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Introduction 

Because in congenital peroxisomal disorders the defect is genetic, it is generally 
assumed to be expressed in all tissues, for ex. in liver parenchyma and cultured 
skin fibroblasts, and in all liver parenchymal cells alike. In this report we show 
th at there are many examples of differences between fibroblasts and liver, but 
more remarkably between individu al cells in the same liver. The latter condition 
is more appropriately named mosaicism, of which we describe five cases, in addi
tion to a sixth one reported elsewhere [27] . 

In recent publications the microscopie, cytochemical and morphometric 
alterations of peroxisomes in congenital disorders, including the visualization of 
ghosts in human liver, as well as in several acquired human diseases, were 
reviewed [20, 57, 61, 62]. F or the purpose of this report, the main data are sum
marized. 

Overview of previous cytochemical data 

In Zellweger cerebro-hepato-renal syndrome, and in most patients with infantile 
Refsum disease, hepatic peroxisomes are absent, but catalase is visibly localized 
in the cytoplasm. Cytoplasmic localization of other peroxisomal enzymes (D
amino acid oxidase, glycolate oxidase) in Zellweger livers could not be 
demonstrated by cytochemistry [30] , probably because the proteins were not 
immobilized by proper fixation. 

Immunolocalization of the 70 kDa peroxisomal membrane protein in these 
livers has not revealed the existence of "ghosts" or other structures [27, 62], in 
contrast to several reports about such ghosts in cultured fibroblasts. Recently in 
this laboratory a 43 kDa human peroxisomal membrane protein was localized in 
the liver of eight patients with multiple peroxisomal defects (as diagnosed 
biochemically), by use of antibodies prepared by Dr Manuel Santos; the liver 
parenchyma was devoid of any structure containing peroxisomal enzymes [27] . 
Two types of labelled organelles we re observed: dense-cored, and 'empty' 
vesicles; they were very rare in comparison to the frequency of normal 
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peroxisomes. Both types co-occured in four patients. In a classical Zellweger 
patient only the 'empty' type was found, measuring 0.2-0.3 pm. One patient 
diagnosed as a mild Zellweger syndrome had 'empty' vesicles in the majority of 
the parenchymal cells; but in addition other, rare cells were encountered show
ing numerous, small (0.2-0.3 pm) peroxisomes with catalase, thiolase and AGT. 
This mosaic is described by Espeel et al. [27]. In normallivers, the anti-43 kDa 
anti body exclusively labelled the peroxisomal membrane [27]. 

In most other p-oxidation defects, the liver contained enlarged peroxisomes 
(in oxidase- and thiolase deficiency, Zellweger-like and several variants present
ing as NALD-like), with the exception of X-linked ALD (normallooking 
peroxisomes) and true NALD (rare and very smalI, dense-cored organelles) -
[36, 38, 74]. Hughes et al. [38] mentioned that the dense- co red organelles 
appeared not to rea ct for catalase activity. Enlargement of peroxisomes is also 
striking in RCDP [19, 39; also this report], in contrast to a recent claim [21]. 

In some patients enlarged hepatic peroxisomes contain alanine-glyoxylate 
aminotransferase and three p-oxidation enzyme proteins, but cat al ase is free in 
the cytoplasm [24, 62]. The peroxisomal localization of catalase activity and the 
three p-oxidation enzyme proteins is compatible with a functional defect in vivo, 
i.e. accumulation of VLCF A and abnormal bile acids [26, 76]. 

Peroxisomes in hyperpipecolic aciduria are the subject of an apparent con
troversy : Challa et al. [12] mentioned their presence in the liver biopsies of two 
patients, without showing a photograph however; in cultured fibroblasts of an 
other HP Apatient, Wanders et al. [78] found cytoplasmic catalase, while 
Wiemer et al. [79] showed punctate fluorescence in these cells. We have studied 
the liver of two patients with increased pipecolic acid without VLCF A 
accu mulat ion : both had catalase containing organelles (Poll-The & Roeis). 
Therefore classification of HP A together with Zellweger syndrome in group I 
peroxisomal disorders appears unjustified. 

In human fetalliver, vesicles devoid of catalase activity were seen prior to the 
appearance of this enzyme, which again preceded in time the p-oxidation 
enzymes [23, 25], giving evidence for the import of matrix proteins into pre
existing structures. In all human livers peroxisomal catalase concentration 
(activity per unit volume) differs from one peroxisome to the other, within the 
same cello Free exchange of matrix proteins is therefore unlikely [58]. Con
tinuities between peroxisomes such as described in animals during proliferation 
(partial hepatectomy or peroxisome proliferators) we re not seen in human 
liver. 

