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Patients with inherited defects of peroxisomal metabolism, a
class of diseases with marked clinical and genetic heterogeneity,
show a characteristic phenotype in most cases with severe neu-
rologic impairment, craniofacial abnormalities, and hepatic and
kidney dysfunction. For the differential diagnosis of clinically
suspected cases, a complex biochemical and genetic approach is
required. Analysis of plasma very-long-chain fatty acids is a
reliable screening method to detect most but not all peroxisomal
disorders. To study the potential presence of abnormal acylcar-
nitine species in plasma and blood, we screened by tandem mass
spectrometry a series of patients affected by a peroxisome bio-
genesis disorder (PBD) and compared the results with those
obtained in patients with isolated peroxisomal defects (e.g. D-
bifunctional protein deficiency, X-linked adrenoleukodystrophy)
and mitochondrial long-chain fatty acid oxidation defects. The
most relevant finding observed in plasma of patients with PBD
was a significant increase of long-chain dicarboxylic C16- and
C18-carnitine, i.e. hexadecanedioyl- and octadecanedioyl-
carnitine, with high dicarboxylycarnitine/monocarboxylylcarni-

tine ratio. Elevation of very long-chain acylcarnitines C24- and
C26-, i.e. lignoceroyl- and cerotoyl-carnitine, was detected in
some PBDs and in D-bifunctional protein deficiency. Similar
abnormalities were also found in neonatal screening blood spots.
Detection of these compounds alone, in the absence of other
shorter-chain acylcarnitines, is highly specific and characteristic
of PBD, as confirmed by the differing profiles observed in
patients with adrenoleukodystrophy and mitochondrial long-
chain fatty acid oxidation defects. Our study adds a novel method
to the diagnosis of PBD, which may also be of benefit for future
neonatal mass screening programs based on acylcarnitine
profiling. (Pediatr Res 53: 1013–1018, 2003)

Abbreviations:
PBD, peroxisome biogenesis disorders
TMS, tandem mass spectrometry
GC/MS, gas chromatography/mass spectrometry
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CACT, carnitine acyl-carnitine translocase

Peroxisomes are cellular organelles that contribute to several
metabolic pathways, most of which are related to the metabo-
lism of lipids (1). The inherited defects that affect peroxisome
metabolism, called peroxisomal disorders, are clinically and
genetically heterogeneous and can be roughly classified into
two main groups, the peroxisome biogenesis disorders (PBD)
and single peroxisomal enzyme deficiencies. The PBD group
includes Zellweger syndrome, neonatal adrenoleukodystrophy,

infantile Refsum disease, and rhizomelic chondrodysplasia
punctata type 1, as the most frequent phenotypes and have so
far been associated with 16 different complementation groups
(2). Clinically, neonatal adrenoleukodystrophy and infantile
Refsum disease are phenotypic variants of the Zellweger spec-
trum (3), whereas rhizomelic chondrodysplasia punctata type 1
represents a well-defined entity caused in most cases by mu-
tations in the PEX7 gene (4). Interestingly, the phenotype of
patients affected by isolated enzyme defects (acyl-CoA oxidase
deficiency, D-bifunctional protein deficiency, and thiolase de-
ficiency) share many similarities with patients with PBD (4).

Given the marked heterogeneity in the phenotypic expres-
sion of patients, the biochemical diagnosis of peroxisomal
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disorders is complex. Analysis of plasma very-long-chain fatty
acids (VLCFA) is a reliable screening method to detect most
but not all peroxisomal disorders (5). If VLCFAs are found to
be abnormal, then the flowchart for the differential diagnosis of
peroxisomal disorders requires further studies in blood (plas-
malogen, bile acids, phytanic/pristanic acid determinations)
and fibroblasts (i.e. de novo plasmalogen biosynthesis,
DHAPAT (dihydroxyacetonephosphate acyltransferase) activ-
ity, fatty acid �- and �-oxidation, immunoblot analysis, per-
oxisome morphology, complementation studies and molecular
analyses) (5).

Here we report on the characteristic abnormalities of circu-
lating acylcarnitines observed in patients with PBD as detected
by tandem mass spectrometry (TMS). Our study adds a novel
method to the diagnosis of PBD, which may also be of
relevance for future neonatal mass screening programs.

