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SUMMARY

Current techniques for the Jetermination of very-long-chan fatty acids from biological samples
require laborious procedures mcluding solvent extraction of hipids, purification hvdrolysis deri-
vatization purification of dervatized fatty acids by thin-layer chromatography and finally gas
chromatographic analysis A comparison was made between such a procedure based on solvent
extraction and a method based on a recently developed direct one-step transesterification reaction
The latter method proved to be much faster and led to higher recoveries of all indvidual very-
long-chain fatty acids from b th plasma and skin fibroblasts The assay proved to be very conve-
nient 1n the diagnosis of genetically determined disorders in which very-long-chain fatty acids
accumulate in tissues and bodv fluids Because of 1ts sumplhicity and speed and because 1t can be
performed with as hittle as 100 ul of plasma, the method can be recommended as a valuable screen-
ing procedure for peroxisomal disorders

INTRODUCTION

In the group of peroxisomal disorders, several diseases are recognized which
give rise to the accumulation of very-long-chain fatty acids (VLCFAs), e g,
neonatal adrenoleukod vstrophy (ALD) [1,2], Zellweger’s syndrome {3,4], 1n-
fantile Refsum’s disease [5,6] and X-linked adrenoleukodystrophy [7,8] In
the screening for peroxisomal disorders the determination in plasma of the
concentration of 26 0 + hexacosanoic acid, cerotic acid) and the ratios of 26 0
and 24 0 (tetracosanoic acid, hgnoceric acid) to 22 0 (docosanoic acid, be-
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henic acid) 1s a widely applied biochemical assay [8] The procedures almost
always include a tipid extraction step such as that described by Folch et al [9]
and reference values of VLCFA levels and ratios in plasma and tissues are
based on this 1solatior method [8] However, the procedure of Folch et al [9]
1s rather laborious and because of the need for several washing steps there 1s
the risk of losses of lioids. For these reasons we applied a recently developed
one-step direct procedure involving transmethylation of total long-chain fatty
acids with acetyl chloride [10] to the determination of VLCFAs 1n plasma and
human skin fibroblasts

EXPERIMENTAL

Reagents and materia's

Acetyl chloride (98%) was obtained from Janssen Chimica (Beerse, Bel-
gium) Boron trichloride (BCl,) in methanol (10%, w/v)and 22 0,23 0,24 0,
25 0, 26 0 and 27 0 fatty acid methyl esters (FAMEs) were obtained from
Alltech (Amstelveen The Netherlands) Cholesteryl behenate (CE), dibe-
henoyl-L.-a-phosphatidylcholine (PC) and bovine erythrocyte sphingomyehn
(SM), containing hgnoceric acid, were bought from Sigma (St Lows, MO,
U S A.) All solvents were of analytical-reagent grade and were used without
purification

Borosilicate glass tubes (10 ml) with Teflon-lined screw caps (100 <10 mm
1D ) were purchased from Tamson (Zoetermeer, The Netherlands) Thin-
layer chromatographic (TLC) plates (20 em X 20 cm) were coated to a layer
thickness of 0 25 mm by using a slurry of 25 g of silica 60 G (Merck, Darmstadt,
F R G ) in 50 ml of water for five plates Washing of the plates 1s critical [8],
they were washed sucressively with chloroform-methanol-acetic acid (33 13 4,
v/v) for 120 min anc hexane-diethyl ether-acetic acid (45 5 0 5, v/v) for 50
min Finally, they were activated by heating for 1 h at 106 "C and stored 1n a
desiccator until use

Biological specimens that were analysed included plasma samples (n=30)
and cultured skin finroblasts (n=9) from normal children and adults, and
plasma from individuals with peroxisomal disorders Fibroblast cell lines were
grown in Ham’s mecium supplemented with 10% fetal calf serum using stan-
dard procedures Cells were harvested by trypsimization one week after reach-
ing confluence and collected by centrifugation Protein analysis was performed
by the method of Lowry et al [11]

Instrumentation

Gas chromatography (GC) was performed on a Packard 430 instrument,
equipped with a solid injection system (moving needle) (Chrompack, Middel-
burg, The Netherlands) and a flame 1onmization detector The column was a
25 mx 025 mm I1) CP Sil 8CB fused-sihca (025 um) capillary column
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(Chrompack) Nitrogen was used as the carner and make-up gas and the col-
umn flow-rate was about 1 2 ml/min The mjection port temperature was 275°C
and the detector temperature 300°C The oven temperature was programmed
as follows the initial temperature of 230°C was maintained for 6 min, then
increased to 285°C at 3°C /min and held there for 2 5 mun, the final tempera-
ture of 300° C was obtained by a temperature rise of 10°C/min and was main-
tamned for 2 min Peak integration was performed by using a Nelson 64 kbyte
interface box and Nelson 2600 chromatography software (Chemcal Labora-
tory Instruments, Schyndel, The Netherlands), running on an Olivett: M24
personal computer FAME peaks were 1dentified by comparison with retention
times and electron 1mpact mass spectra of authentic standards