In many acquired diseases (viral, alcoholic and drug induced hepatitis, 
cirrhosis, cancer with or without liver metatasis) hepatic peroxisomes displayed 
secondary alterations, such as increased numbers or reduced catalase staining; 
enlargement was never observed [14, 15, 16, 17]. Inhibition of mitochondrial P
oxidation by chlorpromazine elicited peroxisomal proliferation in man [13]. 
The decrease of catalase activity in the presence of malignant tumors has been 
known since 1910 ([ 9], see [64]). Tumor xenografts in mi ce reduced catalase 
activity in liver and duodenal epithelium; fast-growing tumors, but not slow-
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growing ones lead to smaller liver peroxisomes [20]. Tumor necrosis factor a 
probably is a mediator in this process, it also depresses jf-oxidation capacity. 

Enlarged peroxisomes we re experimentally induced in rats by hypothyroidism 
[55 J, the opposite, i.e. smaller organelles, was seen af ter administration of 
thyroid hormones [31, 43]. We have proposed that import of matrix com
ponents is proportional to the surface area of the peroxisomal membrane, and 
this must lead to an inverse relationship bet ween size and the concentration of 
enzymes as weIl as of substrates, and thus, functional capacity. This might be 
one causative factor in inbom disorders with enlarged peroxisomes [57, 58, 62]. 

Methods 

After immobilization of cell components by adequate fixation in bufTered for
maldehyde-calcium [64 J, followed, for immunocytochemistry, by 
glutaraldehyde, catalase activity was localized by staining with diaminoben
zidine at pH 10.5 [65 J; antigens of catalase, alanine-glyoxylate 
aminotransferase, acylCoA oxidase, trifunctional enzyme, keto-thiolase, and 
peroxisomal membrane proteins, were localized with protein A-gold, intensified 
with silver for light microscopy [24]. Fat insoluble in acetone, n-hexane or 
xylene is stained with Oil Red 0 or Sudan Black B in prefixed sections. Trans
parent polarizing inclusions were detected by light rnicroscopy predominantly 
in macrophage lysosomes, and their trilamellar, regularly spaced sheets, by con
ventional electron microscopy [44, 59, 62]. Lysosomes were identified by 
localization of acid phosphatase activity with several substrates and capturing 
agents [59, 62]. 

Results 

Five patients with hepatic mosaicism are described. The first patient P, reported 
in detail by Mandel et al. [48 J is now 9 y old and the son of consanguinous 
parents; he has a younger brother with a very similar presentation. Their 
neurodegenerative disease is accompanied by the impairment of multiple 
peroxisomal functions as shown biochernically. At the age of 8 y, liver sections 
stained for catalase activity showed typical granules in small areas of the paren
chyma, but in most hepatocytes there were none. Instead the cytoplasm was 
dark indicating cytoplasmic catalase. The boundary between both types of 
regions was sharply delineated; there was no chess-board pattem. That the 
granules are peroxisomes was confirmed by electron microscopy; they had nor
mal shape and size, including varying amounts of catalase reaction product as 
seen in most livers [48 J. By immunostaining, 4 matrix enzymes: alanine-glyoxy 
late aminotransferase, acylCoA oxidase, thiolase and catalase, we re also 
localized in these peroxisomes; in other regions a cytoplasrnic anti-catalase label 
was seen. On immunoblots of liver homogenate, only traces of peroxisomal 
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p-oxidation enzyme proteins we re deteeted. This was understood when the 
volume oeeupied by the peroxisome eontaining eells was estimated: by miero
seopieal examination of some 30 samples from the biopsy, many of whieh had 
no peroxisomes, a mean volume of around 8% was ealculated. However, fibro
blasts cultured from two eonseeutive skin biopsies of this patient had entirely 
normal peroxisomal funetions (VLCF A, de novo plasmalogen synthesis, di
hydroxyaeetone phosphate aeyltransferase aetivity, particle-bound eatalase). 
Other features in liver were in agreement with the peroxisomal origin of the 
illness [62]: enlarged maerophages eontaining abundant birefringent material as 
weil as fat droplets insoluble in aeetone, and ultrastructurally, numerous tri
lamellar sheets embedded in acid phosphatase aetivity in si de angulate lysosomes 
[ 48] . Ghosts bearing the 43 kDa membrane protein were not observed in the 
eells devoid of normal peroxisomes. 