METHODS

Patients

Plasma and/or neonatal screening blood spots for acylcarni-
tine analysis was obtained from 10 patients with a proven PBD.
All showed phenotypic features characteristic of the Zellweger
spectrum, including severe neurologic impairment, craniofa-
cial abnormalities, and hepatic and kidney dysfunction. Bio-
chemically, they presented with elevated plasma levels of
VLCFA, phytanic and pristanic acids, abnormal bile acid
profile, low plasmalogens in erythrocytes, and dicarboxylic-
and epoxydicarboxylic-aciduria (Table 1). Diagnosis of PBD
was confirmed by fibroblast studies.

For comparison, we analyzed samples from patients with
isolated peroxisomal defects (D-bifunctional protein deficiency
and X-linked adrenoleukodystrophy) and mitochondrial long-
chain fatty acid oxidation defects [long-chain 3-hydroxyacyl-
CoA dehydrogenase, very-long-chain acyl-CoA dehydroge-
nase, carnitine acyl-carnitine translocase (CACT)]. For the
latter category, samples corresponded to acute phases of met-
abolic decompensation.

MATERIALS AND METHODS

The internal acylcarnitine standards were [2H3] free-
carnitine, [2H3]-C2 (acetylcarnitine), [2H3]-C3 (propionylcarni-
tine), [2H3]-C4 (butyrylcarnitine), [2H9] iso-C5 (isovalerylcar-
nitine), [2H3] C8 (octanoylcarnitine), [2H9] C14

(myristoylcarnitine), and [2H3] C16 (palmitoylcarnitine; Cam-
bridge Isotopes Laboratories, Andover, MA, U.S.A.). Acylcar-
nitines were analyzed from 10 �L of plasma or from filter
paper (W303) blood spot (equivalent to 10 �L of whole blood)
as butyl esters. Briefly, the blood was extracted with 400 �L of
a solution containing labeled internal standard dissolved in
methanol and evaporated under nitrogen stream. Eighty micro-
liters of butanolic-HCl (Regis Technologies, Morton Grove,
IL, U.S.A.) was added to each sample, heated at 65°C for 20
min, and evaporated. The sample was then reconstituted with
200 �L of water/acetonitrile/formic acid (50/50/0.025). The
butylated samples were analyzed with a triple quadruple tan-
dem mass spectrometer (Sciex API 365; PE Sciex Instrument,
Concord, ON, Canada). The TMS method was the positive
precursor ion scan of m/z 85, the characteristic fragment of
acylcarnitine butyl ester derivatives, from 200 to 650 Da (6).
The collision energy was 44 eV.

The ion intensities of the various acylcarnitines were com-
pared with those of corresponding internal standards by com-
puter analysis (Neonatal Script, PE Sciex). For the long-chain
analytes lacking specific internal standards, results were ex-
pressed as signal intensity ratios to that of the internal standard
[2H3] C16 (palmitoylcarnitine). Reference values (97.5 percen-
tile) were obtained from 130 healthy age-matched controls.

Owing to the small size of the sample of patients, the
nonparametric Mann-Whitney U test for independent samples
was used to analyze possible differences between patients and
controls. The level of significance was set at p � 0.05.

To confirm the identification of acylcarnitine species de-
tected by TMS experiments, we performed gas chromatogra-
phy/mass spectrometry (GC/MS) analysis of organic acids
constituting the acylcarnitines by selected ion monitoring ac-
cordingly to a previously described method (7). For obtaining

Table 1. Plasma levels of VLCFA (C26, C26/C22), phytanic acid, pristanic acid, and bile acid intermediates in patients with peroxisomal
biogenesis disorders, and D-bifunctional protein deficiency.

C26 C26/C22
Phytanic

acid
Pristanic

acid THCA DHCA

Peroxisomal biogenesis disorders
Patient 1 12.4 0.98 0.8 0.1
Patient 2 4.6 0.98 0.7 0.2
Patient 3 5.6 0.62 15.0 6.3
Patient 4 3.9 0.43 32.6 12.8
Patient 5 2.7 0.16 9.0 44.0
Patient 6 5.4 0.16 10 10 8.1 78.0
Patient 7 2.1 0.84
Patient 8 10.7 0.78 �0.1 �0.1 56.8 88.1
Patient 9 9.5 0.30 15.8 2.4 31.8 7.7
Patient 10 8.8 0.49 11.7 7.2

D-bifunctional protein deficiency 5.4 0.14 13.4 25.4
Controls 0.45–1.32 0.00–0.02 �10 �3 �0.1 �0.1

THCA, trihydroxycholestanoic acid; DHCA, dihydroxycholestanoic acid.
Values are expressed as �mol/l. Abnormal values in bold.
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total fatty acids, previous extraction, and derivatization, plasma
was first hydrolyzed with 1 M NaOH for 1 h at 100 C°. Internal
standards were the commercially available chemicals tetrade-
canedioic acid (C14 dicarboxylic), hexadecanedioic acid (C16
dicarboxylic), tetracosanoic (lignoceric) acid (C24), and hexa-
cosanoic (cerotic) acid (C26; Sigma Chemical Co., St. Louis,
MO, U.S.A.). This study was approved by Institutional Review
Board, and informed consent was obtained from patients’
families.