Mass spectrometry (MS) was performed on a VG Trio-2 quadrupole GC-
MS system, equipped with an HP 5890 gas chromatograph and a Digital PDP
11/73 microcomputer Injection was performed at 275°C using the same solid
mnjection system as above The column was a 50 m X025 mm I D CP S118CB
fused-silica (0 12 ym) capillary column (Chrompack) Helium was used as
the carrier gas at a flow-rate of 20 ml/min The oven temperature was pro-
grammed as described above with the following exceptions 285°(C was held for
1 min and the final temperature of 300°C for 5 min The interface temperature
was 280°C and the 10n source temperature 200°C Mass spectra were contin-
uously recorded from m/z .5 to 450 at a rate of 0 5 s per full scan, the 1onization
energy was 70 eV and the resolution, M/AM (10% valley), was about 500

Methods

Preparation of FAMEs of total ymds extracted from plasma using a modified
Folch extraction [9] (method I) To 250 ul of blood plasma 1n a 10-ml glass tube
were added 5 0 ul of a 178 ng/ ul solution of methyl heptacosanoate in n-hexane
as an internal standard (IS) Protein precipitation and lipid extraction were
performed by adding 2 5 ml of chloroform-methanol (1 1, v/v) and vortex-
mixing for 2 min The tube was shaken regularly for 1 h and the protein pre-
cipitate removed by centrifugation for 10 min at 1300 g The solvents were
collected 1 another tube 125 ml of chloroform and 0 75 ml of water were
added and, after vortex-mixing and centrifugation (5 min, 1300 g), the upper
solvent layer was removed The resulting chloroform layer, containing the sev-
eral lipid fractions, was purified by adding twice 2 ml of chloroform-methanol-
water (3 48 47, v/v), vortex-mixing (30 s), centrifuging (1 min, 1300 g) and
removing the upper water layer each time The crude lipid extract was dried at
room temperature under a gentle stream of mitrogen and hipids were transme-
thylated by adding 1 m! of 10% BCl,~methanol and heating for 2 h at 80°C in
a Liebisch metal block thermostat Subsequently, 1 ml of water and 3 ml of n-
hexane were added and, aiter vortex-mixing and centrifugation, the superna-
tant was 1solated Extraction was repeated twice with 2 ml of n-hexane The
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combined n-hexane layers were dried under nitrogen and the residue was dis-
solved 1n 50 yl of n-hexane and placed as a single spot on a laboratory-made
TLC plate, on which a maximum of s1x samples can be handled simultaneously
The plate was developed for 45 min with toluene-diethyl ether (97 3,v/v) and
FAMESs of a reference mixture 1n the first lane were rendered visible with 10-
dine vapour to locate the position In the other lanes the corresponding areas
were scraped off the pla-e, the silica was extracted three times with 1 ml of n-
hexane, the solvent was evaporated under nitrogen and the residue was finally
taken up 1in 25 yl of n-hexane and 1 ul was subjected to GC (-MS)

Preparation of FAMEF s from plasma using a one-step transmethylation reac-
tion [10] (method II) To 100 gl of blood plasma 1n a 10-ml glass tube were
added 5 0 ul of a 178 ng ' ul solution of methyl heptacosanoate 1n n-hexane as
an IS and 2 0 ml of methanol-benzene (4 1, v/v) A 200-ul volume of acetyl
chlonde was added slowly during 1 min with magnetic stirring The tube was
tightly closed and derivatization was performed for 1 h at 100-C 1n a heating
block Subsequently, 5 ml of a 6% potassium carbonate solution 1n water was
carefully added while ccoling 1n a 1ce-bath, the tube was shaken and centri-
fuged and as much as po<sible of the benzene upper layer was 1solated and dried
under nitrogen The residue was dissolved 1n 50 ul of n-hexane and FAMEs
were 1solated by TLC as described above

Preparation of FAME-< from cultured skin fibroblasts Packed cells were sus-
pended in 400 ul of water and disrupted by sonication to form a completely
homogeneous suspension Two aliquots (5 and 10 ul) of this aqueous suspen-
sion were taken for duplicate protein analysis [11] From the resulting sus-
pension 250 and 100 ul were transferred into 10-ml tubes and FAMEs were
prepared according to mathods I and I1 as described above

