal deficiency, synthesized some radiolabeled DHA 
butt only 1% of the radioactivity was converted to C22:6n-3 after the incubation period 
(Tablee 1). 

Analysiss of the radiolabeled fatty acids excreted in the medium revealed a similar 
patternn as the analysis of the fatty acids contained in the cells. This was true for both 
controll  skin fibroblasts as well as fibroblasts from patients with a mitochondrial or 
peroxisomall  defect (data not shown). This is in agreement with the findings by Moore etal. 
(5),, who concluded that these mitochondrial and peroxisomal defects do not cause 
selectivee retention or release of certain radiolabeled fatty acids. Therefore, all results shown 
aree obtained by analysis of the cells only. 
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EicosapentaenoicEicosapentaenoic acid (C20:5n-3) utilization 
Similarr results were obtained after incubation of fibroblasts with [1- C]20:5n-3 (Table 2). 
Afterr an incubation of 96 h, control fibroblasts produced radiolabeled C22:5n-3 and 
C22:6n-3,, as well as small amounts of C24:5n-3 and C24:6n-3. Fibroblasts from patients 
withh a deficiency of either CPT I, CACT, CFT II or VLCAD revealed normal synthesis of 
DHAA from [1- C]20:5n-3. Fibroblasts from patients with Zellweger syndrome, however, 
producedd no radiolabeled DHA. In contrast, they accumulated large amounts of C24:6n-3 
(aboutt 10-times more than observed in control fibroblasts). Incubations of fibroblasts 
fromm a patient with NALD resulted in intermediate values. These fibroblasts produced 
10%% of the amount of radiolabeled DHA formed in control fibroblasts and accumulated 
aboutt 6-times the normal amount of C24:6n-3. 

Fig.. 3 Radiolabeled fatty acids contained in 
thee cell lipids of fibroblast cultures 
incubatedd with 2 uM [l-14C]18:3n-3 for 96 
h.. After the cell lipids were extracted and 
methylated,, the radiolabeled material was 
analyzedd by high performance liquid 
chromatographyy (HPLC) with an online 
flowflow liquid scintillation detector. The 
HPLCC traces shown are from a control 
humann skin fibroblast cell line (A), a 
patientt with Zellweger syndrome (B) and a 
CACT-- deficient patient (C). 
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TetracosahexaenoicTetracosahexaenoic acid (C24:6n-3) utilization 
Thee results with [l- 14C]18:3n-3 and [l- 14C]20:5n-3 support the finding by Moore etal. (5) 
thatt the pathway for DHA synthesis from n-3 fatty acid precursors in human fibroblasts 
involvess the formation of 24-carbon polyunsaturated intermediates, followed by 

117 7 



m m 
C C 

i n n 

ö ö 
Cs] ] 

u u 
* — 1 1 
t — 1 1 

- f i i 
•4 -1 1 

't 't 
Ö Ö 
o o 

• ö ö 
CS S 

- Q Q 
3 3 

j b b 
s © © 

a\ a\ 
es s 

k H H 

u u 
cS S 

4 - i i 

J 3 3 
O O 

J3 3 

Ö Ö 

a a CA A 

«J J 
CA A 
3 3 
O O 

a a 
T 3 3 

,3 3 

Ü Ü 
E E 
3 3 

_c c 

>, , J 3 3 

-o o 
CD D 

!_) ) 3 3 
T J J 

e e 
O H H 

-4-* * 

-a a 
JÜ Ü 
I J J 
j a a 
rt rt 
O O 

-a a 

<2 2 
( S S 

u u 

2 2 cd d 

H H 

o o 
l-H H 

O H H 

M l l 

a a 
cu u 
Cu u 

's? ? 