The seeond patient, MS, of Dr Poggi's, has been reported [27 A]. He is the 
2y old son of unrelated parents. He presented with digestive symptoms (milk 
intoleranee, failure to thrive) and evident neurologieal signs: severe mental 

Fig. l. Trilamellar inclusions (two electron dense equidistant lines bordering an electron lucent 
space) inside an angulate lysosome of a parenchymal cell of patient No. 2. They are evidence of 
a peroxisomal deficiency disorder. Lysosome also contains very dense lipid droplets of variabie 
sizes which have resisted extraction by ethanol and embedding media. Scale bar = 0.1 micrometer. 
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retardation, major axial hypotonia but spastic hypertonia of the limbs, persisting 
archaic reflexes and myoc1onic jerks indicating central motor lesions. Elec
tromyography suggested an additional peripheral disturbance. Brain MRI 
showed a cortical and subcortical atrophy. There was no paresis ho wever; visual 
evoked potentials had somewhat increased latency, but the child had eye contact 
and reacted by smiling. Biochemistry indicated multiple peroxisomal dysfunc
tion: increased serum VLCF A and pipecolic acid, abnormal bile acids, but no 
phytanic acid. Remarkably, cultured fibroblasts had anormal oxidation of 
lignoceric acid. The liver biopsy gave convincing evidence of peroxisomal 
involvement by the presence of trilamellar structures in parenchymal lysosomes 
(Fig. 1) and fat insoluble in acetone-hexane in large PAS-positive macrophages; 
there were a few small polarizing inc1usions. Moreover peroxisomes were absent 
in approx. 90% of the biopsy by visualization of catalase activity (Fig. 2, 4), and 
by immunocytochemistry of thiolase, AGT (Fig. 3) and catalase. The last 
enzyme was localized in the cytoplasm of these parenchymal cells without 
peroxisomes (Fig. 2). Membrane vesic1es (ghosts) labelling for the 43 kDa 

Fig. 2. Visualization of catalase activity in liver of patient 2. Photograph shows boundary 
between region of the parenchyma without peroxisomes but displaying dark cytoplasm due to 
catalase reaction product, and a group of cells with peroxisomes (which are seen as numerous, 
small black granules), but no cytoplasmic stain. Cytoplasmic catalase is localized at the cell 
periphery and in discrete blocks surrounding the nucleus. lts concentration ditTers between adja
cent cells. Compare to electron micrograph of Fig. 5. Scale bar = 10 micrometer. 
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peroxisomal protein we re not found. In the remainder 10% of the cells, typical 
peroxisomes containing the same enzymes, as weil as the 43 kDa mem bra ne 
protein, were seen by light- and electron microscopy; they were few in some 
cells. The mosaic in this patient difTers from that in the first case by the regional 
distribution of the 'normal' cells : they are always grouped near veins (Fig. 4); 
the latter were recognized as portal veins in many instances, but not in all. 
Often, the nonnal cells did not fonn a continuous sheet, but were isolated or in 
groups of 2-3, ne ar a blood vessel. By electron microscopy also, a peroxisome 
containing cell could be seen in contact with several others devoid of these 
organelles but displaying cytoplasmic regions with dark catalase reaction 
product (Fig. 5). The last image is similar to the cytoplasmic catalase as found 
in liver parenchyma of Rhesus monkey, guinea pig and sheep. However in these 
species the same cells possess peroxisomes as weil [35, 56, 60, 63]. Peroxisomes 
in one tenth of the patient's parenchyma displayed an entirely nonnal morphol
ogy and abundant catalase reaction product (Fig 6). 

Fig. 3. Immunolocalization of alanine-glyoxylate aminotransferase in Iiver of patient 2. 
Photograph shows boundary between region of the parenchym a without peroxisomes, and a 
group of cells with peroxisomes, seen as numerous, bright granules. Compare to catalase localiza
tion in fig. 2. Staining for peroxisomal thiol ase produced a sirnilar picture (not shown). 
Darkground illurnination. Scale bar = 20 micrometer. 
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Table I. 