RESULTS

Plasma long-chain dicarboxylic acylcarnitines and very
long-chain acylcarnitines were picked up by tandem mass
spectrometry (Fig. 1). As shown in Table 2, plasma acylcarni-
tine analysis showed that long-chain dicarboxylic C16- (hexa-
decanedioyl-) and dicarboxylic C18- (octadecanedioyl-) carni-
tine esters were increased in patients with PBD. The results of
the analyses in neonatal screening blood spots in four of 10
patients with PBD showed a similar pattern, with less pro-
nounced abnormalities than in plasma. However, in all blood
samples, at least one of the abnormal acylcarnitine esters was
above the control range. Statistical evaluation showed that by

comparing levels of these acylcarnitine species in patients and
controls, patients with PBD had significantly higher levels than
controls, both in plasma and in blood samples (Table 2).

In addition to these abnormalities, two other compounds
were detected in some patients with PBD. According to the
molecular weight using the precursor ion of mass 85 m/z, they
could correspond to dicarboxylyl C18:1- or monocarboxylyl
C24-carnitine (mass 568) and to dicarboxylyl C20:1- or mono-
carboxylyl C26-carnitine (mass 596). To resolve this question,
we conducted additional experiments using hydrolysis and
GC/MS analysis, which demonstrated the presence of C24-
(lignoceric) and C26- (cerotic) fatty acids but not C18:1 and
C20:1 fatty acids as constituents (Table 2).

Different from PBDs, in plasma and blood from a D-
bifunctional protein-deficient patients, we found a major in-
crease of lignoceroyl- and cerotoyl-carnitine (Table 1). In all
three patients with X-linked adrenoleukodystrophy, plasma
acylcarnitine profiles were completely normal.

Patients with mitochondrial defects of long-chain fatty acid
�-oxidation (i.e. long-chain 3-hydroxyacyl-CoA dehydroge-
nase and very-long-chain acyl-CoA dehydrogenase deficien-
cies) showed their respective characteristic acylcarnitine spe-

Figure 1. Plasma acylcarnitine profile obtained by TMS analysis scanning for precursor ions of m/z 85 from a patient with a PBD (Zellweger syndrome). The
masses are as follows: internal standard d3 palmitoyl carnitine (C16, M�459.5), exadecanedioyl-carnitine (C16DC, M� 542.6), octadecanedioyl-carnitine
(C18DC, M� 570.6), lignoceroyl-carnitine (C24, M� 568.6), cerotoyl-carnitine (C26, M� 596.6)
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cies (8) but none of those observed in PBD. Interestingly, in
CACT deficiency in addition to typical C16 and C18 mono-
carboxylic carnitine esters, the corresponding dicarboxylic
C16- and C18-acylcarnitines were also elevated together with
raised lignoceroyl-carnitine (Table 2).

Moreover, the ratio between long-chain dicarboxylyl- and its
corresponding monocarboxylyl-carnitine ester was markedly
higher in PBDs when compared with mitochondrial long-chain
fatty acid oxidation disorders. The ratio between hexade-
canedioyl- and hexadecanoyl-carnitine was 1.5 and 0.23 in
PBDs versus mitochondrial defects in plasma, and 0.12 versus
0.02 in blood, respectively. The ratio between octade-
canedioyl- and octadecanoyl-carnitine was 1.4 and 0.16 in
PBDs versus mitochondrial defects in plasma, and 0.11 versus
0.04 in blood (median values).

Because of the lack of commercially available deuterated
acylcarnitine standards for TMS analysis, GC/MS experiments
were necessary to confirm the elevation of acylcarnitine com-
pounds after alkaline hydrolysis (Fig. 2). The identification of
octadecanedioic acid was based on the M-15 fragment (443),
on the ions m/z 204 and 217 characteristic of long-chain
dicarboxylic TMS derivatives (9), and on the retention time at
43 and 48 min, respectively.

DISCUSSION

Our study demonstrates the presence of a peculiar profile of
circulating acylcarnitines in patients with PBD. The most

characteristic compounds detectable both in plasma and in
blood were long-chain dicarboxylic acylcarnitines with a
straight carbon chain length of 16 and 18 atoms (i.e. hexade-
canedioyl- and octadecanedioyl-carnitine). In addition, some
PBD samples were characterized by a very long-chain acyl-
carnitinemia (C24-C26 acylcarnitines).