s s M M 
cu u 

ex x 
'S S 
3 3 
O O 

ï ï tï ï 
CU U 

' u u 
n n 

£ £ 
-o o 

rd d 

"o o 
^3 3 

I-H H 

U i i 

o o 
.!_, , e e 
3 3 O O 

1 1 

ro o 

41 1 r j j 
t N N 

u u 

np p 

9 9 
sO O 
4r r 
<s s 
U U 

<T) ) 

d d 
f2 2 

3 3 

ro o 
a a 
f ï ï 
csi i 
(S S 
Ü Ü 

rt rt 

•É É 
© © 

U U 

u u 

& & 
ni i 

3 3 O O 
i-i i 

J - i i 

tc c 

3 3 

<NN - H 

i nn -H 

s? ? 
s s 

mm  ,—i 

U II ,-H 
f NN *-> r ss ^ H 

—ii  rsl 
see - * 

S? ? Oss ' T 

.-HH l O 

^- ii oo 

53 3 a a 

«H H 

jyy « r-

22 § 2 
+i i 

u-jj t l - T—II O O 

8s s 

S S 
t NN <-i —< 

N N 

f ~ ~ 

+1 1 
' d --
sO O 
<N N 

s s 

ro o 

II I 

o o 
( ) ) oo o 

CM M 

-H H 
ON N 
t ^ ^ 
U I I 

ro o 
m m 

ro o 

II I 

Cu u 
CQ Q 
Q Q 

• — < < 

+i i 
sO O 
O O 
r>» » 
0 0 0 
ro o 

ro o 

|| | 3. . 
CU U 

eu u 
Q Q 
U U 
tó tó 

5 5 
f i i 
r o o 
s o o 

3 3 
O O 

a a 

e e 
o o 

U U 

r--OO O 
r^ ^ 

« « 
3 3 
O O 

a a 
CU U 
EO O 
J J 

ro o 
OO O 
i n n 

so o 
O O 

3 3 
O O 

S S 

O H H 

o o oo o 

-T33 > 

- rr ö 

•oo »e 

SS 14 
cuu . y 

•5'S. . 
^^ * 
«•• e 

too OJ 

aa ^ 
CUU K - CC u 

HH S 

•a-S S 
CC '> 

118 8 



PeroxisomalPeroxisomal ̂ -oxidation enzymes involved in DHA biosynthesis 

Fibroblast t 

Controls s 

Zellweger r 

CACT T 

SCOX X 

type e C24:6n-3 3 

3,609 9 
2,945 5 

9,692 2 
10,023 3 

2,321 1 
2,876 6 

11,091 1 
11,068 8 

retroconversionn of C24:6n-3 to C22:6n-3. To study this retroconversion reaction more 
directly,, fibroblasts were incubated with [3- Cj24:6n-3 (Table 3). Control fibroblasts 
convertedd almost all radiolabeled C24:6n-3 to C22:6n-3, which also was observed in 
fibroblastsfibroblasts from patients with a CACT deficiency. The rate of (3-oxidation of this substrate 
inn these cell lines was 10 pmol/h/mg. Fibroblasts from patients with Zellweger syndrome, 
however,, produced no radiolabeled DHA (Fig. 4). 

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

Amountt of radiolabeled fatty acid detected (counts per min) per mg protein 
C22:6n-3 3 
15,227 7 
13,832 2 

0 0 
0 0 

12,864 4 
13,777 7 

856 6 
2,129 9 

DBPP 8,356 839 
Thee methyl esters of the radiolabeled fatty acids contained in the cells were separated by HPLC. 
Alll  incubations were performed in triplicate. 