D-Circle (tim) 

mean 
measured corrected maximum 95% ° 

Patient 3 (RCDP) 
8m+ 0.719 0.918 1.862 1.375 
2y9m 0.739 0.936 1.560 1.376 

(autopsy) 
Patient 4 (atypical RCDP) 

9y® l.l19 1.440 2.767 2.310 
lly 0.934 1.172 1.897 1.648 

Patient 5* (IRD) 
lly 0.472 0.581 0.828 0.753 

Controls 
7 adults 0.525 0.643 0.940 0.768 

(0.487-0.620)· (0.598-0.753)· (0.725-0.831) • 
infant (6w) 0.445 0.555 0.848 0.769 
infant (4m) 0.518 0.640 1.027 0.848 

0: mean of 5% highest values 
+: from De Craemer et al., Virchows Archiv A Pathol Anat (1991) 419:523-525 
®: from Espeel et al., Ultrastruct Pat hol (1993) 17:625-637 
*: from De Craemer, Ph.D. tesis, Brussels (1994) 
.: minimum-maximum 

Volume density Num. density Surf. density 
(%) (tim_3 ) (tim- 1

) 

1.040 0.043 0.077 
3.800 0.099 0.240 

0.422 0.003 0.018 
2.350 0.030 0.120 

0.378 0.047 0.045 

1.047 0.100 0.110 
(0.734-1.441) • (0.053-0.132)· (0.083-0.152)· 

0.712 0.110 0.085 
1.183 0.128 0.131 



Fig. 4. Low power photograph of entire section of liver biopsy stained for catalase activity. 
Darkground rnicroscopy reveals two discrete areas, one along a recognizable blood vessel, where 
peroxisomal staining produces strong light scatter; individual granules are not visible at this 
magnification. A few single cells also contain peroxisomes. In most of the section peroxisomes are 
absent. On the basis of such sections from all fragments of the biopsy, volume of the peroxisome
containing parenchyma was estimated at 10%. Patient No. 2. Scale bar = 100 micrometer. 

The third patient is a boy with typical rhizomelic chondrodysplasia punctata 
(MR, patient of M.J. Zweens, Dr J.J.1. Waelkens). Peroxisomes were grossly 
enlarged as seen already by light microscopy [61] and confirmed by 
morphometry; in addition the mean number of peroxisomes in photographs 
taken at random was 45% of normal [19; Table IJ. However this reduced num
ber was not spread out evenly over all cells: in 2 f.J.m sections, some cells showed 
few or no peroxisomes, a distribution never observed in normal livers (see 
Fig. 1 B in [61]). By electron microscopy areas without peroxisomes were four 
times more frequent than in con trol livers. That electron microscopy of normal 
liver may display some cells without peroxisomes is explained by the use of 
ultrathin sections: organelles representing only 1 % of the cellular volume are 
not necessarily hit in all sections. 

This was found at the age of 8 months. The patient died unexpectedly from 
intestinal ileus at the age of 2 y 9 m; we could study another liver sample. 
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Fig. 5. Three parenchymal cens áfter staining for catalase activity. Upper cen has six peroxiso
mes of varia bie size (P), while two lower cens show none. However catalase reaction product has 
accumulated along their plasmamembranes and inside microvilli, and between the rough 
endoplasmic reticulum cisternae; it surrounds the bile canaliculus and Golgi apparatus. Mi
tochondrial matrix is less electron dense than cytoplasmic catalase reaction product. This image 
is similar to that of cytoplasmic catalase in the Rhesus monkey and sheep [56, 60]. een with 
peroxisomes shows less cytoplasmic density. Large 'empty' regions in cytoplasm are glycogen 
areas, but glycogen is unstained by the procedure used here. Fat droplets (F) are observed in two 
cens. N, nucleus. Patient No. 2. Scale bar = 1 micrometer. 
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Fig. 6. Peroxisomes of patient 2 show normal shape and size and strong catalase activity. 
Endoplasmic reticulum is contiguous to the peroxisomal membrane, as usual. However peroxi
somes are seen in 10% of the parenchyma only. Cytosol contains glycogen rosettes as in most liver 
biopsies. Scale bar = 0.5 micrometer. 

Morphometry showed that the number of peroxisomes had increased and now 
was nearly normal; they we re still too large and as a consequence their total 
volume density was three times the control value (Tabie I). This indicates that 
the mosaic observed two years earlier had changed with time. 

Patient No. 4 is MD, a girl 9 years old, with non-rhizomelic CDP, under 
treatment by Dr Smeitink [69]. Liver pathology and immuno-cytochemistry 
were studied in detail by Espeel et al. [24]. The peroxisomes presented as 
extremely large vesicles containing four matrix enzymes except catalase, which 
was in the cytoplasm (photograph also in [62]). In ultrathin sections, several 
organelles could be seen in the same cell; however in random photographs their 
total number per volume Nv was only 3% of the con trol (Tabie I), proving that 
many cells did not show any of these organelles. Fibroblasts cultured from the 
skin unexpectedly showed catalase containing organelles [24]. 

