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Summary 

In this paper we show that cultured chorionic villous fibroblasts efficiently 
catalyse the peroxisomal P-oxidation of hexacosanoic acid (cerotic acid), a saturated 
very long chain fatty acid containing 26 carbon atoms. Hexacosanoic P-oxidation 
was found to be strongly impaired in cultured chorionic villous fibroblasts from a 
Zellweger foetus. This finding indicates that measurement of peroxisomal P-oxida- 
tion can be used (in addition to measurement of acyl-CoA: dihydroxyacetone 
phosphate acyltransferase, de novo plasmalogen biosynthesis, the amount of par- 
ticle-bound catalase and phytanic acid oxidase) for prenatal diagnosis in the first 
trimester of Zellweger syndrome, infantile Refsum disease and neonatal adren- 
oleukodystrophy. The method should be equally applicable to the early prenatal 
diagnosis of disorders in which there is a deficiency of a single peroxisomal 
P-oxidation enzyme. Such diseases include X-linked adrenoleukodystrophy (per- 
oxisomal very long chain fatty acyl CoA ligase deficiency), ‘pseudo-Zellweger 
syndrome’ (peroxisomal 3-oxoacyl-CoA thiolase deficiency) and ‘pseudo-neonatal 
adrenoleukodystrophy’ (acyl-CoA oxidase deficiency). 
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Introduction 

The strong deficiency of peroxisomes in patients with Zellweger syndrome [l] has 
generally been held responsible for the multitude of biochemical abnormalities 
found in these patients which include elevated levels of di- and trihydroxy- 
coprostanoic acid, pipecolic acid, phytanic acid and very long chain fatty acids in 
the patients’ plasma (for reviews, see refs. [2-51). Very long chain fatty acids were 
initially thought to accumulate only in patients with X-linked adrenoleukodystrophy 
(for reviews, see refs. [6,7]). However, in 1982 Brown et al [8] reported that very long 
chain fatty acid levels were also elevated in plasma from patients with Zellweger 
syndrome and neonatal adrenoleukodystrophy. Recent studies have shown that very 
long chain fatty acids are also elevated in infantile Refsum disease [9,10], hyper- 
pipecolic acidaemia [4], pseudo-Zellweger syndrome [ll] and pseudo-neonatal 
adrenoleukodystrophy [12]. All these inborn errors of metabolism are severe diseases 
usually leading to death within the first decade of life. In principle, prenatal 
diagnosis could be done in the first trimester by measurement of very long chain 
fatty acid P-oxidation in cultured chorionic villous cells. However, no information is 
available thus far on whether chorionic villous fibroblasts are capable of very long 
chain fatty acid P-oxidation. We, therefore, decided to study hexacosanoic acid 
(cerotic acid; C26 : 0) P-oxidation in cultured chorionic villous fibroblasts. The 
results described in this paper indicate that hexacosanoic acid is oxidized efficiently 
in these cells. In chorionic villous fibroblasts from a Zellweger foetus hexacosanoic 
acid P-oxidation was found to be strongly deficient. This finding indicates that the 
method can be used for the prenatal detection of any peroxisomal disorder in which 
there is a net deficiency in peroxisomal P-oxidation of very long chain fatty acids 
either due to the absence of one (X-linked adrenoleukodystrophy, pseudo-Zellweger 
syndrome, pseudo-neonatal adrenoleukodystrophy) or all (Zellweger syndrome, in- 
fantile Refsum disease, neonatal adrenoleukodystrophy) peroxisomal P-oxidation 
enzyme proteins. 

Materials and methods 

Cell culture conditions 
Chorionic villous biopsies were taken transcervically at 7-9 weeks of gestation. 

After dissection of the biopsy under a stereo-microscope tissue was placed into 
plastic culture flasks and cells cultured as described for fibroblasts derived from 
skin [13]. At the time of confluency cells were collected by trypsinisation, as 
described in detail before [13]. Cells were pelleted by centrifugation (500 x g,,, 5 
min) at room temperature in a Sorvall-GLC-1 centrifuge and the pelleted cells were 
subsequently washed twice in phosphate-buffered saline (150 mmol/l NaCl plus 10 
mmol/l potassium phosphate, pH 7.4). The final pellet was taken up in a buffer 
containing 250 mmol/l sucrose plus 5 mmol/l morpholinopropane sulphonic acid 
(MOPS)-NaOH (final pH 7.4). Skin fibroblasts were grown and processed exactly as 
described before [ 131. 
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Measurement of fatty acid oxidation 
Incubations were carried out at 37 o C for 60 min using a medium (total volume: 

200 ~1) of the following composition: 300 mmol/l sucrose, 50 mmol/l morpholino- 
propane sulphonic acid (pH 7.4), 10 mmol/l ATP, 1 mmol/l NAD+, 100 pmol/l 
FAD+, 5 mmol/l MgCl,, 200 pmol/l coenzyme A, and 10 pmol/l [l-i4C]hexa- 
cosanoic acid (spec. act. 51 mCi/mmol) dissolved in a-cyclodextrin (final con- 
centration of a-cyclodextrin in the reaction mixture 1 mg/ml). Reactions were 
started by the addition of fibroblasts (20 ~1) at a final concentration of 0.2-0.4 mg 
protein per ml. Reactions were terminated after 60 min and the amount of 14C02- 
and l4 C-radiolabelled water-soluble products generated was measured as described 
[14,15]. 

