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Disorders of mitochondrial fatty acid oxidation are increas- 
ingly recognized as an important group of inborn errors of 
metabolism that are associated with a significant, but easily 
preventable, morbidity and mortality in children. However, di- 
agnosis is often delayed because there is no easily applied 
method that detects all defects. Therefore, we have characterized 
the acylcarnitine intermediates of fatty acid oxidation in periph- 
eral blood cells from healthy control volunteers and patients with 
four different defects. After selective permeabilization with his- 
tone I1 AS, a novel permeabilizing agent, the cells were incu- 
bated with [U-'4C]hexadecanoate and P-oxidation flux and the 
acylcarnitine esters formed were measured. Blood cells from the 
control population produced large amounts of 3-hydroxyacylcar- 
nitines and 2-enoylcarnitine esters, in addition to saturated acyl- 
carnitine esters. This result is different from that found in other 
tissues (fibroblasts and muscle), where only saturated acylcarni- 

tine esters could be detected. In blood cells from patients with 
defects of enzymes involved in long-chain fatty acid oxidation, 
flux was significantly reduced at 15 to 20% of control values (7.1 
+ 2.3 nmol C, units formed per minute per International Unit of I 

citrate synthase activity). There was a characteristic accumula- ' 
tion of acylcarnitines that was pathognomonic for the site of the , 

defect. Thus, analysis of P-oxidation intermediates from blood , 
cells allows unequivocal identification of the four most common 
P-oxidation defects. (Pediatr Res 37: 354-360, 1995) 

I 

Abbreviations 
ETF, electron-transfer flavoprotein 
VLCAD, very long-chain acyl-CoA dehydrogenase 
MCAD, medium-chain acyl-coA dehydrogenase 
CPT, carnitine palmitoyltransferase 

Fatty acids are essential metabolic fuels in humans, espe- 
cially at times of fasting or stress. They are predominantly 
oxidized in mitochondria by a series of repetitive enzymatic 
steps that generate acetyl-CoA and a chain-shortened fatty 
acyl-CoA ester until the acyl-CoA ester is completely cleaved 
into acetyl-CoA (1). In recent years a number of genetically 
distinct inborn errors of mitochondrial fatty acid oxidation 
have been described. These include abnormalities of short- 
chain acyl-coA dehydrogenase, MCAD, and VCLAD (1); ETF 
and ETF-oxidoreductase (2); trifunctional protein (3, 4); and 
CPTI and I1 (5). Inherited disorders of mitochondrial P-oxida- 
tion are life threatening and relatively common diseases pre- 
dominantly affecting infants and children. The clinical features 
include sudden infant death, hypoketotic hypoglycemic coma, 
Reye-like episodes, encephalopathy, myopathy, or cardiomy- 

opathy (6-8). The acute metabolic decompensation associated 
with these defects is generally induced by prolonged fasting or 
intercurrent infections; the patients are usually free of symp- 
toms between episodes, which often delays the diagnosis. 
Although they represent a major and very significant group of 
inborn errors of metabolism, P-oxidation defects remain diffi- 
cult to diagnose biochemically, and the development of new 
methodologies is therefore important. Measurement of inter- 
mediary metabolites in plasma or an abnormal pattern of 
urinary organic acids can be helpful, but they may only be 
present intermittently. More recently, molecular genetic tech- 
niques have been applied successfully, but only a limited 
number of patients can be identified by these methods (9). 
Therefore, in many cases measurement of the individual en- 
zyme activities is still required, which is a difficult process 
because of the lack of commercially available substrates. 
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control subjects. In addition, in blood cells from patients with 
defects of P-oxidation, different amounts of specific acylcar- 
nitines are found when compared with controls, and the pattern 
is pathognomonic for the site of the defect. 

METHODS 

Materials. BSA (fraction V ,  fatty-acid free), CoA, ATP, 
ADP, L-carnitine, cytochrome c, and histone 11-AS were ob- 
tained from Sigma Chemical Co. (Poole, Dorset, UK). DEAE- 
Sephacel was from Pharmacia LKB Biotechnology Inc. (Up- 
psala, Sweden). Acetonitrile (S-grade) was purchased from 
Rathburn Chemicals Ltd. (Walkerburn, Scotland). Dowex 
50W-X8 was supplied by Aldrich (Gillingham, UK). 
[u-14~]hexadecanoic acid (30.6 GBqImmol) was purchased 
from Arnersham International (Little Chalfont, UK). For the 
experiments it was complexed to albumin in a 5:l molar ratio 
(lo), and the sp act was adjusted to 3.7 MBqImmol. All other 
chemicals were obtained from BDH Chemicals Ltd. (Lutter- 
worth, Leicestershire, UK). 