It is important to note that this patient had a niece suffering from the same 
peroxisomal syndrome (reported by Pike and coworkers [51]). Although 
associated with a congenital rubella infection in the latter, we can assume that 
the disorder was genetically transmitted in both patients. So it is remarkable 
that Pike et al. [51] measured hepatic peroxisomes much smaller than normal 
ones, i.e. the opposite of our case. 
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As in patient No. 3, an impressive change with time was observed in patient 
No. 4: in a second biopsy taken 2 years after start of treatment, the number of 
peroxisomes had increased but was still very low: 29% of normal (Tabie I). 
Moreover, they had acquired catalase activity. Many showed membrane 
invaginations, a feature observed in several peroxisomal patients [57] . Similar 
to patient No. 3, peroxisomal volume density was increased above normal due 
to the large organelle size. When the distribution of peroxisomes was examined 
by light microscopy, they were numero us in some cells and very few in others 
(Fig. 7). The girl is now 11.5 y and demonstrating noticable psychomotor 
progress. 

The last patient in our series with an abnormal distribution of peroxisomes in 
the liver is the oldest (JM, 11 years) of the three IRD cases originally discovered 
by Scotto et al. [68]. As we have shown earlier [59], numerous abnormal 

Fig. 7. Liver of patient No. 4 stained for catalase activity. Several parenchymal eens have abun
dant peroxisomes, other cells (squares) show only one or two granules. In contrast to patient No. 
2, cells poor in peroxisomes do not form homogeneous regions but are scattered between normal 
looking cens. Because this is a 2,um section, it is possible that these cens do possess more 
peroxisomes above or below this section. Preferentiallocalization (polarization) of peroxisomes in 
hepatocytes is not expected, taken into account their distribution in normal and diseased livers. 
Scale bar = 10 micrometer. 
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microbodies were visible in some parenchymal cells: they had little catalase 
activity, we re slightly smaller than normal, often displayed an electron lucent 
region and invaginations of their membrane [57, 61]. We do not know whether 
they contained other enzymes because in 1984, date of the biopsy, antibodies 
against peroxisomal proteins were not yet available for immunocytochemistry. 
When we published this case we assumed that the enzymes we re missing because 
they were barely detected in immunoblots [53, 57, 61]. However, in the light of 
the new data from patient No. 1, these organelles might be functional 
peroxisomes present only in part of the parenchyma; this may be related to the 
clinical history of this boy who is now 19 years old. Random morphometry by 
De Craemer gave evidence that the mean number of these microbodies per 
volume Nv was only 47% of normal and the total volume 38% (Tabie I) confir
ming that the single published photograph was not average; other cells did not 
show any of these organelles, and such areas were three times more numerous 
than in con trol livers. 

The mosaics in the liver of patients 3-5 differ from those of patients 1, 2: - by 
the occurrence of single cells poor in peroxisomes while in patient 1 and 2 there 
are homogeneous regions without any peroxisome (fig. 2 vs fig. 7); - the recipro
cal presence of cytoplasmic catalase or peroxisomes in patients 1 and 2 reinfor
ces the conclusion that peroxisomes are not fewer but totally absent. 

Disagreement between cultured fibroblasts and liver 

Many cases of such discrepancy have actually been reported, but the full 
significance was of ten not realized; in some cases cultured fibroblasts and liver 
were examined by different investigators and methods. One good example is the 
presence of peroxisomes in HPA as mentioned above. Three of our five patients 
also demonstrated a disagreement (No. 1,2 and No. 4). In addition to the liver/ 
fibroblast discrepancy, cultured cells grown from the same patient have 
demonstrated heterogeneity. Of both phenomena a list follows, which probably 
is not exhaustive: investigators may be reluctant to report such data. 

Liver vs. fibroblasts: 

• fibroblasts from recognized Zellweger patients have sedimentable catalase, 
thiolase [4, 29, 33], active acylCoA oxidase, dihydroxyacetone phosphate 
acyltransferase, the 69 kDa [77], the 70 kDa [29] and the 22 kDa peroxisomal 
membrane protein [33], nonspecific lipid transfer protein [72] in the same frac
tions; labelled granules have been observed by electron microscopy [2, 29] or 
by immunofluorescence [4, 29, 73, 77]. Such granules are absent in Zellweger 
livers. The resemblance between the particles of Zeil weger cells and peroxisomes 
in control fibroblasts was stressed [29]. 
• a Zellweger variant with metabolites typical of multiple peroxisomal defects, 

had normal functions in fibroblasts cultured from two successive skin biopsies 
[ 67]. 
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• fibroblasts from an IRD patient showed organelles staining strongly for 
catalase; the liver of the same patient had no typical peroxisomes [5]. 