Very long chain fatty acids analysis 
Very long chain fatty acids in cultured skin fibroblasts were determined as 

described by Moser and coworkers [16-181 with some modifications as described 
below. In short, about 1 mg of packed human skin fibroblasts grown as described 
before [13] and kept at - 80 o C until analysis was suspended in 500 ~1 of H,O and 
disrupted by sonication. Total lipid extracts were subsequently prepared as de- 
scribed [16,17] and taken to dryness under N, after prior addition of heptacosanoic 
(C27 : 0) methyl ester as internal standard. To each dry total lipid extract 1.5 ml of 1 
mol/l hydrochloric acid in methanol was added and the capped tubes placed in an 
oven at 75 ‘C for 16 h, followed by cooling at room temperature. Samples were 
dried again under N,, solubilized in chloroform/methanol in a v/v ratio of 2 : 1 and 
applied to prewashed 0.25 p silica gel G-60 thin layer plates (Merck, Darmstadt, 
FRG). On both sides of the TLC plate, a mixture of methylesters ranging from 
Cl4 : 0 to C27 : 0 was applied and cochromatographed. Plates were developed for 1 
h in toluene/ether (97 : 3 v/v). Plates were subsequently dried in air. After 10 min 
of air drying, methylesters were visualized by blowing over fumes of sodium. The 
area corresponding to the methyl ester references was scraped off and the scraped 
material was subsequently extracted with 1 ml of hexane. The hexane phase was 
collected by centrifugation (1000 x g,,, 2 min) at room temp. This procedure was 
repeated twice. The combined hexane extracts were taken to dryness under N, and 
the final residue was dissolved in about 30 ~1 hexane. 1 ~1 portions of this extract 
were subsequently analysed on a Packard gas-liquid chromatograph (mode 438) 
equipped with a 25 m x 0.20 capillary column (100% dimethylpolysiloxane; HP-101) 
using a splitless capillary injection systems with a gas flow rate of 25 cm/s (helium) 
and flame ionization detection. Chromatography conditions were as follows. Injec- 
tor temperature 275 ’ C; detector temperature 280 ’ C; initial oven temperature, 
50 ’ C; from 50 ’ C to 180 o C at 20 o C/min with a final isothermal delay time of 0.3 
min, then to 240’ C at 2.5 ’ C/min with a final isothermal delay time of 5 min, and 
finally to 275’C at 2.5 “C/mm with a final isothermal delay time of 10 min. 
Identification of individual peaks occurred by co-chromatography with authentic 
standards. Peaks were measured with a Shimadzu Chromatopac Data processor 
(Mode 604) and expressed as percentage of total fatty acids with chain length of 14 
carbon atoms or more. 



306 

Materials 
Nucleotides and enzymes were from Boehringer (Mannheim, FRG) or Sigma (St. 

Louis, MO, USA). [1-‘4C]Hexacosanoic acid was prepared as described by Singh et 
al [19] and found to be radiochemically pure as assessed by thin-layer chromatogra- 
phy. All other reagents were of analytical grade. 

Patients 
The patients studied in this paper were selected on the basis of established 

diagnoses based on clinical and biochemical grounds. The Zellweger patients have 
been described elsewhere (Heymans et al [20]; Wanders et al [21]). The neonatal 
adrenoleukodystrophy patients have been described in refs. [22-241. The infantile 
Refsum patients studied represent the cases described by Scotto et al [25] and 
Poll-The et al [lo]. Fibroblasts from a hyperpipecolic acidaemia patient (Thomas et 
al [26]) were obtained from the Human Genetic Mutant Cell Repository (National 
Institutes of Health, Camden, USA). Full details on the pseudo-neonatal adren- 
oleukodystrophy (acyl-CoA oxidase deficiency) patient will be described elsewhere 
(Poll-The et al, in prep.; see [12]). 