Patients. Blood samples were taken from two patients with 
proven P-oxidation defects involving either VLCAD (11) or 
MCAD (12). Two other patients were referred for investigation 
of muscle pain. Using the technique described in this article, a 
diagnosis of trifunctional enzyme deficiency and CPT defi- 
ciency was made. It was confirmed subsequently by direct 
enzyme measurement in fibroblast homogenates that the first 
patient had a deficiency of the long-chain 3-hydroxyacyl-CoA 
dehydrogenase component of the trifunctional enzyme (patient: 
10.6 nmol NADH reduced per minute per milligram of protein; 
mean t SD for six controls: 36.9 + 6.8 nmol NADH reduced 
per minute per milligram of protein). The CPT-I1 deficiency 
was proven in the second patient by measurement of CPT 
activity in fibroblasts using the radiochemical forward assay 
(13). 

Synthesis of internal standards. Heptadecanoyl-CoA and 
undecanoylcarnitine were synthesized as described previously 
(14, 15). 

Preparation of peripheral blood cells. Heparinized blood 
(10-30 mL) was collected in conical plastic tubes and centri- 
fuged at 150 X g for 15 min at 4OC. The supernatant, buffy 
coat, and top erythrocyte layer were pipetted into 50-mL 
conical plastic tubes and diluted with 4 volumes of lysis 
medium [0.155 M ammonium chloride, 0.1 mM EDTA, and 10 
mM potassium hydrogen carbonate (pH 7.4)] and incubated on 
ice until hemolysis occurred. The leukocytes and platelets were 
then pelleted by centrifugation at 700 X g for 10 min (4°C). 
The supernatant was discarded, the cell pellet resuspended in 
50 mL of lysis medium, and the lysis procedure repeated. The 
final cell pellet, which was free of contaminating red cells, was 
washed once with PBS. It consisted of a leukocyte-platelet 
mixture and contained more than 90% viable cells as shown by 
the exclusion of Trypan blue. The cell pellet was resuspended 
in 1.5 mL of PBS and aliquoted in a 1:2 ratio for measurement 
of flux and intermediates. The fractions were incubated for 10 
min at room temperature with an aqueous solution of histone 
11-AS at a final concentration of 3 mg/mL. The cells were then 
sedimented by centrifugation at 11 000 X g for 1 rnin and 

washed with PBS. After recentrifugation at 11 000 X g for 1 
min, the final cell pellets were resuspended in 1 mL (for 
intermediates) and 0.5 mL (for fluxes) of incubation medium 
(pH 7.2) containing 110 mM KCl, 10 mM N-Zhydroxyeth- 
ylpiperazine-N'-2-ethanesulfonic acid buffer, 5 mM MgCl,, 10 
mM potassium phosphate, 1 mM EGTA, and 1 mM ADP. 
Immediately before the incubation, 5 mM ATP, 0.1 mM CoA, 
0.2 mg/mL cytochrome c, and 2.5 mM L-carnitine were added. 
Citrate synthase and lactate dehydrogenase activities were 
measured by standard methods (16, 17). 

Incubations with [u-'4~]hexadecanoate. Incubations were 
performed at 37OC in a shaking water bath (170 strokes per 
minute). After a preincubation period of 10 min, the incuba- 
tions for the determination of intermediates were started by 
addition of [u-14~]hexadecanoate (50 pM) complexed to fatty 
acid-free albumin in a 5:l  molar ratio (sp act 3.7 MBqImmol). 
At the appropiate time the incubations were terminated by the 
addition of 0.1 mL of glacial acetic acid; 50 nmol of heptade- 
canoyl-CoA and undecanoylcarnitine were added as internal 
standards. The acyl-CoA and acylcarnitine ester fractions were 
prepared and analyzed by radio-HPLC as described previously 
(14, 15). For the flux measurements the incubations were 
initiated by adding [u-14~]hexadecanoate (40 pM) complexed 
to albumin. Aliquots (50 pL) were quenched at timed intervals 
with an equal volume of glacial acetic acid. Unreacted sub- 
strate was removed by addition of fatty acid-free albumin (0.1 
mL of a 25% (wtlvol) aequous solution) followed by precipi- 
tation with 0.1 mL of 2 M perchloric acid. After centrifugation 
(11 000 X g for 5 min) radioactivity was measured in an 
aliquot of the supernatant by scintillation counting. For quan- 
titation of l4c0, production, incubations were performed in 
glass vials, fitted with rubber caps, containing a 0.4-mL mi- 
crocentrifuge tube inside a 1.5-mL microcentifuge tube. After 
quenching with 100 pL  of 2 M perchloric acid, 400 pL  of 
hyamine hydroxide (40% in methanol) was added to the central 
0.4-mL microcentrifuge tube and left overnight to ensure 
complete trapping of l4c0, (18). 