Recoveries of standards

CE, PC and SM standard lipid solut:ons were prepared in chloroform-meth-
anol (1 1, v/v) at concentrations of 750 ug/ml (1 059 umol/ml), 472 ug/ml
(0 524 umol/ml) and 887 ug/ml (1 090 gmol/ml) Volumes of 10 0 and 4 0 ul
of the above solutions were placed 1n separate tubes, no water and 100 ul of
water, respectively, were added, and 890 ng of 27 0 methyl ester were added to
each tube FAMESs were prepared according to methods I (from the trans-
methylation step on) and I1 as described above The TLC purification step was
not necessary and was therefore omitted

Quantification of VLCFAs

In the GC analyses, an 1dentical detector response was assumed for all (sat-
urated) VLCFA methyl esters Quantification was performed hy determining
the peak-area ratios of VLCFA methyl esters to the IS Concentrations are
expressed as micromoles per Iitre of plasma or micrograms (of free VLCFA)
per milligram of protein in fibroblast samples
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RESULTS AND DISCUSSION

Fig 1 shows some representative gas chromatograms of VLCFA methyl es-
ters from both plasma and fibroblasts, obtained after sample preparation by
the two methods described above Because of the TLC purification step, which
removed the cholesterol derivatives 3,5-cholestadiene and cholesterol methyl
ether from the FAME mixiure, no interfering peaks are present in any of the
traces and quantification of the components 1s easy to perform

VLCFAs were quantified in plasma and fibroblast samples from normal con-
trol subjects and the results are shown in Tables I and 11

The results show that the direct transmethylation procedure with acetyl
chlonde gives higher yields for all the VLCFAs concerned 1n both plasma and
fibroblasts Lepage and Roy [10] found that this techmque led to a 20% n-
crease 1n total fatty acids from plasma compared with the method involving a
Folch lipid extraction procedure In both plasma and fibroblasts the yields of
22 0, 23 0 and 24 0 were ncreased to the same extents, giving rise to about
the same 24 0/22 0 peak-irea ratios The yield of 26 01s 1 75 and 2 4 times
as high, respectively, and that of 25 01s more than three times as high 1n both
plasma and fibroblasts In nlasma, the 26 0 concentration and 24 (/22 0 and
26 0/22 0 peak-area ratios are considered to be discriminatory parameters in
distinguishing peroxisoma! disorders with VLCFA oxidation deficiencies [8],
whereas 1n fibroblasts 1n this respect only the 26 0/22 0 peak-area ratio 1s
considered to be of particular importance [12] The normal values in plasma
for 26 0 and 24 0/22 0 based on method I (Table 1) are in close agreement
with those found by Moser et al [8)] However, the 26 0/22 0 ratios found 1n
plasma and fibroblasts by method I (Tables I and II) are both about twice as
high as those found by Moser and co-workers [8,12] On the other hand, Hall
et al [13] determined the 26 0/22 0 ratio in plasma of controls by a high-
performance liquid chromatographic (HPLC) method and found 0 026 + () 013
(means * S D , n=25), a value 1n agreement with our results of 0 027 +0 0097
(Table I)

In order to obtain more insight into differences 1n the analytical perform-
ances of the two methods, € E, PC and SM standard lipid solutions were treated
according to these methods and the recoveries of 22 0, 22 0 and 24 0, respec-
tively, were compared (Tzble ITI) The almost quantitative recoveries with
method II are 1n agreement with the results obtained by Lepage and Roy [10]
for fatty acids with up to twenty carbon atoms The great difference 1n the
recovery of 24 0 from SM 15 probably caused by the more rnigorous circumstan-
ces in the direct transester:fication method which are needed to hvdrolyse the
relatively inert amide bonc in SM 22 0 and 24 0 are especially prominent 1n
the plasma SM fraction [14] The higher yields of 22 0 and 24 0 (and prob-
ably also of 23 0) by metlod II (Table I) can therefore be explained on the
basis of the difference in re« overy from SM Presumably 26 01s predominantly
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Fig 1 Gas chromatograms of VLCFA methyl esters prepared from (a) 250 ul of plasma from a
healthy person by method I ¢b) 100 ul of the same plasma specimen by method 11, (¢) 250 gl of
suspended skin fibroblasts from a healthy person by method I, (d) 100 ul ot the same fibroblast
suspension by method II Peaks 1-5 were 1dentified as 22 0 23 0, 24 0, 25 0 and 26 0 methyl
ester, respectively [S=1nteral standard (27 0 methy! ester)



