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Peroxisomal Defects in Neonatal-Onset and X-Linked 
Adrenoleukodystrophies 

Abstract. Accumulation of very long chain fatty acids in X-linked and neonatal 
forms of adrenoleukodystrophy (ALD) appears to be a consequence of deficient 
peroxisomal oxidation of very long chain fatty acids. Peroxisomes were readily 
identified in liver biopsies taken from a patient having the X-linked disorder. 
However, in liver biopsies from a patient having neonatal-onset ALD, hepatocellular 
peroxisomes were greatly reduced in size and number, and sedimentable catalase 
was markedly diminished. The presence of increased concentrations of serum 
pipecolic acid and the bile acid intermediate, trihydroxycoprostanic acid, in the 
neonatal ALD patient are associated with a generalized diminution of peroxisomal 
activities that was not observed in the patient with X-linked ALD. 

Two distinct types of adrenoleukodys- 
trophy (ALD) that differ in their age of 
onset and mode of inheritance have been 
identified. An X-linked form of ALD 
(Schilder's disease) usually appears in 
prepubertal boys and is characterized by 
progressive destruction of cerebral white 
matter and adrenal cortex. Death occurs 
during adolescence in most cases (1). A 
neonatal-onset (neonatal) form of ALD 
that is not X-linked has also been de- 
scribed (2). Affected children suffer from 
severe hypotonia and seizures and usual- 
ly do not live longer than six years. 
Accumulations of very long chain fatty 
acids (CZ6 and CZ4) are characteristic of 
neonatal and X-linked types of ALD, 
and fibroblasts from patients with both 
forms of ALD are deficient in their abili- 
ty to oxidize very long chain fatty acids 
(2-5). 

The oxidation of some very long chain 
fatty acids appears to occur preferential- 
ly in peroxisomes (6). Therefore, we 
examined the morphological and bio- 
chemical properties of peroxisomes in 

in the biopsies from both patients; how- 
ever, portal connective tissue was in- 
creased in the liver of the patient having 
the neonatal disease. There were striking 
differences in the size, number, and con- 
figuration of hepatocellular peroxisomes 
in these two diseases. In the child with 
X-linked ALD, peroxisomes were abun- 
dant and normal in size, ranging from 
0.25 to 0.75 pm in diameter in 39 electron 
micrographs photographed at a magnifi- 
cation of x 19,500 to ~ 3 7 , 5 0 0  (11). The 
peroxisomes had a characteristic coarse- 
ly fibrillar, moderately electron-opaque 
matrix and were often found in clusters 
(Fig. 1A). In the patient with neonatal 
ALD, peroxisomes were sparse, scat- 
tered, and small and, when measured in 
62 electron micrographs, had diameters 
that ranged from 0.1 to 0.25 pm (12) (Fig. 
1B). Sometimes their matrices were 
denser than normal and separated from 
the membranes. 

There was a tenfold decrease in the 

- - 

liver a 12-year-'ld Table 1. Plasma hexacosanoic acid (C26:O) 
with X-linked ALD and a 3-year-old girl and ratio of C26:O to docosanoic acid (C22:O). 
with neonatal ALD (7). Abnormalities of For ALD patients, the means of two determi- 
cholic and chenodeoxycholic acid syn- 
thesis and pipecolic acid excretion were 
also investigated in these patients be- 
cause bile acid intermediates (8) and 
pipecolic acid (9) accumulate in the se- 
rum and urine of infants with Zellweger's 
cerebro-hepato-renal syndrome (lo), in 
which there are no detectable hepatic 
peroxisomes. 

The hepatic architecture was normal 
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nations are shown (32). Mean ? standard de- 
viation in controls were derived from assays 
of 65 normal individuals. Quantitation of fatty 
acids was as described in (4). 

Subject 

X-linked ALD 1.278 0.075 
Neonatal ALD 1.783 0.215 
Control 0.33 2 0.014 i- 

0.18 0.076 

number and mean volume of hepatocel- 
lular peroxisomes in the patient having 
neonatal ALD as compared to the pa- 
tient having X-linked ALD (13). The 
mean peroxisomal volume in the X- 
linked ALD child was 0.070 pm3. In the 
neonatal ALD patient, total peroxisomal 
volume per hepatocyte was 1 percent of 
that observed in the liver of the X-linked 
disease patient. Anucleoid peroxisomes 
(0.07 to 0.20 pm in diameter) were also 
present in the intestinal epithelium of the 
patient with neonatal ALD (Fig. 1C); 
these resemble normal intestinal peroxi- 
somes in size and shape (11, 12). 