Results 

We studied very long chain fatty acid P-oxidation in cultured skin fibroblasts 
from patients with Zellweger syndrome, neonatal adrenoleukodystrophy, infantile 

TABLE I 

Very long chain fatty acid accumulation (C26/C22 ratio) and hexacosanoic acid (C26 : 0) P-oxidation in 

skin fibroblasts from controls and patients with different peroxisomal disorders 

Fibroblast phenotype C26/C22 ratio a Hexacosanoic acid 

b-oxidation activity 

(pmol/min per 

mg protein) 

Controls 

Zellweger syndrome 

Infantile Refsum 

disease 

Neonatal adrenoleuko- 

dystrophy 

Hyperpipecolic 

acidaemia 

X-linked adrenoleuko- 

dystrophy 
Acyl-CoA oxidase 

deficiency 

0.067 * 0.036 (0.01-0.15) 

(n = 39) 

0.57 i-O.23 (0.21-0.98) 

(n =17) 

0.70 f 0.44 (0.21-1.05) 

(n=3) 

0.54 f 0.27 (0.25-0.86) 

(n=5) 
n.d. b 

0.43 f 0.15 (0.26-0.66) 

(?I = 7) 

0.27; 0.30 

2.23 & 0.41 

(n =lO) 

0.18*0.10 

(n=6) 

0.22 f 0.08 

(n=7) 

0.19*0.05 

(n=6) 

0.12 *0.05 

(n = 3) 

0.87 * 0.21 
(n=8) 

0.22 f 0.06 

(n = 3) 

’ C26/C22 very long chain fatty acids and hexacosanoic acid P-oxidation were measured as described in 

‘Materials and Methods’. Values are mean f SD with the range given in brackets. 

b n.d.. not determined. 
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TABLE II 

Hexacosanoic acid p-oxidation in chorionic villous fibroblasts from controls and a Zellweger foetus a 

Chorionic villous Hexacosanoic acid p-oxidation activity 

fibroblasts phenotype (pmol/min per mg protein) 

Control 2.1 f 0.4 (5) 

Zellweger syndrome 0.05; 0.10 

a For details see ‘Materials and Methods’. Results expressed as mean+ SD. 

Refsum disease, hyperpipecolic acidaemia, X-linked adrenoleukodystrophy and 
pseudo-neonatal adrenoleukodystrophy (acyl-CoA oxidase deficiency) (Table I). 
Fatty acid P-oxidation was determined by measuring the production of i4C02 plus 
i4C-radiolabelled water-soluble products from [l-‘4C]hexacosanoic acid. The results 
show that there is a substantial reduction in the rate of hexacosanoic acid P-oxida- 
tion in cultured skin fibroblasts from the patients thus explaining the elevated 
C26/C22 ratios in fibroblasts from these patients (see column 2 of Table I). 

Table II shows that normal chorionic villous fibroblasts efficiently catalyze the 
&oxidation of [l-‘4C]hexacosanoic acid to l4 CO, and i4C-labelled water-soluble 
products. The activity measured is comparable to the rate of hexacosanoic acid 
/?-oxidation in cultured skin fibroblasts from controls (cf. Table I). In chorionic 
villous fibroblasts from a foetus at risk for Zellweger syndrome a substantially 
reduced rate of cerotic acid P-oxidation was found. The diagnosis of Zellweger 
syndrome was confirmed in further studies showing a deficient acyl-CoA : dihy- 
droxyacetone phosphate acyltransferase activity, a deficient de novo plasmalogen 
biosynthesis, a deficiency of particle-bound catalase and an elevated C26/C22 ratio 
in these chorionic villous fibroblasts. 

The results described in this paper indicate that control chorionic villous fibro- 
blasts efficiently catalyze the P-oxidation of hexacosanoic acid, a very long chain 
fatty acid (C26 : 0), whereas in chorionic villous fibroblasts from a Zellweger foetus, 
this activity was found to be strongly deficient. Since it is generally accepted that 
initial P-oxidation cycles in the degradation of very long chain fatty acids proceed 
in peroxisomes [19], the deficient hexacosanoic acid P-oxidation activity in the 
fibroblasts reflects the strong deficiency of peroxisomes in these cells. At present 
several methods are available for prenatal diagnosis of Zellweger syndrome, includ- 
ing measurement of acyl-CoA : dihydroxyacetone phosphate acyltransferase in cul- 
tured amniotic fluid cells, chorionic villous fibroblasts or chorionic villi [27-291, 
measurement of C26/C22 fatty acids in cultured amniotic fluid cells or chorionic 
villi [28,30,31], measurement of the intracellular localisation of catalase [32] and 
measurement of phytanic acid oxidase activity [33]. An advantage of the present 
method is that relatively low amounts of fibroblast protein are required (about 
150-200 pg protein). 
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Furthermore, actual measurement of very long chain fatty acid b-oxidation in 
chorionic villous fibroblasts does not require prolonged periods of incubation as for 
phytanic acid oxidase [33] but can be done within 3-4 h thus allowing a rapid 
decision to be made. Finally, an important consequence of our findings is that this 
technique in principle allows prenatal diagnosis of other peroxisomal disorders in 
which the underlying defect is at the level of one (or more) of the peroxisomal 
P-oxidation enzymes. These include infantile Refsum disease, neonatal adren- 
oleukodystrophy, hyperpipecolic acidaemia, X-linked adrenoleukodystrophy (per- 
oxisomal very long chain fatty acyl-CoA synthetase [34,35]), pseudo-Zellweger 
syndrome (peroxisomal 3-oxo-acylcoenzyme A thiolase [ 361) and pseudo-neonatal 
adrenoleukodystrophy (acyl-CoA oxidase deficiency [12]). 
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