Rolee of the peroxisomal fatty acid ^-oxidation enzymes in DHA biosynthesis 

LinolenicLinolenic acid (C18:3n-3) utilization 

Thee results obtained in fibroblasts from patients lacking functional peroxisomes and 
patientss with a mitochondrial fatty acid oxidation defect confirmed that the peroxisome, 
andd not the mitochondrion, is the site for retroconversion of C24:6n-3 in the pathway for 
C22:6n-33 synthesis. Since the peroxisomal p-oxidation system consists of two separate sets 
off  enzymes, the question was which enzymes would be responsible for the ^-oxidation 
processs in the pathway of DHA synthesis. To investigate this, we studied DHA synthesis 
fromm radiolabeled precursors in fibroblasts from patients with a deficiency of one of the 
p-oxidationn enzymes or from knockout mice lacking one of the enzymes. After 96-h 
incubationn of human skin fibroblasts deficient for SCOX activity with [1- C]18:3n-3,1% 
off  the radiolabeled fatty acids contained in the cells consisted of C22:6n-3 compared to 
15.5%% in control fibroblasts (see Table 1 and Fig. 5). In fibroblasts from patients with a 
deficiencyy of DBP 2.6% of the radiolabeled fatty acids was C22:6n-3 (Table 1 and Fig. 5). 
Bothh SCOX- and DBP-deficient fibroblasts accumulated relatively large amounts of 
C24:6n-33 (about 6- and 3-times more than observed in control fibroblasts, respectively). In 
contrast,, DHA synthesis from [l-14C]18:3n-3 was normal in fibroblasts from patients with 
RCDPP type 1, characterized by the absence 3-ketoacyl-CoA thiolase in their peroxisomes, 
andd from an XALD patient. The results obtained after incubation of skin fibroblasts from 
aa control mouse with [1- C]18:3n-3, were comparable with the results in control human 
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skinn fibroblasts. In fibroblasts from both the LBP and SCPx knockout mouse normal 
synthesis s 
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ofC22:6n-3 3 wass observed (Table 1). 
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Fig.. 4 Radiolabeled fatty acids contained in the cell lipids of fibroblast cultures incubated with 
0.22 uM [3-14C]24:6n-3 for 24 h. After the cell lipids were extracted and methylated, the 
radiolabeledd material was analyzed by high performance liquid chromatography (HPLC) with an 
onlinee flow liquid scintillation detector. The HPLC traces shown are from a control human skin 
fibroblastt cell line (A), a patient with Zellweger syndrome (B), a DBP-deficient patient (C), and a 
CACT-deficientt patient (D). 

EicosapentaenoicEicosapentaenoic acid (C20:5n-3) utilization 
Similarr results were obtained after incubation with 14, , [l- i4C]20:5n-33 (see Table 2). In 
fibroblastss of patients with SCOX and DBP deficiency about 10% and 18%, respectively, 
off  the amount of radiolabeled DHA synthesized by control fibroblasts was produced. In 
fibroblastss from patients with RCDP type 1 and XALD, however, no deficiency in DHA 
synthesiss was found. Compared to the C22:6n-3 production from [1- C]20:5n-3 in 
controll  mouse skin fibroblasts, the production in fibroblasts from both the LBP and SCPx 
knockoutt mouse was also normal. 

TetracosahexaenoicTetracosahexaenoic acid (C24:6n-3) utilization 
Incubationss with [3- C]24:6n-3 were performed to study directly the retroconversion of 
thiss substrate to C22:6n-3 in peroxisomal p-oxidation mutants. Both fibroblasts of 
patientss with an SCOX deficiency and of a patient with a deficiency of DBP formed very 
littl ee radiolabeled DHA, only 10% and 6% respectively of the amount produced in 
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controll  fibroblasts (Table 3, Fig. 4). The p-oxidation rate of [3-14C]24:6n-3 in these 
fibroblastss was 0.7 and 0.4 pmol/h/mg, respectively, compared to 10 pmol/h/mg in 
controll  fibroblasts. 

C20:5 5 

Timee (min) Time (min) 

Fig.. 5 Radiolabeled fatty acids contained in the cell lipids of fibroblast cultures incubated with 2 \iM 
[1-- C]18:3n-3 for 96 h. After the cell lipids were extracted and methylated, the radiolabeled material 
wass analyzed by high performance liquid chromatography (HPLC) with an online flow liquid 
scintillationn detector. The HPLC traces shown are from a control human skin fibroblast cell line (A), 
ann SCOX-deficient patient (B), a DBP-deficient patient (C) and an RCDP type 1 patient (D). 