In the neonatal ALD patient, lysosom- 
a1 and cytoplasmic inclusions composed 
of parallel lamellae (2.5 to 5 nm in thick- 
ness) were common in Kupffer cells (Fig. 
ID). These lamellae are similar to those 
described as containing cholesterol es- 
ters with very long fatty acid chains after 
extraction in propylene oxide (3). Plasma 
concentrations of the very long chain 
fatty acid hexacosanoic acid (C26:O) 
were elevated and the ratios of C26:O to 
docosanoic acid (C22:O) were abnormal 
in both patients (Table 1). 

Hepatic catalase activity (14) in the X- 
linked ALD patient was normal. More- 
over, as in two controls, half of the 
catalase could be sedimented under cen- 
trifugation conditions where peroxi- 
somes, but not soluble catalase, are pel- 
leted (Table 2). This indicates that at 
least half of the catalase was in peroxi- 
somes; the balance may have been locat- 
ed in the cytosol or may have been 
released from peroxisomes damaged 
during homogenization. In contrast, the 
neonatal ALD patient had a low liver 
catalase activity of which only 12 per- 
cent was sedimentable (Table 2). In ab- 
solute terms, sedimentable catalase was 
4 percent of that of the X-linked ALD 
patient. The specific activity of catalase 
in the intestinal mucosa of the neonatal 
ALD patient was 68 milliunits (mu)  per 
milligram of protein. In two controls, the 
catalase-specific activities were 44 m u  
per milligram of protein. 

The peroxisomal P-oxidation capacity 
of the X-linked ALD patient's liver, as- 
sayed with palmitoyl-coenzyme A (pal- 
mitoyl CoA) as substrate (15), was 1.4 
nmollmin per milligram of protein. This 
may be compared with a value of 0.96 
nmollmin per milligram of protein that 
we observed on an adult control, and 
with a published normal human value of 
approximately 1 nmollmin per milligram 
of protein (16). 

Increased concentrations of pipecolic 
acid (1 7) were found in serum samples of 
the neonatal ALD patient at 2 and 3 
years of age (87 nmollml; control, 5 
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Table 2. Hepatic catalase activity and sedimentability in ALD patients and controls. Duplicate 
determinations agree within 5 percent. ( A )  Male child evaluated for hepatosplenomegaly; no 
evidence of liver disease; (B) 6-year-old boy with terminal cystinosis and cystic fibrosis; (C)  2% 
year-old male who died without history of liver disease; (D)  adult male who had normal portion 
of liver removed due to a tumor. For measurement of sedimentability, a volume of 150 pI was 
centrifuged in a 1.5-ml microfuge tube for 30 minutes at 10,000 revlmin in a Sowall HB-4 
swinging bucket rotor with a rubber adapter (r,., = 8.7 cm). 

tected in the serum of the patient with X- 
linked ALD. 

Fibroblasts cultured from patients 
with both forms of ALD have been 
shown to be deficient in their ability to 
oxidize lignoceric acid (%) (4), and 
studies of rat liver have suggested that 
this oxidation is, at least partially, a 
peroxisomal function (5). In neonatal 
ALD, the depression of very long chain 
fatty acid oxidation activity may simply 
reflect the deficiency of peroxisomes. In 
X-linked ALD, if the defect is peroxi- 
somal, it would appear to be a conse- 
quence of an X-linked gene involved in 
very long chain fatty acid oxidation be- 
cause peroxisomes are structurally nor- 
mal, have normal levels of sedimentable 
particulate catalase, and have normal 
peroxisomal p-oxidation activity toward 
palmitoyl CoA. 

In our patient with neonatal ALD, 
peroxisomes were so small and so sparse 
that they could not be detected (19) until 
we used cytochemical staining for cata- 

ALD Controls 
Item 

Neonatal X-linked A B C D 

Total homopenate activity* 23 151 112 43 173 87 
~edimentabky t 

Homogenate 
Pellet 
Supernatant 80 49 34 21 - - 
Recovery 92 98 79 82 - - 

*Milliunits per milligram of protein. tPercent. 

nmol/ml). In the child with X-linked neonatal ALD patient, trihydroxyco- 
ALD the concentration of pipecolic acid prostanic acid (THCA), which is not 
was 10.3 nmol/ml. Sera from mothers present in normal serum, represented 20 
of both patients were indistinguishable percent of the total serum bile acids in 
from those of the controls. two determinations (1.1 and 1.2 pM 

Total serum bile acids (18) were nor- THCA in 5.4 and 5.6 phf  total serum bile 
mal in both patients. However, in the acids, respectively). No THCA was de- 

