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Summary 

We compared the formation of I4CO2 from [I-I4C]fatty acids in 
homogenates of cultured skin fibroblasts and white blood cells 
from 25 patients with adrenoleukodystrophy (ALD) and from 24 
controls. The ALD group included 16 boys with childhood ALD, 
five men with adrenomyeloneuropathy (AMN), and two boys and 
two girls with neonatal ALD. The substrates were unbranched 
saturated fatty acids ranging in chain length from 16-26 carbons. 
From C24:0, the radioactive C 0 2  production by homogenates of 
ALD fibroblasts and white blood cells was 17% and 37% of 
control, respectively, and from C26:O it was 17% of control in 
ALD fibroblasts. The C 0 2  evolution from palmitate (C16:O) in 
the ALD was identical to the control group; for C18:0, the value 
for ALD cells was 76% of control, and fatty acids with chain 
lengths between C18:O and C24:O gave intermediate results. 
Results for childhood ALD patients were similar to those for the 
AMN patients. More limited studies with cultured amniocytes 
of fetuses with childhood ALD gave results similar to those 
obtained with cultured skin fibroblasts, and results with neonatal 
ALD patients appeared to be the same as for childhood ALD 
and AMN. Studies of three women who were carriers for child- 
hood ALD gave values intermediate between ALD and control. 
The total C26:O levels in ALD cultured skin fibroblasts and white 
blood cells were 4-6 times that of control; the total C24:O levels 
were increased 10-30%, whereas the C22:O levels were un- 
changed. 

The results suggest that ALD patients have a defect in the 
oxidation of very long chain fatty acids (C24:O and longer) but 
not for the degradation of fatty acids with a chain length of 18 
carbons or less. Such a defect could account for the accumulation 
of the very long chain fatty acids in a variety of tissues and lipid 
moieties. The accumulation of these fatty acids, coupled with the 
metabolic data presented here, suggests that normal catabolism 
of very long chain fatty acids involves a metabolic pathway which 
is distinct from that for other fatty acids, and that this pathway 
is genetically deficient in patients with ALD. 

Abbreviations 

ALD, adrenoleukodystrophy 
AMN, adrenomyeloneuropathy 
C22:0, docosanoic acid (behenic acid) 
C24:0, tetracosanoic acid (lignoceric acid) 
C26:0, hexacosanoic acid (cerotic acid) 
C27:0, heptacosanoic acid 
GLC, gas liquid chromatography 
WBC, white blood cell 

ALD is a genetically-determined, progressive disorder which 
affects mainly the adrenal cortex and the white matter of the 
nervous system (32). It is associated with the accumulation of 
saturated very long chain fatty acids (mainly C26:0, C25:0, and 
C24:O) in the cholesterol esters and gangliosides in these tissues 
(1 1, 17, 30). Accumulation of these same fatty acids has also 
been reported in sphingomyelin and other lipid moieties of 
plasma (23) and red blood cells (38) and in cultured skin fibro- 
blasts (22), cultured muscle cells (I) ,  and cultured amniocytes 
(24). 

Several types of ALD have been described. The most common 
type is the childhood form (32) that usually presents between age 
4 and 8 years, involves mainly the cerebral white matter and 
adrenal cortex, and leads to death during the first or second, 
decade. Pedigree analysis is consistent with X-linked mode of 
inheritance (32). This has been confirmed by studies with cul- 
tured skin fibroblasts and the ALD gene has been mapped to 
Xq28 (19). AMN, another type of ALD, occurs mainly in adults, 
progresses more slowly, and in addition to adrenal cortex in- 
volves mainly the white matter of the spinal cord and peripheral 
nerves (8). ALD and AMN have been described in the same 
kindred (4) and it is considered likely that ALD and AMN 
represent different forms of the same disease process. Recent 
interest has been focused on a new entity referred to as connatal 
or neonatal adrenoleukodystrophy (2, 3, 9, 12, 16, 21, 38). This 
early onset disorder shows the same degree of accumulation of 
very long chain fatty acids as childhood ALD and AMN, but 
differs from them in that it involves a wider range of tissues. 
Furthermore, neonatal-connatal ALD involves girls as frequently 
and as severely as it does boys, and there is circumstantial 
evidence that it is inherited as an autosomal recessive trait (9, 
12). 

The enzymatic basis for the accumulation of very long chain 
fatty acids in ALD is unknown. Because the very long chain fatty 
acid excess in brain and adrenal cortex is present most strikingly 
in the cholesterol ester fraction, initial enzymatic studies focused 
on cholesterol esterases. No abnormalities were detected (1 8,27). 