Discussion n 

Althoughh many experimental data have been presented in the last few years which indicate 
thatt a peroxisomal |3-oxidation step is part of the biosynthetic pathway of DHA, the role 
off  the peroxisome in this pathway has remained subject of discussion. Our studies with 
controll  fibroblasts and fibroblasts from patients with Zellweger syndrome show that 
synthesiss of C22:6n-3 in human cells involve peroxisomal retroconversion of C24:6n-3. 
Whenn fibroblasts from Zellweger patients were incubated with [1- C]18:3n-3 or 
[1-- C]20:5n-3 radiolabeled C24:6n-3 was formed, while no radiolabeled C22:6n-3 could 
bee detected. This shows that C24:6n-3 is not an elongation-product from C22:6n-3, but 
thatt C24:6n-3 is an intermediate in DHA synthesis. In fibroblasts from patients with a 
deficiencyy of one of the mitochondrial enzymes CPT I, CACT, CFT II or VLCAD, the 
synthesiss of radiolabeled C22:6n-3 from either [1- C]18:3n-3 or [1- C]20:5n-3 was 
normal.. These results support the pathway proposed by Voss et at (2), who suggested that 
insteadd of a direct conversion of C22:5n-3 to C22:6n-3 by a microsomal A4-desaturase, 
C22:5n-33 is first elongated to C24:5n-3, which is then desaturated by a A6-desaturase to 
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C24:6n-3,, followed by retroconversion of C24:6n-3 to C22:6n-3. This is also in agreement 
withh recent findings in a patient with a A6-desaturase deficiency, a newly identified 
disorderr (30). Fibroblasts of this patient hardly formed any C22:6n-3 from C24:5n-3, 
whilee the conversion of C24:6n-3 to C22:6n-3 was normal. In this paper, we directly 
evaluatedd this last step of DHA synthesis and found that fibroblasts from peroxisome-
deficientt patients did not convert [3-14C]24:6n-3 to radiolabeled C22:6n-3, while this 
conversionn was normal in fibroblasts from patients with a mitochondrial fatty acid 
oxidationn defect. This confirms the results obtained by Moore et al. (5) that DHA 
biosynthesiss in human fibroblasts is a peroxisome-dependent process. 

DHAA plays an important role in the structure of cell membranes, particularly of 
neuronall  tissues and retinal photoreceptor cells, which suggests that the DHA deficiency 
observedd in Zellweger patients could very well be involved in the clinical symptomatology 
off  this syndrome (demyelination, psychomotor retardation and retinopathy). It has been 
claimedd that supplementation of DHA might result in, at least, some clinical 
improvementt in Zellweger patients (31,32). Since peroxisomal pi-oxidation is an essential 
stepp in the biosynthesis of DHA, studies in patients with a deficiency of a single 
P-oxidationn enzyme could shed more light on the role of DHA in the pathology of 
peroxisomall  fatty acid oxidation disorders. Because of these possible clinical implications, 
itt is important to know which of the p-oxidation enzymes are responsible for the oxidation 
ofC24:6n-3. . 

C24:66 (n-3)-CoA 

// \ 

Straight-chainn acyl-CoA oxidase 

L-Bifunctionall  protein 

3-Ketoacyl-CoAA thiolase 

Branched-chainn acyl-CoA oxidase 

D-Bifunctionall  protein 

Steroll  carrier protein X 

C22:66 (n-3)-CoA (DHA-CoA) 