Fig. I. (A) Hepatocytes in X-linked ALD; P, peroxisomes. Final magnification, X37,500. (B) Hepatocytes in neonatal ALD. Peroxisomes were 
identified by the presence of reaction product in sections incubated to demonstrate catalase, a marker enzyme for hepatocellular peroxisomes. 
Mitochondria1 cristae (M) are also stained because cytochrome oxidase is reactive in HzOtdiaminobenzidine medium. Final magnification, 
~37.500. (C) Intestinal epithelial cells in neonatal ALD. Peroxisomes stained intensely with diaminobenzidine. Final magnification, x42,000. (D)  
Kupffer cells in neonatal ALD with lamellar inclusions. Final magnification, x49,000. 
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lase. Hepatic and renal peroxisomes ap- 
pear to be absent in another neonatal 
autosomal-recessive disease, the cere- 
bro-hepato-renal syndrome of Zellweger 
(CHRS) (10, 20-22). Demyelination, se- 
vere hypotonia, and increased tissue 
concentrations of very long chain fatty 
acids are present in CHRS (23, 24), as 
well as in neonatal ALD. If the relative 
abundance of peroxisomes in developing 
neurons and in oligodendrocytes plays a 
role in myelin formation (25), the peroxi- 
soma1 deficiencies in very long chain 
fatty acid oxidation may contribute to 
the profound degeneration of myelin that 
occurs in both forms of ALD and in 
CHRS. However, children with CHRS 
do not have adrenal atrophy and usually 
die by 1 year; patients with neonatal 
ALD (2) do not have the characteristic 
facial dysmorphism, neuronal hetero- 
topia, renal cortical cysts, iron storage, 
or skeletal abnormalities associated with 
CHRS. Whether CHRS and neonatal 
ALD are distinct entities, or reflect dif- 
ferent degrees of expression of a single 
defect that regulates peroxisomal bio- 
genesis, remains to be determined. 

Several of the oxidative reactions in 
the formation of bile acids occur in per- 
oxisomes (26). The detection of an ab- 
normal bile acid intermediate in serum 
from neonatal ALD, but not in X-linked 
ALD, is consistent with earlier data 
demonstrating increased concentrations 
of C27 bile acid intermediates in bile and 
serum of CHRS patients (8),  and sup- 
ports the view that the bile acid defect is 
a consequence of a profound decrease in 
hepatic peroxisomes (26, 27). 

Pipecolic acid concentrations are ele- 
vated in serum and urine in patients with 
CHRS (9), and in our patient with neona- 
tal ALD (28), but not significantly in the 
patient with X-linked ALD. Pipecolic 
acid is a product of lysine metabolism; 
lysine degradation proceeds via glutaryl- 
CoA, which can be oxidized either by a 
mitochondria1 dehydrogenase or a per- 
oxisomal oxidase (29). The increased pi- 
pecolic acid concentrations in CHRS and 
neonatal ALD may reflect a deficiency 
of the oxidase. 

In rat liver, peroxisomal enzymes and 
a major peroxisomal membrane polypep- 
tide are synthesized on free polysomes. 
They are transported through the cytosol 
and enter peroxisomes post-translation- 
ally (30, 31). The multiple deficiencies in 
CHRS and neonatal ALD may reflect a 
defect in a gene that regulates synthesis 
of peroxisomal enzymes. Alternatively, 
the underlying defect could be in the 
synthesis of a peroxisomal membrane 
protein required for organelle assembly. 

If a defective membrane could not sup- 
port the import of newly synthesized 
peroxisomal enzymes, these enzymes 
would remain in the cytosol where some 
of them might be subjected to more rapid 
degradation. 
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Abrupt Induction of a Membrane Digestive Enzyme by Its 
Intraintestinal Substrate 

Abstract. The regulation of amino-oligopeptidase (AOP), an intestinal brush 
border hydrolase essential for the surface digestion of peptide nutrients, was 
examined in rats in vivo. Short-term (30-minute) intraintestinal perfusion of a 
tetrapeptide substrate, Gly-Leu-Gly-Gly, or a synthetic substrate, leucyl-P-naphthyl- 
amide, induced a doubling in the incorporation of [ 3 ~ l e u c i n e  into the AOP in 
association with intracellular membranes. The subsequent conversion of AOP from 
nascent to mature enzyme and its membrane-associated transport to the brush 
border occurred at normal rates. 

Amino-oligopeptidase (AOP), an inte- 
gral digestive enzyme of the intestinal 
brush border surface ( I ) ,  hydrolyzes the 
oligopeptides produced by luminal pan- 
creatic proteases at the intestinal mem- 
brane surface in preparation for the in- 
testinal transport of the final dipeptide 
and amino acid products. This hydrolase 
plays an essential role in the assimilation 
of dietary protein in mammals (2). 