In the single patient with D-bifunctional protein deficiency,
the profile of circulating acylcarnitines was different compared
with PBDs, with elevation limited to very long-chain acylcar-
nitines. No acylcarnitine abnormalities were detectable in pa-
tients with X-linked adrenoleukodystrophy.

Consistent with a previous report on the increased excretion
of long-chain dicarboxylic acids, including C16, in patients
with Zellweger syndrome and neonatal adrenoleukodystrophy
(10), the mechanism behind the accumulation of dicarboxylic
acylcarnitines is probably related to the microsomal generation
of dicarboxylic acids. Under all conditions, there is some
�-oxidation of long-chain fatty acids, including C16:0 and
C18:0, that produces the corresponding dicarboxylic acids,
followed by activation by a microsomal dicarboxylyl-CoA
synthetase (11). The activated CoA esters then undergo some
cycles of �-oxidation in the peroxisome up to a certain point,
probably C10-dicarboxylyl-CoA, which is then transported to
the mitochondria in the form of its carnitine ester (Fig. 3). This
explains the abnormalities observed in PBDs. The normal level
of long-chain dicarboxylyl-carnitines indicates that this path-
way is functionally normal in D-bifunctional protein deficiency

Table 2. Acylcarnitines in plasma and blood samples from patients with peroxisomal biogenesis disorders, D-bifunctional protein
deficiency, X-linked adrenoleucodystrophy, patients with fatty acid oxidation defects and in controls (n � 103)

Plasma Blood

C16-DC C18-DC C24 C26 C16-DC C18-DC C24 C26

Peroxisomal biogenesis disorders
Patient 1 0.2 0.21 0.12 0.11 0.31 0.2 0.22 0.07
Patient 2 0.15 0.35 0.04 0.04 0.03 0.08 0.11 0.11
Patient 3 0.15 0.11 0.05 0.01
Patient 4 0.12 0.07 0.01 0.01 0.18 0.01 0.03 0.07
Patient 5 0.16 0.06 0.01 0.06
Patient 6 0.19 0.07 0.07 0.12
Patient 7 0.18 0.05 0.04 0.03
Patient 8 0.08 0.01 0.02 0.04
Patient 9 0.06 0.05 0 0.02
Patient 10 0.18 0.11 0.07 0.09
Median 0.15* 0.07* 0.04 0.04 0.18† 0.09† 0.09 0.08

D-bifunctional protein deficiency 0.02 0.01 0.05 0.07 0.09 0.03 0.16 0.36
X-linked adrenoleukodystrophy

Patient 1 0.001 �0.001
Patient 2 �0.001 �0.001
Patient 3 0.02 �0.001

Mitochondrial beta oxidation defects
LCHAD (patient 1) 0.03 0.02 0.01 0.01 0.01 0.01
LCHAD (patient 2) 0.02 0.01 0.02 0.04 0.03 0.01
CACT 0.23 0.11 0.13 0.01
VLCAD 0.02 0.01 0.02 0.01
Controls
Upper Thresholds 0.03 0.02 0.04 0.04 0.07 0.05 0.09 0.09
Median 0.007 0.003 0.007 �0.001 �0.001 �0.001 0.02 0.01

LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase; VLCAD, very-long chain acyl-CoA dehydrogenase. long-chain acylcarnitines: C16-DC, hexade-
canedioyl-carnitine; C18-DC, octadecanedioyl-carnitine. Very long-chain acylcarnitines: C24, lignoceroyl-carnitine; C26, cerotoyl-carnitine. Values expressed
as arbitrary unit based on signal response ratio to trideuterated C16 internal standard. In bold abnormal values. * p � 0.001, † p � 0.003.
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as well as in X-linked adrenoleukodystrophy. This may suggest
that L-bifunctional protein rather than D-bifunctional protein is
involved in dicarboxylic acid �-oxidation.