RESULTS 

Characterization of cell permeabilization. The aim of the 
permeabilization protocol was to allow access of the substrates, 
[u-14~]hexadecanoate and L-carnitine, to the mitochondrial 
compartment while preserving intact mitochondria. Commonly 
used permeabilizing agents such as digitonin (10-100 pg/mL) 
(19) or saponin (30-100 pg/mL) (20) caused immediate de- 
granulation of the platelets with subsequent extensive cell 
aggregation. In contrast, cell aggregation did not occur with 
histone 11-AS. The degree of permeabilization was assessed by 
monitoring the release of marker enzymes from the cytosol 
(lactate dehydrogenase) and mitochondria1 matrix (citrate syn- 
thase). Approximately 75% of lactate dehydrogenase was re- 
leased with histone at 3 mg/mL after 10 min (Fig. 1A). Higher 
concentrations did not produce significantly more permeabili- 
zation, whereas even at maximum histone concentration virtu- 
ally all citrate synthase activity remained in the pellet, indicat- 
ing that the mitochondria were intact. There was no further 
release of lactate dehydrogenase or citrate synthase after 10 
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Figure 1. Release of citrate synthase and lactate dehydrogenase during his- 
tone permeabilization of blood cells. Cells were isolated from 200 mL of 
peripheral blood, as described, resuspended in isotonic buffer solution (N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer 20 mM, EDTA 3 
mM, sucrose 250 mM, pH 7.4), and divided into equal portions. Histone 
concentrations (A)  and incubation time (B) were as indicated. After washing 
the cells with PBS, citrate synthase (0) and lactate dehydrogenase (A) 
activities were measured in the remaining cell pellet. Complete disruption of 
the cells was achieved by sonication (three 5-s bursts) and incubation with 
Triton X-100 (5%). 

min at a histone concentration of 3 mg/mL (Fig. 1B). A 
standard permeabilization procedure (histone 3 mg/mL for 10 
min) was used for all further experiments. 

Flux through &oxidation. The rate of P-oxidation flux, 
measured as total acid-soluble radioactivity, was 7.1 + 2.3 
nmol C, units formed per minute per International Unit of 
citrate synthase activity (mean + SD for 14 controls) (Table 1). 
The increased availability of hexadecanoate and L-carnitine in 
the permeabilized system compared with intact cells leads to a 
higher production of acid-soluble radioactive metabolites, 
whereas the amounts of 14c02 produced are similar in both 
systems (Fig. 2). P-Oxidation of hexadecanoate was markedly 
inhibited by the absence of L-carnitine, the presence of respi- 
ratory chain inhibitors, or etomoxir (R,S-2[-6(4-chlorophe- 
noxy)hexyl]oxirane-2-carboxylate), an inhibitor of CPT-I (Ta- 
ble 1, Fig. 3). The accumulation of acid-soluble metabolites 
was linear for 60-90 min (Fig. 3). 

Table 1. P-Oxidation fluxes in histone-permeabilized peripheral 
blood cells 

Leukocytes from 
P-Oxidation 

flux* 

Controls (n = 14) 7.1 + 2.3 
Controls in the presence of etomoxir (50 pM) (n  = 3) 0.58 2 0.18 
Controls in the presence of rotenone (2.5 mg/mL), 0.50 t 0.25 

antimycin (2.5 mg/mL), cyanide (1 mM) (n = 3) 
VLCAD deficiency 1 .O 
Trifunctional enzyme deficiency 1.1 
MCAD deficiency 4.0 
CPT deficiency 1.2 

* Values are expressed as nmol C, units formed per minute per International 
Unit of citrate synthase activity; expressed as mean 2 SD. 