Fig.. 6 Schematic representation of the fatty acid ^-oxidation machinery in human peroxisomes 
involvedd in the retroconversion of C24:6n-3 to C22:6n-3. Our results showed that C24:6n-3 is 
p-oxidizedd by the same set of enzymes involved in the p-oxidation of the very long-chain fatty acids 
C26:00 and C24:0 (see Fig. 2). Oxidation of C24:6n-3 involves straight-chain acyl-CoA oxidase 
(SCOX),, D-bifunctional protein (DBP) and both 3-ketoacyl-CoA thiolase and sterol carrier protein X 
(SCPx).. Branched-chain acyl-CoA oxidase and L-bifunctional protein, however, are also both able to 
handlee this substrate, but cannot maintain normal C22:6n-3 production without SCOX and DBP 
activity,, respectively. 
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Thee results obtained in this study show that C24:6n-3 is p-oxidized by the same set of 
enzymess as used for the p-oxidation of the very long-chain fatty acids C26:0 and C24:0 
(seee 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). Upon incubation of 
fibroblastss of patients with a deficiency of SCOX with [3-14C]24:6n-3, a strongly reduced 
ratee of C24:6n-3 P-oxidation was found. However, some residual activity was present. It is 
nott likely that the defective SCOX protein is responsible for this residual activity, since no 
SCOXX protein can be detected when performing immunoblot analysis in any of the 
SCOX-deficientt cell lines used in this study and it has been established that one of these 
patientss has a large deletion of the SCOX gene (26). This suggests that the other 
peroxisomall  oxidase, BCOX, can also handle this substrate, but that its activity is not 
sufficientt for normal C22:6n-3 production. It is also unlikely that the mitochondrial 
P-oxidationn system is responsible for the residual activity, because in fibroblasts of 
Zellwegerr patients, in which both SCOX and BCOX are lacking, there is no C24:6n-3 
p-oxidationn activity, while in patients with a deficiency of mitochondrial fatty acid 
p-oxidationn normal activity was measured. In case of the second and third step of the 
P-oxidationn process of C24:6n-3, our studies showed that, as for C26:0, DBP is responsible 
forr these steps. As in SCOX-deficient patients, some residual activity was present in 
DBP-deficientt patients. The fact that no DBP protein can be detected upon immunoblot 
analysiss in virtually all patients studied, argues against a role of DBP in residual C22:6n-3 
formationn in DBP-deficient cells. The most likely explanation is that the other 
peroxisomall  multifunctional enzyme, LBP, can also act on this substrate. Studies in 
fibroblastsfibroblasts of an LBP knockout mouse have shown, however, that LBP activity is not 
essentiall  for DHA production. In the presence of either one of the peroxisomal thiolases 
normall  amounts of DHA were produced from labeled precursors, which shows that both 
thiolasess are able to perform the last step of C24:6n-3 p-oxidation and can maintain 
normall  C22:6n-3 production by themselves, in the absence of the other thiolase. This also 
hass been observed for C26:0 p-oxidation, which is normal both in patients with RCDP 
typee 1 and in SCPx knockout mice, in contrast to pristanic acid p-oxidation which is 
deficientt in mice lacking SCPx function (33). It should be noted, however, that for the 
interpretationn of our results we assume that the pathway of DHA biosynthesis is similar in 
mann and mice. 

Ourr results obtained with fibroblasts from an XALD patient indicate that p-oxidation 
off  C24:6n-3 does not follow the exact same route as C26:0 and C24:0. The peroxisomal 
membranee protein ALDP, which is mutated in patients suffering from XALD resulting in 
impairedd p-oxidation of very long-chain fatty acids, including C26:0 and C24:0, appears 
nott to be involved in retroconversion of C24:6n-3. We found that DHA synthesis is 
normall  in fibroblasts from an XALD patient, which is in agreement with results obtained 
byy Petroni etal, (11). 

Becausee of our results in fibroblasts from SCOX- and DBP-deficient patients, it would 
bee interesting to investigate DHA levels in these patients. Martinez already showed that 
onee patient with a deficiency of DBP (which was called bifunctional enzyme deficiency at 
thatt time) had low brain DHA levels, although they were not so severely reduced as in 
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patientss with a peroxisome biogenesis disorder (8). In addition, a preliminary study 
performedd by our group on PUFA composition in plasma samples from 10 DBP-deficient 
patients,, revealed reduced DHA levels in 5 patients (unpublished data). This might reflect 
thee 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 
DHAA and its precursors in the diet influences the PUFA composition of membrane lipids, 
andd this influence probably becomes even greater in case of reduced DHA synthesis as in 
DBPP patients. 
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