The elevation of very-long-chain acylcarnitines observed in
some PBDs (probably those with functionally normal mem-
brane activation/transport of VLCFA) and in D-bifunctional
protein deficiency is likely to be due to the impaired oxidation
of VLCFA after their activation to CoA esters by very-long-
chain acyl-CoA synthetase, an enzyme located on peroxisomal
membrane. Accumulation of CoA esters in the peroxisomal
matrix could therefore activate their conversion to carnitine
esters at this subcellular level (Fig. 3). Conversely, the finding
of a normal acylcarnitinemia in X-linked adrenoleukodystro-
phy (a disease caused by a defect in a peroxisome membrane
protein) could be due to the impaired transport/activation of
very-long-chain fatty acyl-CoAs across the peroxisomal mem-
brane without an increase in the matrix. Similarly, in some
PBDs (probably those fully lacking membrane-associated pro-
teins), the impaired activation of VLCFA through very-long-
chain acyl-CoA synthetase does not allow the transesterifica-
tion to carnitine esters.

Among mitochondrial long-chain fatty acid oxidation disor-
ders, only CACT deficiency shared some similarities with
PBD. In this transport defect of long-chain fatty acids across
the mitochondrial membrane, the profile of plasma acylcar-
nitines showed, in addition to the characteristic monocarboxy-
lic long-chain acylcarnitines (8), the elevation of their corre-
sponding dicarboxylic esters of 16 and 18 carbon atoms.
However, careful evaluation of whole acylcarnitine spectrum
allows a clear distinction between mitochondrial and peroxi-
somal disorders.

In CACT deficiency, the excess of long-chain fatty acids in
the cytosol are first subject to �-oxidation and the C16- and
C18-dicarboxylyl-CoA esters then undergo some �-oxidation
in peroxisomes but only to a limited extent, because the final
product, i.e. C10-dicarboxylyl-CoA, cannot enter the mito-
chondrion since the impaired transport of
C10-dicarboxylyl-carnitine.

Remarkably, in contrast with mitochondrial disorders, in
PBDs, the long-chain acylcarnitinemia was characterized by a
higher dicarboxylyl- on monocarboxylyl-carnitine esters ratio.
This seems to indicate that in PBDs, the peroxisomal �-oxi-
dation chain shortening of long-chain dicarboxylyl-CoAs is
primarily deficient (12), whereas long-chain monocarboxylic
acids are normally oxidized in the mitochondria. On the con-
trary, in mitochondrial disorders, the primary defect is related
to the impaired oxidation of long-chain monocarboxylic acids,
and the accumulation of dicarboxylic acyl-CoA or carnitine
esters occurs only as a secondary event.

In conclusion, long-chain acylcarnitinemia with high dicar-
boxylycarnitine on monocarboxylylcarnitine ratio and very-
long-chain acylcarnitinemia represent two emerging opportu-
nities to identify inherited peroxisomal disorders and to
differentiate them from mitochondrial fatty acid oxidation de-
fects. Our finding represents an important extension of TMS
and offers a novel marker for screening diagnosis of PBD. The
recent use of TMS has opened up a “new era” in this field,
expanding the range of diseases detectable at birth through
neonatal mass screening to �30 different defects, including
aminoacidopathies, defects of fatty acid oxidation, organic
acidurias, and some disorders of the urea cycle (13). Although,
at present, PBDs represent a class of untreatable diseases that

Figure 2. Plasma GC/MS analysis of total fatty acids (detail) in a patient with a PBD (Zellweger syndrome) after alkaline hydrolysis showing two peaks, and
their respective mass spectra, corresponding to hexadecanedioic acid (C16 dicarboxylic) and to octadecanedioic acid (C18 dicarboxylic).
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do not fulfill the criteria for neonatal mass screening, acylcar-
nitine analysis may be very helpful, similar to TMS evaluation
of bile acid intermediates and VLCFA (14, 15), in cases in
which the index patient has died without any biochemical
analyses being done and the suspicion of a PBD has only come
up much later.

Interestingly, the comparative evaluation of acylcarnitine
analysis with the most traditionally used GC/MS methods for
the diagnosis of peroxisomal disorders demonstrated that VL-
CFA and bile acids intermediates allowed the detection of all
PBDs and D-bifunctional protein deficiency, whereas plasma
phytanic and pristanic acids were elevated only in 62% and
50% of cases, respectively (Table 1). However, this latter

finding is not surprising as it is already known that the eleva-
tion of these metabolites depends on the age of subjects as well
as on dietary intake (16).

Two relevant technical points concern the use of TMS.
Currently, methods for neonatal mass screening use for the
precursor ion mass 85 a window between 200 and 500 Da (6),
a range that does not allow the detection of very-long- and
long-chain acylcarnitines. Furthermore, to increase both frag-
mentation and sensitivity for dicarboxylic acylcarnitines, we
have applied a higher collision energy. We therefore recom-
mend widening the mass window range up to 650 Da and using
a collision energy of 44 eV to identify the characteristic
compounds of PBD.
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