We now report impaired oxidation of very long chain fatty 
acids in homogenates of white blood cells, and cultured skin 
fibroblasts and amniocytes from patients with childhood ALD, 
AMN, and neonatal ALD. Some of the results with cultured skin 
fibroblasts have been reported previously (33) and the data with 
white blood cells have been presented as an abstract (34). 

MATERIALS AND METHODS 

Patients. We studied 16 boys with childhood ALD (age, 4-16 
yr) and five men with AMN (age, 18-50 yr). The neonatal ALD 
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cases included two boys, age 2 (12) and 9 yr (3); and two girls, 
age 2 (12) and 8 yr (21). All of the patients showed the charac- 
teristic clinical features as well as elevated levels of very long 
chain fatty acids in plasma (23) and cultured skin fibroblasts 
(22). The ALD cultured amniocytes were derived from male 
fetuses at risk for childhood ALD, in whom the diagnosis was 
confirmed by postmortem studies of fetal tissues after induced 
abortion (24). Control cells were derived from 20 normal men 
and women age 12-30 yr, and from four patients with sphingo- 
lipidoses (Farber's disease, metachromatic leukodystrophy, glo- 
boid leukodystrophy, and Fabry's disease). 

Materials. [l-'4C]Palmitic and [l-14C]stearic acids and KI4CN 
were purchased from New England Nuclear, Boston, MA. Other 
[l-14C]labeled fatty acids were synthesized according to the pro- 
cedure described previously (10, 26). ATP, CoASH, and NAD 
were obtained from PL-Biochemicals, Milwaukee, WI and mal- 
ate, FAD, and alpha-cyclodextrin from Sigma Chemical Co., St. 
Louis, MO. L-Carnitine was a gift of Dr. Yuzo Kawashima, 
Otsuka Pharmaceutical Co., Tokushima, Japan. 

Isolation of white blood cells. Ten milliliters of heparinized 
blood was mixed with 5 ml of 6% dextran, 3.5 ml of 5% glucose, 
and 1.5 ml of ACD solution (2.45% glucose, 2.2% sodium citrate 
dihydrate, and 0.73% citric acid) and allowed to stand for 30-40 
min at room temperature or until the red blood cells had settled 
out. The upper layer was removed by suction and centrifuged at 
350 x g for 15 min. The supernatant fraction was discarded and 
the residual red cells in the pellet were lysed by the addition of 
hypotonic sodium chloride solution for 2 min before being 
returned to isotonic saline. The leukocytes were then collected 
by centrifugation. 

Cultured skin fibroblasts and amniocytes. Fibroblasts were 
grown in a 5% carbon dioxide atmosphere at 37°C in Eagle's 
minimum essential medium plus Earle's salts and 13% fetal calf 
serum. The cells were harvested 3-4 d after confluence, treated 
with 0.2% trypsin, and centrifuged. The amniocytes were pre- 
pared in the same way except that 15% fetal calf serum was used. 

Preparation of homogenates. Cells were homogenized by 20 
passes with a hand-driven Teflon coated glass homogenizer in 
0.06% sodium chloride. 

Enzyme assay. The reaction mixture contained 12 micromolar 
[1-I4C]fatty acid (approximately 6 x lo5 dpm) coated on Celite, 
20 mM MOPS-HCl buffer, pH 7.0, 30 mM KCl, 1 mM MgC12, 
8.5 mM ATP, 0.25 mM NAD, 0.17 mM FAD, 0.5 mM malate, 
2.5 mM L-carnitine, 0.08 mM CoASH, and 1 mg of alpha- 
cyclodextrin in a total volume of 0.6 ml. The reaction was started 
by addition of the cell homogenates containing 200-500 pg of 
protein. The mixture was incubated at 37°C for 1 h in a side arm 
test tube. The reaction was stopped by the addition of 0.25 ml 
of 3 N H2S04 from the side arm tube and the radioactivity was 
collected in a glass fiber filter hanging from the top and measured 
as described previously (25). We showed previously that CO2 
evolution in homogenates of ALD and control fibroblasts was 
linear with time up to 80 min, and with protein concentration 
up to 400 pg (33). 

Proteins were measured by the procedure of Miller (20) with 
bovine serum albumin as the standard. Fatty acids were quanti- 
tated by capillary gas liquid chromatography (23). 