0 20 40 60 80 

time (min) 
Figure 2. P-Oxidation flux in intact and permeabilized blood cells. P-Oxida- 
tion flux, expressed as acid-soluble metabolites (UO) and I4CO, (UA),  
formed in histone-permeabilized (UA) and untreated (WA) blood cells. Cell 
isolation, permeabilization, and measurements of acid-soluble radioactivity 
and I4CO, production were performed as described in Methods. 

Intermediates of &oxidation in peripheral blood cells. In 
both intact and permeabilized blood cells, either no acyl-CoA 
ester intermediates or only a small peak corresponding to 
hexadecanoyl-CoA could be detected (results not shown). In 
intact whole cells no acylcarnitines could be detected, whereas 
in histone-permeabilized cells acylcarnitine esters can be iden- 
tified easily. During a time course for the formation of acyl- 
carnitine ester intermediates, a gradual decrease in the amount 
of the long-chain acylcarnitines was associated with an in- 
crease in the amounts of the shorter chain length acylcarnitines 
(Fig. 4, Table 2). This change in the proportion of acylcar- 
nitines means that steady state concentrations of acylcarnitines 
were not seen despite incubating the permeabilized cells for up 
to 4 h. Saturated carnitine esters were the major intermediates, 
but, in addition, substantial amounts of chain-shortened 3-hy- 
droxyacylcarnitines and Zenoylcarnitines were formed (Fig. 4, 
Table 2). Because of the limited chromatographic resolution of 
Cn-3-hydroxyacylcarnitines and Cn,-2-enoylcarnitines, the 
amount of each compound could not be calculated separately 
(Table 2). To determine whether the cell preparation or meth- 
odology was responsible for this unexpected formation of 
3-hydroxyacyl- and Zenoylcarnitine esters, we isolated mito- 
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Figure 3. poxidation of hexadecanoate in blood cells as a function of time. 
Blood cells were isolated and incubated as described in Methods. Acid-soluble 
material was quantitated as described in the presence (0) and the absence (A) 
of L-carnitine (2.5 mM). 

chondria from leukocytes and platelets from 150 mL of blood 
using the method described by Singh-Kler et al. (15) for the 
preparation of fibroblast mitochondria. After incubation of 
these mitochondria with [u-14~]hexadecanoate, 3-hydroxya- 
cyl- and Zenoylcarnitine esters were formed in quantities 
similar to those seen in the permeabilized cells (results not 
shown). 

Mitochondria1 fatty acid oxidation flux and intermediates 
in blood cells from patients. The rate of P-oxidation was 
measured in four patients with defects of VLCAD, MCAD, 
CPT-11, and the trifunctional protein. The oxidation of 
[u-14~]hexadecanoate was significantly slower in blood cells 
from the patients with long-chain defects, whereas flux was 
normal in cells from the patient with MCAD deficiency (Table 1). 

For studies comparing the acylcarnitines formed in perme- 
abilized cells from controls (Fig. 5A) and patients, the reaction 
was quenched at 1 h, because flux was linear with time during 
this period. In CPT-I1 deficiency only hexadecanoylcarnitine 
was found (Fig. 5B, Table 3). In blood cells from the patient 
with VLCAD deficiency, only hexadecanoyl-, tetradecanoyl-, 
and a small amount of 3-hydroxyhexadecanoyl-carnitine were 
detected (Fig. 5C, Table 3). In blood cells from a patient with 
a trifunctional enzyme deficiency, there was a greater amount 
of 3-hydroxyhexadecanoylcarnitine compared with hexade- 
canoylcarnitine (Fig. 5D, Table 3). The intermediates seen in 
MCAD deficiency are also characteristic, showing increased 
amounts of medium-chain acylcarnitines, mainly decanoyl- 
and octanoyl-carnitine. The concentrations of hexadecanoyl- 
and tetradecanoyl-carnitine were normal (Fig. 5E, Table 3). 