Studies of the intact rat have shown 
that rapid synthesis of AOP as a nascent 
protein occurs within 15 minutes after an 
intraintestinal amino acid "pulse-chase" 
(short-term perfusions with labeled and 
unlabeled substrate) in association with 
the endoplasmic reticulum (ER). Within 
30 to 45 minutes, apparent post-transla- 
tional glycosylation and transfer to Golgi 
membranes (the site of fucosylation) 

takes place. Final vectorial transfer to 
the luminal brush border (BB) surface is 
not achieved until 3 hours after the intra- 
luminal amino acid pulse (3,4). Although 
the activity of the BB aminopeptidase in 
rats is decreased by starvation and in- 
creased by a high protein diet (5), the 
mechanism of dietary protein or peptide 
action on regulation of the aminopepti- 
dase is unknown. We examined the regu- 
latory role of high-affinity specific sub- 
strates of the AOP, the tetrapeptide Gly- 
Leu-Gly-Gly, and leucyl-P-naphthyla- 
mide (LeuNA), in the synthesis, 
intracellular assembly, and transport of 
AOP to the BB surface. 

Male Sprague-Dawley rats, paired by 
age and weight (200 to 300 g) and fed a 
protein-deficient diet (6) for 12 days, 
were anesthetized, and jejunal loops (25 
cm long) were isolated and cannulated as 
described (2). The intestinal loop of the 
paired rats was simultaneously perfused 
for 30 minutes with 150 mM NaCl con- 
taining either 2 mM L-Gly-Leu-Gly-Gly 
or the equivalent amino acid solution 
(6 mM glycine and 2 mM L-leucine; con- 
trol). After a 5-minute intraluminal 
"pulse" with L-[3~]leucine (2.5 mCi) 
and a 30-, 60-, or 180-minute "chase" 
with the substrate or amino acid solu- 
tion, BB and ER-Golgi (ERG) mem- 
branes were prepared (3) and their purity 
assessed by use of sucrase (as a marker 
for the BB) and aryl esterase (for the 
ERG). The average purification factors 
were 13 for the BB and 4.1 for the ERG; 
the fractional yields were 0.40 for the BB 
and 0.08 for the ERG. Leucyl-P-naph- 
thylamide hydrolase, sucrase, aryl ester- 
ase, and protein were assayed as de- 
scribed (3). After solubilization of the 
BB and ERG membranes with 0.5 per- 
cent Triton X-100, AOP and sucrase 
were isolated by specific immunoprecip- 
itation with monospecific rabbit antibod- 
ies to AOP, and the total and specific 
amount of label in the immune precipi- 
tates obtained by centrifugation was de- 
termined by scintillation counting (3, 4). 
Purification factors, fractional yields, 
and percent solubilization of the mem- 
brane fractions were similar to those 
reported (3, 4) and were not different for 
animals perfused with either substrate or 
amino acid. Several experiments were 
done at each time after the pulse (see 
Fig. 1). 

Although the rats' dietary protein in- 
take was restricted, the AOP activity in 
the BB (1260 '- 120 m u  per milligram of 
protein) was similar to that for animals 
fed a regular diet (1290 t 90 m u  per 
milligram). The total amount of label 
incorporated into AOP in the ERG frac- 
tions from rats perfused with Gly-Leu- 

Fig. 1. Comparison of the incorporation of 
[3H]leucine into AOP in ERG and BB frac- 
tions of paired rats receiving intraintestinal 30 

2 mM Gly-Leu-Gly-Gly (GLGG) or its con- 2 
stituent amino acids (G+L). Rats were per- .c 
fused with tetrapeptide or amino acid solution $ " 
for 30 minutes and then pulse-labeled with .: 
[3H]leucine intraluminally and chased with $ the peptide or amino acid solution for 30, 60 
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:$ 
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or 180 minutes. AOP was specifically immu- 
noprecipitated from the Triton-solubilized 
ERG and BB fractions, and the total amount 
of label in the enzyme was determined by $ 
allowing for the fractional solubilization by 5 
Triton X-100 and the yield of the marker 

G t L  GLGG G + L  GLGG G + L  GLGG 
enzyme (3). The arrows connect paired ani- --- 
mals at times after the [3~]leucine pulse; 30 minutes 60 minutes 180 minutes 

ratios of the amount of label in AOP from rats 
perfused with tetrapeptide to that from rats perfused with amino acid (control) are given over 
each arrow. Perfusion with Gly-Leu-Gly-Gly significantly increased incorporation of label into 
AOP in the ERG (see text). Similarly, in two of the three experiments, the total amount of label 
in AOP in the BB from the substrate-perfused rats at 180 minutes was twice that in control, and 
the specific amount of label in AOP (disintegrations per minute per milliunit) in the BB fraction 
was increased significantly (see text). Statistical analysis was by the paired t-test; data are 
reported as the mean r standard error. 
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