TABLE1

VLCFA CONCENTRATIONS (;mol/1) AND RATIOS IN PLASMA SAMPLES FROM NOR-
MAL CONTROLS (n=30) ACCORDING TO METHODS T AND II

Parameter =~ Method I Method I1 Difference
in yield

Mean = S.D. Range Mean +S.D. Range (%)

22:0 39.7 1108 238 -714 485 +16.8 27.3 90.1 22

23:0 153 + 4.02 86 -22.9 186 =+ 6.82 93 375 22

24:0 30.0 * 8.05 13.8 -50.4 369 =+13.3 17.7 -80.3 23

25:0 212 + 0.78 0.82 - 4.31 6.71 * 3.16 1.67 -161 216

26:0 .87 + 0.26 0.44 - 1.40 152 + 040 0.83 2.27 75

24:0/22:0 0.82 + 0.15 0.55 - 1.10 0.83 + 0.15 0.54 111

26:0/22:0 0027+ 0.0097 0.012- 0.048 0.039t 0.013 0.019 0.062

TABLE II

VLCFA CONCENTRATIONS ug/mg OF PROTEIN) AND RATIOS IN FIBROBLAST
SAMPLES FROM NORMAL CONTROLS (n=9) ACCORDING TO METHODS I AND II

Parameter Method I Method IT Difference
- in yield

Mean +S.D. Range Mean + S.D. Range (%)

22:0 0.81+0.30 042 -1.45 1.60 £0.59 (.84- 297 98

23:0 0.19£0.068 .10 -0.32 0.40+0.13 0.23-0.68 111

24:0 2.06 £0.60 1.19 -2.83 4.24+1.04 2.55-5.95 106

25:0 0.37+£0.17 0.16 -0.65 1.15+0.53 0.44-2.08 211

26:0 0.15+0.047 0.077-0.22 0.36 £0.099 0.17 0.53 140

24:0/22:0 2.60t0.36 1.95 -293 2.75+0.37 1.99-3.23

26:0/22:0 0.19 £ 0.041 015 -0.27 0.24 + 0,058

0.15-0.34

present in the plasma CE fraction [14]. The slight difference in recovery be-
tween the two methods (Table III) cannot be the reason why method IT yields
1.75 times as much of this particular VLCFA from plasma as method I (Table

D

In an additional experiment, the direct transmethylation procedure was ap-
plied to the protein precipitate obtained with method L. Only small amounts
of 22:0, 23:0 and 24:0 were found (<5% of the amounts found in the lipid
extract). 26:0, however, was prominently present and this could fully explain
the large difference in yield The amount of 25:0 found in the protein precip-
itate was even larger than that found in the lipid extract of plasma, explaining
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TABLE I11

RECOVERY OF VLCFAs FROM LIPID STANDARDS ACCORDING TO METHODS T AND
11

Values represent the mean« of two separate determinations

Lipid VLCFA Recovery (%)

Method 1 Method 11

CE 220 ‘13 99 2
pPC 22 0 t18 99 9
SM 24 0 28 979
TABLE IV

VLOFA CONCENTRATIO™ = AND RATIOS IN PT ASMA SAMPLES FROM INDIVIDUALS WITH
PEROXISOMAL DISORDE RS AS DETERMINED BY METHOD 11

Control values are expressed 15 means+S D with the accompanying range in parentheses

Case Sex Ageat  (oncentration 24 0/22 0 26 0/22 90 Diagnosis
diagnosis of 2+ 1 ratio rat1o
(vears) (um il lof plasma)
1 M 07 6 157 01371 Infantile Refsum
2 F 02 30 246 0649 Zellweger
3 M 10 3 A 167 0277 Intantile Refsum
4 M 67 54 1790 0351 [nfantile Retsum
5 M 24 51 168 0105 AL D
6 M 32 25 130 0061 AMN
7 M 42 2 G 176 0101 AMN {index case)
8 M 56 L 139 0091 AMN i maternal uncle of 7)
9 M 26 i 131 0085 AMN (asymptomatic brother
ol T)
10 M 30 2 166 0097 AMMN 1 asy mptomatic brother
at 7y
Controls 17 ~040 083+015 0039+t0013
(0 227) {0 54-111) (0019 0062)

the three-fold greate- yield of this specific VLCFA with method II The con-
clusion from this experiment 1s that a large part of the 25 0 but also of the
26 0 pool 1s tightly bund to plasma proteins, giving rise to incomplete recov-
ery from plasma by snlvent extraction methods such as the Folch et al proce-
dure As the discrepancies found between the two methods are much higher for
fibroblasts (Table I1) than for plasma (Table I). except for 25 0, 1t seems
reasonable to conclude that also 1n fibroblasts VLCFAs are bound very tightly
to protein. leading t« low yields in solvent extraction methods