RESULTS 

Figure 1 shows that production of I4CO2 from [l-14C]labeled 
very long chain fatty acids is significantly reduced in homoge- 
nates of ALD cultured skin fibroblasts or white blood cells. The 
differences are most striking for C24:0, where the C02 production 
was 16% and 37% of control for fibroblasts and white blood 
cells, respectively, and the differences are statistically significant 
with P values of less than 0.00 1. For C26:O the value was 17% 
of control in fibroblasts but, probably due to the smaller number 
of samples tested statistical significance was only at the 0.05 
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Fig. 1. Production of [14C]C02 from [I-I4C]fatty acids in homogenates 
of cultured skin fibroblasts and white blood cells. Bar graphs show mean 
and SEM. Note difference in scale for C16:0, C18:0, vs. C24:O and C26:O. 
Almost all of the tests were done in duplicate. In several instances repeat 
sets of analyses were done on samples from the same patient. The results 
for childhood adrenoleukodystrophy (ALD) and adrenomyeloneuropa- 
thy (AMN) patients are grouped together. There was no apparent differ- 
ence between them. The differences between ALD and controls for C24:O 
oxidation in both fibroblasts and plasma are statistically significant (P < 
0.001). Abbreviations: FIB, fibroblasts and WBC, white blood cells. 

level. In contrast, COz production from [1-14C]C16:0 in ALD 
fibroblasts was identical to control, and only insignificantly 
increased over control in the white blood cells. C02 production 
from C18:O in ALD fibroblasts was 76% of control, and this 
difference was not statistically significant. The results were sim- 
ilar regardless of whether they were obtained from childhood 
ALD or AMN patients (data not shown), and limited studies 
with four patients with neonatal ALD suggest that results are 
similar to those in childhood ALD and AMN. 

Figure 2 shows the ratios between 14C02 production from [ l -  
14C]C16:0 and [l-14C]C24:0. Use of this ratio may reduce varia- 
tions attributable to differences in homogenization or other 
experimental conditions. For ALD cultured skin fibroblasts and 
white blood cells, respectively, this ratio is 4.1 and 3.2 times 
control. Both differences are statistically significant. For white 
blood cells the P value was less than 0.00 1 whereas for fibroblasts 
it was less than 0.0 1. Limited data with ALD cultured amniocytes 
suggest that results with these cells are equivalent to those with 
cultured skin fibroblasts. Studies with white blood cells from 
three women who are obligate heterozygotes for X-linked ALD 
gave C16:O/C24:0 ratios intermediate (29.6 & 5) between control 
(1 8.5 + 2.7) and the ALD hemizygote (41.9 2 10). 

Figure 3 shows the variation of I4CO2 production from [I-I4C] 
fatty acids in homogenates of ALD and control cultured skin 
fibroblasts as a function of fatty acid chain length. Although 
there are no differences between ALD and control for C 16:O and 
C18:0, the rate of C02 evolution for the fatty acids with longer 
chain length decreased more rapidly for ALD samples than for 
controls. 
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Fig. 2. Ratios between [14C]C02 formed from [1-14C]C16:0 and C24:O 
fatty acids in homogenates of cultured skin fibroblasts, white blood cells, 
and amniocytes. The ratios between [14C02] formed from C16:O to that 
formed from C24:O are significantly higher for patients with childhood 
adrenoleukodystrophy (ALD) or AMN adrenomyeloneuropathy (ALD 
hemizygotes) than for controls. For white blood cells there was a statis- 
tically significant difference between these ratios ( P  < 0.001), and for 
fibroblasts, P < 0.01. Results with cultured amniocytes resemble those 
for cultured skin fibroblasts, whereas in white blood cells the values for 
women who are carriers for ALD are intermediate between control and 
ALD hemizygotes; however, the number of samples was too small for 
statistical analysis. 

Because the observed differences of fatty acid oxidation may 
be related to dilution of exogenous substrates by excess of very 
long chain fatty acids in ALD cells, we measured the levels of 
these fatty acids in cultured skin fibroblasts and white blood cells 
(Table I). As reported previously (22,23), the level of C22:O was 
unaltered whereas the level of C26:O in fibroblasts and white 
blood cells respectively was increased to 5.5 and 4.1 times 
control. In contrast, the C24:O level was increased only 1 1-30% 
over control. This finding makes it unlikely that the reduced 
COz production from C24:O is due to dilution of the radioactive 
exogenous substrate by C24:O contained within the tissue sample. 
In addition, the quantity of exogenous C24:O (6 nmole per tube) 
was relatively large in comparison to the total amount of endog- 
enous C24:O (0.6-1 nmole per tube). 