DISCUSSION 

Permeabilization of blood cells by histone. To avoid prep- 
aration of a mitochondrial fraction from peripheral blood cells, 
which is impractical if small amounts of blood are used, we 
selectively permeabilized the cells while preserving mitochon- 
drial intactness. With platelets, commonly used permeabilizing 
agents such as digitonin (19) or saponin (20) lead to immediate 

' retention lime (m~n) 30 

15 30 
retention time (m~n) 

15 30 45 
retention time (min) 

Figure 4. Formation of acylcarnitine intermediates from [U-'4C]hexadecano- 
ate by blood cells as a function of time. Incubations were carried out as described 
and were quenched after 0.5 h (A), 1 h (B), 2 h (C), and 4 h (D). The identities of 
the peaks are: C,,, hexadecanoylcarnitine; C,,,,, hexadec-2-enoylcarnitine; C,,, 
tetradecanoylcarnitine; C,,,,, 3-hydroxy-hexadecanoylcarnitine + tetradec-2- 
enoylcarnitine; C,,, dodecanoylcarnitine; C,,:,,, 3-hydroxytetradecanoylcarnitine 
+ dodec-2enoylcarnitine; C,, decanoylcarnitine; C,,,oH, 3-hydroxydodecanoyl- 
carnitine + dec-2-enoylcarnitine; C,, octanoylcarnitine; C,,:,,, 3-hydroxyde- 
canoylcarnitine + oct-2-enoylcarnitine; C,, hexanoylcarnitine; C,, butyrylcarni- 
tine; and C,, acetylcarnitine. 

degranulation and aggregation unless aggregation inhibitors 
are applied. Therefore, we used the polycationic protein his- 
tone 11-AS as a novel permeabilizing agent. Histone effectively 
permeabilized the cell membranes without disrupting the mi- 
tochondria, as shown by cytosolic (lactate dehydrogenase) and 
mitochondrial (citrate synthase) marker enzymes. Mitochon- 
drial integrity was preserved over a wide range of histone 
concentrations, thus avoiding the need for adjustments to the 
protein concentration of the sample before permeabilization. 
Furthermore, no platelet aggregation occurred, presumably 
because the platelets became positively charged and repelled 
each other when the polycationic histone molecules bound to 
the platelet membrane. 

Measurement of flux through &oxidation. Because l4c0, 
release from radiolabeled fatty acids represents only a minor 
product of P-oxidation (21, 22), we determined P-oxidation 
flux as the amount of acid-soluble metabolites formed. In both 
intact and permeabilized blood cells, the majority of P-oxida- 
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Table 2. Time course o f  acylcamitine ester formation in peripheral blood cells from a control 

Time C 1 6 : ~ ~  C ~ 4 : o ~  C ~ * : o ~  
@I C16 C16:1 + G 4 : l  C14 + G2:l C12 + Gel C l ~  C8 C6 C2 

0.5 16.3 0.94 4.9 6.1 1.0 4.0 0.1 1.4 0.8 1.4 6.2 
1 12.1 3.6 12.1 10.8 5.8 9.4 4.8 5.5 5.1 16.2 60.1 
2 4.1 3.4 9.7 5.0 6.2 5.0 11.7 5.8 6.6 12.8 73.5 
4 0.9 1.9 2.7 1.2 2.9 1.2 7.3 2.2 8.1 14.5 45.1 

All values are expressed as nmol acetyl units formed per International Unit of citrate synthase activity. 
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I I I 
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I 
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I 

15 retention time (min) 30 45 

t I I 1 
15 30 45 
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Figure 5. Radiochromatograms of acylcarnitine esters resulting from the 
incubation of permeabilized blood cells from patients and controls with 
[U-14C]hexadecanoate. A, Healthy control; B, CPT deficiency; C, VLCAD 
deficiency; D, trifunctional enzyme deficiency; and E) MCAD deficiency. The 
peak identities were the same as for Figure 4. 

tion products were acid soluble (Fig. 2). Similar results have 
also been found recently in a whole-cell leukocyte preparation 
(23). Interestingly, whereas histone permeabilization stimu- 
lated the formation of acid-soluble metabolites, the amount of 
l4c0, formed was similar to that in intact cells (Fig. 2). 

Presumably, in the permeabilized cells there is an increased 
amount of L-carnitine available, thus promoting the formation 
of acylcarnitine esters. These acylcarnitines are able to diffuse 
out of the cells when they are permeabilized. Thus, propor- 
tionally fewer acetyl units are available for oxidation by the 
tricarboxylic acid cycle in permeabilized cells compared with 
intact cells. 