The precision of the one-step transmethylation procedure was estimated by
analysing ahquots of single plasma specimens on four different occasions The
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Fig 2 Gas chromatogram of ¥ LCFA methy] esters prepared from 100 ul of plasma from patient
4 (Table IV) by method II Peaks 1-7 were 1dentified as 22 0,23 0 24 0 25 0 26 0, 26 1 and
28 0 methyl ester, respectivels IS =1internal standard (27 0 methyl ester)

analysis was performed »n three control plasma samples and the coefficients
of vanation (C V s) for the 24 0/22 0 ratio ranged from 3 8 to 6 4%, for the
26 0/22 0 ratio from 24 3 to 28 6% and for the 26 0 concentration from 17.9
to 26 4% These values are satisfactory and, for instance, better thanthe C Vs
for the 24 0/22 0 ratio and the 26 0/22 0 ratio in the HPLC method of Hall
etal [13], which ranged from 1 5to 7 8% and from 23 1 to 44 4%, respectively

Table IV and Fig 2 show the practical applicability of the direct transmeth-
ylation procedure in diagnosing patients with peroxisomal diseases The method
was applied to plasma samples from one patient with Zellweger syndrome, three
with infantile Refsum’s disease, one with ALD, one with adrenomyeloneuro-
pathy (AMN) [15,16] and four individuals from a large kindred with AMN
The diagnosis of patient+ 1-4 and 7 was confirmed enzymatically by the finding
of deficient acyl-CoA d hydroxyacetone phosphate acyltransferase [17] and
deficient VLCFA oxidation, respectively (assays performed by Drs RJ A
Wanders and R BH “chutgens, Department of Pediatrics, Umversity of
Amsterdam, The Nethe-lands)

Analysis of plasma samples from the above patients by method II revealed
abnormal VLCFA concentrations and ratios (Table IV) All data except the
26 0/22 0 ratio for case 6, which just fell into the normal range, were signifi-
cantly elevated It 1s generally known that in Zellweger syndrome and infantile
Refsum’s disease deviat ons from normal plasma values are much higher than
in ALD [5,8] The data in Table IV are in agreement with this cases 1-4 show
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especially strongly eles ated 26 0/22 0 ratios 1n comparison with both controls
and ALD/AMN patients In addition to elevated 26 0 levels, the concentra-
tions of 22 0 were fourd to be significantly below normal in cases 1-4, ranging
from 6 8 to 19 7 umol 'l plasma The concentrations of 24 0 were 1n the low
normal range The other six patients exhibited normal 22 0 concentrations
Hence the elevated 24 0/22 0 and 26 0/22 0 ratios found 1n plasma of Zell-
weger and infantile Refsum patients are at least partly caused hy low 22 0
concentrations

In patients with peroxisomal disorders, abnormalities 1n plasma VLCFAs
are not only confined to 22 0,24 0and 26 0 Ineach of the GC traces of VLCFA
methyl esters of patients 1-4 a small peak (corresponding to about 05-15
#mol/]l plasma) eluted just before 26 0 (Fig 2) On the basis of 1ts retention
time and electron impact mass spectrum [18], it was 1dentified as 26 1 This
peak was barely or not detectable in the ALD/AMN patients and 1n normal
plasma These findings are in agreement with those of Moser et al [4] An-
other small, unusual hut distinct peak was observed 1n eight of the ten GC
traces (Fig 2) It eluted after the IS and, on basis of its electron-impact mass
spectrum, which showed a highest mass fragment at m/z 438, it was identified
as 28 0 The concentrations were estimated to range up to 1 2 umol/1 of plasma.
In control samples the 28 0 peak was hardly or not detectable The above find-
1ngs suggest that not ¢ nly the levels of 26 1 [4,19] but also of 28 0 can be used
as additional discriminatory parameters in the screening for peroxisomal
diseases

The one-step derivatization procedure proved to be a simple, fast, precise,
sensitive and relhiable method for the determination of VLCFAs Very small
amounts of material are needed and the analytical performance and the dis-
criminatory power are very good Application of this method to samples from
patients leads to findings comparable to those obtained by current methods
based on solvent extraction procedures For these reasons we recommend the
method to (bio)chemists who are screening patients for peroxisomal disorders
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