DISCUSSION 

I4CO2 production from [1-14C]C24:0 and [1-'4C]C26:0 is re- 
duced significantly in ALD cultured skin fibroblasts, white blood 
cells, and amniocytes whereas COz production from C16:O is 
normal. This finding suggests that there is a specific impairment 
in the oxidation of very long chain fatty acids in ALD, which 
may account for the tissue accumulation of these substances that 
is a characteristic of this disorder. Previously reported experi- 
ments in which ALD and control fibroblast homogenates were 
mixed, had ruled out the presence of inhibitors or activators (33). 
The defect appears to be present in childhood ALD, AMN, and 
neonatal ALD. This does not necessarily imply, however, that 
these disorders have the same metabolic basis because COz 
formation from fatty acids requires a large number of separate 
metabolic steps, and our present studies provide no information 
about which of these steps is involved. 
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Fig. 3. Formation of [14C]C02 from [I-14C]fatty acids by homogenates 
of cultured skin fibroblasts: variation with chain length. For C 16:0, C18:0, 
and C24:O each point represents the means and SEM of 14-38 determi- 
nations. The points for C26:O represent the mean of six determinations. 
For the other fatty acids each point represents the mean of duplicate 
determinations. The lines drawn represent the best fit as determined by 
least square regression analysis but omitting the value for C16:O. C02 
evolution falls off more rapidly for adrenoleukodystrophy samples than 
for controls. Note that a semi-log scale is used. 

Table 1. Total very long chain fatty acid levels in white blood 
cells (WBC) and cultured skin fibroblasts expressed as (pg/mg 

protein)* 
C22:O C24:O C26:O 

WBC 
Control 1.02+.0.36(17) 1.04+0.41(17) 0.041+0.019(17) 
ALD 1.02 + 0.40 (10) 1.31 2 0.34 (10) 0.17 + 0.085 (10) 

Fibroblasts 
Control 0.99 + 0.44 (28) 1.73 -+ 0.70 (50) 0.074 + 0.04 (30) 
ALD 0.88+0.16(23) 1.93+0.70(18) 0.41 +0.16(50) 

*Total very long chain fatty acid levels (mean + SD) in adrenoleu- 
kodystrophy (ALD) and control cultured skin fibroblasts and white blood 
cells. The number of tests performed is shown in parentheses. Total 
lipids were hydrolyzed with methanolic HCI and fatty acid methyl esters 
quantitated by capillary gas liquid chromatography (23). The ALD group 
included 14 patients with childhood ALD and three patients with adren- 
omyeloneuropathy. The C26:O levels are increased 4-6-fold in ALD 
white blood cells and fibroblasts. The C24:O levels show 10-30% increases 
whereas the C22:O levels are unaltered. 
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Our results are generally consistent with experiments reported 
recently by Rizzo et al. (31) in which intact cultured skin 
fibroblasts or white blood cells were incubated in the presence of 
[1-I4C]fatty acids and C02 evolution was measured. They found 
that in the ALD fibroblasts C02 evolution from C24:O and C26:O 
were 27 and 42% of control, respectively, compared with 73% 
for C16:O. A single study of white blood cells showed no differ- 
ence between ALD and control. 

The results presented here are in apparent conflict with the 
findings of Tsuji et al. (36) who reported increased accumulation 
of C26:O in ALD and AMN cultured skin fibroblasts incubated 
for 7 d with [14C]C1 8:0, and postulated that the primary defect 
in ALD involves elevated activity of the fatty acid elongation 
system. In our view, the results of Tsuji et al. make the significant 
new observation that ALD and AMN cultured skin fibroblasts 
do synthesize C26:0, but in the absence of more complete kinetic 
data, do not permit conclusion about comparative rates of syn- 
thesis or degradation. Their results could also be accounted for 
by impaired catabolism of newly synthesized C24:O and C26:O. 
Such a mechanism was found to account for the above normal 
accumulation of radioactive mucopolysaccharides when cultured 
skin fibroblasts of Hunter or Hurler disease patients are incu- 
bated with radioactive inorganic sulfate (5). 

Formation of I4CO2 from [l-'4C]fatty acids involves many 
steps. The COz could be produced either by an alpha- (15) or 
beta-oxidation mechanism. Alpha-oxidation is utilized for the 
synthesis of odd chain and alpha-hydroxy fatty acids. Because 
these substances are present in normal concentrations in ALD 
tissues, we consider it unlikely that the ALD oxidative defect 
involves alpha-oxidation. 

There are at least three systems for the beta-oxidation of fatty 
acids. First is the well known mitochondrial system (7); second, 
the more recently described peroxisomal system (14, 28); and 
third, a system for C24:O which appears to be specific for brain 
tissue (37). We consider it unlikely that this last system is 
involved in ALD because the tissue accumulation of very long 
chain fatty acids is widespread and in this report we demonstrated 
that the ALD oxidative defect is present in tissues other than 
brain. 