Intermediates of P-oxidation. By incubating histone- 
permeabilized blood cells in the presence of carnitine, chain- 
shortened acyl-CoA esters are converted to the corresponding 
acylcarnitine esters by the action of the carnitine acyltrans- 
ferases. In contrast to acyl-CoA esters, which are restricted to 
the mitochondrial matrix, acylcarnitine esters are distributed 
via carnitine-acylcarnitine translocase throughout the incuba- 
tion mixture. This explains why acylcarnitine esters, but not 
acyl-CoA esters, can be detected in our permeabilized cell 
system. 

The only intermediates seen in incubations with human 
fibroblast (15) and muscle (4, 24) mitochondria from healthy 
subjects were saturated acyl-CoA and acylcarnitine esters. 
Therefore, the production of 3-hydroxyacylcarnitine and 
2-enoylcarnitine esters in peripheral blood cells was a surpris- 
ing finding. Disturbance of the mitochondrial architecture or 
inhibition of P-oxidation enzymes by the permeabilization 
procedure was unlikely to be responsible for the accumulation 
of these unusual metabolites, because untreated isolated mito- 
chondria from peripheral blood cells gave a similar pattern of 
intermediates. Moreover, the incubations were performed un- 
der conditions identical to those described for muscle (4, 24) 
and fibroblast (15) mitochondria, in which only saturated 
intermediates are generated. Our preparation of peripheral 
blood cells contained a mixture of platelets and leukocytes. In 
incubations with permeabilized lymphocytes, only saturated 
acylcarnitine esters were detected (results not shown), suggest- 
ing that the 3-hydroxyacyl- and 2-enoylcarnitine esters are 
formed in the platelets. This may occur because complex I 
activity in platelet mitochondria is low compared with the other 
respiratory chain complexes (25), which would result in a low 
NAD+/NADH ratio and thus inhibit the 3-hydroxyacyl-CoA 
dehydrogenases. Alternatively, because platelets do not pos- 
sess the ability to synthesize new proteins, their mitochondria 
may selectively become depleted of enzymes with a high 
turnover rate, resulting in an apparent partial deficiency of 
enzymes involved in P-oxidation or NADH reoxidation. 

@Oxidation in peripheral blood cells from patients. The 
potential value of measuring P-oxidation flux and intermedi- 
ates in blood cells was demonstrated in four patients with 
proven or suspected defects of P-oxidation. In the blood cells 
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Table 3. Acylcarnitines in peripheral blood cells from patients and controls 

Controls 

1 33.3 5.4 22.5 16.7 6.2 8.3 5.7 2.9 2.7 2.4 43.5 
2 33.1 7.7 34.0 19.4 10.2 11.9 6.6 3.9 4.8 30.0 
3 12.1 3.6 12.1 10.8 5.8 9.4 4.8 5.5 5.1 10.2 60.1 
4 7.4 2.2 8.0 5.8 2.2 3.4 2.6 2.5 2.7 3.3 67.6 
5 17.9 3.7 16.7 10.5 4.7 6.9 3.4 2.7 5.0 7.1 131.3 
Mean 20.7 4.5 18.7 12.6 5.8 8.0 4.6 3.5 3.9 5.6 66.5 

(SD) (11.9) (2.1) (10.1) (5.4) (2.9) (3.2) (1.6) (1.2) (1.3) (3.0) (39.0) 

Patients 

CPT 22.7 
VLCAD 62.5 4.1 11.3 
TFP 1.2 2.4 8.0 1.0 2.4 1.4 44.6 
M C A D  30.7 4.6 14.4 8.6 3.2 11.0 3.4 30.1 25.9 8.7 11 1.6 

All values are expressed as nmol acetyl units formed per International Unit of citrate synthase activity and represent the amount of acylcarnitine esters formed 

after 1 h of incubation. TFP, trifunctional enzyme deficiency. 

from three patients with long-chain fatty acid oxidation de- 
fects, there was slow flux through P-oxidation. In MCAD 
deficiency, P-oxidation flux was within normal range because 
medium-chain acyl-CoA and acylcarnitine esters are acid sol- 
uble. Thus, although slow P-oxidation flux is an important 
indicator of a defect of long-chain fatty acid oxidation, defects 
of the medium-chain and short-chain specific enzymes are not 
detectable by simple flux measurements. 

The intermediates of P-oxidation observed in permeabilized 
cells from patients proved to be specific for the site of the 
defect. Indeed, two of these patients (trifunctional enzyme 
deficiency and CPT-I1 deficiency) were diagnosed by this 
method. The diagnosis of trifunctional enzyme deficiency can 
be made on the basis of slow overall flux, lack of significant 
chain-shortening, and an abnormal ratio of saturated to 3-hy- 
droxyacylcarnitines. In VLCAD deficiency there was again no 
significant chain shortening, but the ratio of saturated to 3-hy- 
droxyacylcarnitines was far greater than in control subjects or 
in the patient with trifunctional enzyme deficiency. This pat- 
tern of acylcarnitines is consistent with a block at the site of 
VLCAD, ETF, or ETF-dehydrogenase. In CPT-I1 deficiency 
the only acylcarnitine detected was hexadecanoylcarnitine due 
to impaired conversion of this compound to the corresponding 
acyl-CoA. The absence of 3-hydroxyhexadecanoylcarnitine 
and tetradecanoylcarnitine allows differentiation between this 
deficiency and that involving VLCAD. In MCAD deficiency 
the characteristic features were increased amounts of decanoyl- 
and octanoylcarnitine, with analysis showing marginally 
higher concentrations of C,,-products than C,-products (Table 
3, Fig. 5E). This finding is consistent with observations in 
fibroblast mitochondria from MCAD-deficient patients (15). 
An additional interesting finding is the normal amount of 
acetylcarnitine in both the patient with MCAD deficiency and 
trifunctional protein deficiency. This result is similar to that 
observed in fibroblast mitochondria from patients with these 
defects (15). We believe that this is caused by inhibition of 
either the tricarboxylic acid cycle or the respiratory chain by 
the accumulating acyl-CoA and acylcarnitine esters. 

In conclusion we have shown that permeabilized blood cells 
oxidize fatty acids but produce a different pattern of interme- 

diates to other tissues. However, the measurement of fatty acid 
oxidation flux and intermediates permits the diagnosis of the 
four most common P-oxidation defects using peripheral blood 
cells. This technique avoids the need for invasive procedures 
such as a muscle biopsy or the time and expense involved in 
preparing cultured cells. 

REFERENCES 

1. Roe CR, Coates PM 1989 Acyl-CoA dehydrogenase deficiencies. In: Scriver CR, 
Beaudet L, Sly WS, Valle D (eds) The Metabolic Basis of Inherited Disease. McGraw 
Hill, New York, pp 889-914 

2. Loehr JP, Goodman SI, Frerman FE 1990 Glutaric acidaemia type 11: heterogeneity 
of clinical and biochemical phenotypes. Pediatr Res 27:311-315 

3. Jackson S, Bartlett K, Land J, Moxon ER, Pollitt RJ, Leonard JV, Turnbull DM 
1991 Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. Pediatr Res 
29:406-411 

4. Jackson S, Kler RS, Bartlen K, Briggs H, Bindoff LA, Pourfarzam M, Gardner- 
Medwin D, Tumbull DM 1992 Combined enzyme defect of mitochondrial fatty acid 
oxidation. J Clin Invest 90:1219-1225 

5. Demaugre F, Bonnefont JP, Mitchell G, Nguyen-Hoang N, Pelet A, Rimoldi M, 
DiDonato S, Saudubray J-M 1988 Hepatic and muscular presentations of carnitine 
palmitoyltransferase deficiency: two distinct entities. Pediatr Res 24308-31 1 

6. DiDonato S, Gellera C, Rimoldi M, Finocchiaro G 1988 Mitochondria1 diseases due 
to defects of P-oxidation. Adv Clin Enzymol 6:24-34 

7. Saudubray J-M, Mitchell G, Bonnefont JM, Schwartz G, Nuttin C, Munnich A, Brivet 
M, Vassault A, Demaugre F, Rabier D, Charpentier C 1992 Approach to the patient 
with a fatty acid oxidation disorder. In: Coates PM, Tanaka K (eds) New Develop- 
ments in Fatty Acid Oxidation. Wiley-Liss, New York, pp 271-288 

8. Bonham JR, Downing M 1992 Metabolic deficiencies and SIDS. J Clin Pathol 
45(suppl):3M8 

9. Yokota I, Indo Y, Coates PM, Tanaka K 1990 Molecular basis of medium-chain 
acyl-CoA dehydrogenase deficiency. J Clin Invest 86:1000-1003 

10. Birch-Machin MA, Jackson S, Singh-Kler R, Turnbull DM 1993 Study of skeletal 
muscle mitochondrial dysfunction. Methods Toxicol 251-69 