It is our current hypothesis that the ALD metabolic defect 
may involve a peroxisomal beta-oxidation system. We favor this 
hypothesis because I) long chain fatty acids are known to be 
oxidized in peroxisomes (14); 2) we presented evidence that the 
oxidation of C24:O in rat liver takes place in peroxisomes (1 3); 
3) we recently showed that patients with the Zellweger cerebro- 
hepatorenal syndrome have elevated levels of very long chain 
fatty acid levels (3) and impaired I4CO2 production from [l-I4C] 
C24:O (Singh, I. unpublished observation) similar to observations 
in ALD; and 4) patients with the Zellweger syndrome lack 
peroxisomes (6, 29, 39). Definition of the metabolic defect in 
ALD will require study of specified subcellular fractions, and 
analysis of the separate steps involved in fatty acid degradation. 
It is a point of challenge and interest that the abnormalities in 
ALD demonstrated so far suggest that normally there exists a 
hitherto unrecognized separate system for the degradation of 
saturated very long chain fatty acids. We believe that it is a 
component of this system which is genetically deficient in ALD. 
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Summary 

This study investigates the possibility of using pulsatile 
transcephalic impedance changes, AZ, for the continuous moni- 
toring of cerebral blood flow, CBF, in the sick newborn infant. 
The performance of the impedance method is compared with the 
measurement of cranial flow, Fc, using a strain gauge for detect- 
ing the predicted changes in cerebral blood flow when the baby 
breathes 2% C 0 2  in air, or 02. 

In all five studies in which measurements were compared in 
air and C 0 2  the expected increases in Fc and AZ were seen. In 
six of seven studies comparing measurements in air and O2 the 
expected fall in the variables was seen, indicating reduced cere- 
bral blood flow. The problems of both these methods are dis- 
cussed and we conclude that the impedance method is as good as 
the strain gauge method for detecting changes in cerebral blood 
flow. 

Abbreviations 

CAT, computerized axial tomography 
CBF, cerebral blood flow 
CBFa, apparent cerebral blood flow 
CV, coefficient of variation 
Fc, cranial flow 
IVH, intraventricular hemorrhage 
OFC, occipitofrontal circumference 
Ps02, skin surface oxygen partial pressure 
AZ, height of pulsatile impedance signal 
Zo ohm, transcephalic impedence 

IVH remains a major cause of death and of handicap amongst 
the survivors of neonatal intensive care (17, 18). The introduc- 
tion of CAT and ultrasound scanning of the brain has facilitated 
improved diagnosis and grading of IVH (17, 19), and studies 
have identified clinical and physiologic factors that may be 
associated with its pathogenesis (7, 10). More detailed analyses 

of the physiologic conditions, particularly with reference to in- 
tracerebral haemodynamics preceding IVH, have been few. Most 
of the measurements of CBF that have been made in preterm 
infants have resulted from studies using radioactively labeled 
xenon, (1 1, 12). It is not possible to make repeated measurements 
in an individual baby using this method and in the United 
Kingdom the technique is generally regarded as unethical. There 
is a need to establish a safe, non-invasive method for the contin- 
uous monitoring of CBF. 

The use of several non-invasive methods for obtaining infor- 
mation related to CBF in newborn infants has been described in 
the literature. These include 1) monitoring intracranial pressure 
by placing a transducer over the anterior fontanelle (22), 2) using 
ultrasound to measure blood flow velocity in the anterior cerebral 
artery (I ,  2), and 3) jugular venous occlusion plethysmography 
using a strain gauge around the OFC (3, 4). 

Intracranial pressure can be measured continuously, but we 
believe it to be of limited value as changes in CBF are not directly 
reflected by changes in intracranial pressure. Doppler ultrasound 
gives only a highly indirect indication of flow by measuring the 
pulsatility index which, by comparing systolic and diastolic blood 
flow velocities, gives an estimate of the vascular resistance. 

Strain gauge measurements can only be intermittent and the 
quantitative accuracy is limited. The strain gauge method has 
been shown to detect an increase of CBF in response to inhaled 
2% C02 in air, and a decrease of CBF in response to inhaled 
100% oxygen in the newborn baby (9,21). 

We have previously investigated the suitability of electrical 
impedance plethysmography for the measurement of cardiac 
output (5) and limb blood flow (6)  in the newborn and found 
that a reliable continuous estimate of flow can be made. Many 
workers have collected pulsatile electrical impedance data from 
the adult human head (8). Namon et al. (15) found that the 
height of the pulsatile impedance signal varies linearly with 
respect to CBF. The method has been used to monitor changes 
in the CBF of individuals passing between different sleep states 
(1 3), and during the inhalation of increasing C02  concentrations 
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