11. Ogilvie I, Pourfarzam M, Jackson S, Stockdale C, Bartlett K, Turnbull DM 1994 Very 
long-chain acyl-CoA dehydrogenase deficiency presenting with exercise-induced 
myoglobinuria. Neurology 44:467-473 

12. Bhuiyan AKMJ, Jackson S, Turnbull DM, Aynsley-Green A, Leonard JV, Bartlett K 
1992 The measurement of carnitines and acylcamitines: application to the investiga- 
tion of patients with suspected inherited disorders of mitochondrial fatty acid oxida- 
tion. Clin Chim Acta 207:185-204 

13. Singh R, Shepherd IM, Derrick JP, Ramsay RR, Sherratt HSA, Turnbull DM 1988 A 
case of carnitine palmitoyltransferase I1 deficiency in human skeletal muscle. FEBS 
Lett 241:126-130 

14. Watmough NJ, Turnbull DM, Sherratt HSA, Bartlett K 1989 Measurement of the 
acyl-CoA intermediates of P-oxidation by h.p.1.c. with on-line radiochemical and 
photodiode array detection. Biochem J 262:261-269 

15. Singh-Kler RS, Jackson S, Bartlett K, Bindoff LA, Eaton S, Pourfarzam M, Frerman 
FE, Goodman SI, Watmough NJ, Turnbull DM 1991 Quantitation of acyl-CoA and 
acylcarnitine esters accumulated during abnormal mitochondrial fatty acid oxidation. 
J Biol Chem 266:22932-22938 

16. Shepherd D, Garland PB 1969 Citrate synthase from rat liver. In: Lowenstein JM (ed) 
Methods in Enzymology, Vol 13. Academic Press, New York, pp 11-16 



SCHAEFER ET AL. 

17. Vassault A 1983 Lactate dehydrogenase: UV method with pyruvate and NADH. In: 
Bergmayer J, Grassl M (eds) Methods of Enzymatic Analysis, Vol3. Verlag Chemie, 
Weinheim, Germany, pp 118-126 

18. Watmough NJ, Bhuijan A m ,  Bartlett K, Sherratt HSA, Turnbull DM 1988 Skeletal 
muscle mitochondrial P-oxidation: a study of the products of oxidation of 
[U-14C]hexadecanoate by h.p.1.c. using continuous on-line radiochemical detection. 
Biochem J 253541-547 

19. Fiskum G, Craig SW, Decker GL, Lehninger AL 1980 The cytoskeleton of digitonin- 
treated rat hepatocytes. Proc Natl Acad Sci USA 77:3430-3434 

20. Iida R, Takeyama N, Iida N, Tanaka T 1991 Characterization of overt carnitine 
palmitoyltransferase in rat platelets: involvement of insulin in its regulation. Mol Cell 
Biochem 103:23-30 

21. Veerkamp JH, van Moerkerk HTB, Glatz JFC, Zuuweld JDEM, Jacobs JEM, 
Wagenmakers JEM 1986 '4C0,-production is no adequate measure of [I4C]-fatty 
acid oxidation. Biochem Med Metah Biol 35:248-259 

22. Sherratt HSA, Osmundsen H 1976 On the mechanisms of some pharmacological 
actions of the hypoglycaemic toxins hypoglycin and pent-4-enoic acid. Biochem 
Pharmacol25:743-750 

23. Wanders RIA, Ijlst L 1992 Fatty acid oxidation in leucocytes from control subjects 
and mediumchain acyl-CoA dehydrogenase deficient patients. Biochim Biophys 
Acta 1138:80-84 

24. Watmough NJ, Bindoff LA, Birch-Machin MA, Jackson S, Bartlett K, Ragan CI, 
Poulton J, Gardiner RM, Shenatt HSA, Turnhull DM 1990 Impaired mitochondria1 
P-oxidation in a patient with an abnormality of the respiratory chain: studies in 
skeletal muscle mitochondria. J Clin Invest 85177-184 

25. Howell N, Bindoff LA, McCullough DA, Kubacka I, Poulton J, Mackey D, 
Taylor L, Turnhull DM 1991 Leber hercditar optic neuropathy: identification of 
the same mitochondrial ND-I mutation in six pedigrees. Am J Hum Genet 49: 
939-950 


	Fatty Acid Oxidation in Peripheral Blood Cells: Characterization and Use for the Diagnosis of Defects of Fatty Acid Oxidation