• 20% of fibroblasts from IRD patient BOV84AD showed catalase partic1es 
and processing of acylCoA oxidase was similar to that of con trol fibroblasts 
[79]; the liver of this patient had no organelles of the peroxisome family when 
studied by electron microscopy and catalase cytochemistry [59]. 

• fibroblasts displayed no catalase latency, but the liver of the patient showed 
normal peroxisomes staining for catalase activity [47]. 

Heterogeneity of fibroblast cultures 

• punctate fluorescence for catalase and processing of acylCoA oxidase differ 
between cells belonging to the same complementation group, i.e. from patients 
with IRD, ZS and HPA [79]. 

• BOV84AD fibroblasts from one of Scotto's IRD patients [68] showed 
absence of catalase latency [8] but in a later culture demonstrated punctate 
fluorescence in 20%, and normal 52 and 22 kDa forms of acylCoA oxidase [79]. 

• fluorescence for sterol carrier protein showed granules in some fibroblasts of 
an NALD patient and was diffuse in most of them [67]; acylCoA oxidase and 
catalase were punctate in 10% of the cells of an NALD line [73]. 

• in one out of seven Zellweger cell lines, part of the cells contained catalase 
partic1es; this was unexplained but the authors exc1uded X-linked mosaicism 
because the patient was a boy [66]. 

• Bioukar et al. [7] demonstrated the appearance of revertants, i.e. cells dis
playing functionally normal peroxisomes, in cultures of IRD fibroblasts , at an 
average frequency of I in 106 cells. 

Implications of mosaicism and tissue heterogeneity 

For correct diagnosis 

Assays of homogenates are ave rages and will not detect the mosaic. Depending 
on the proportion of normal cells, results will be interpreted as 'peroxisomal 
deficiency' or as 'within the normal range.' In functional terms however, the lat
ter case is not normal, as explained below. Normal data from cultured 
fibroblasts are irrelevant to liver, and vice versa. It is not yet known whether 
fibroblasts cultured from first trimester chorionic villi also can behave diffe
rently from liver parenchyma. For that reason it seems preferabie to use 
uncultured trophoblast for prenatal diagnosis; this also avoids contamination by 
maternal cells [65]. 
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Pathophysiology 

If normal peroxisomal function observed in the fibroblasts of several 
peroxisome-deficient patients is not an artefact of cell culture, it demonstrates 
that fibroblast peroxisomes have no critical role in brain development and 
stabilisation; the latter appears to be more dependent on liver function, or on 
the oligodendrocyte peroxisomes about which we have no data in these cases. 
Kamei et al. [41] have reported absence of peroxisomal enzyme antigens includ
ing catalase in the cortical neurons of Zellweger patients; as in the brain of con
trol individuals they only observed a diffuse, instead of a granular staining [37, 
41], these results are difficult to interpret. 

In the liver, the presence of normal peroxisomes in part of the parenchyma 
does not garantee normal functional capacity and is actually compatible with 
functional failure. This is caused by the fact that an organ is heterogeneously 
structured, in contrast to homogenates and cell cultures. After blood has entered 
the liver from the portal vein and hepatic artery, it is distributed over many 
lobules where it flows through sinusoids along a limited number of parenchymal 
cells. The blood is then collected in the 'central veins and returns to the heart. 
Each time a sinusoid is lined by parenchyma without peroxisomes, increased 
VLCF A and other abnormal metabolites delivered by this parenchym a will 
Ie ave the liver to the brain, adrenals, a.o. No correction is possible by the nor
mal peroxisomes localized in other parts of the same lobule or elsewhere in the 
liver - even when they would increase their metabolic capacity. Such an increase 
is not unlikely in view of animal experiments demonstrating induction of 
peroxisomal enzymes by fatty diets or phytanic acid [18, 57, 75]. An unexpected 
consequence of such increase could be that in homogenates and peroxisomal 
fractions, normal or even enhanced enzyme activities might be found. 

Origin of peroxisomal mosaics. 

Mosaics are well-known in mutations of mitochondrial DNA; but peroxisomes 
have no DNA and all their components studied so far are encoded by nuclear 
genes. 

Two other classical explanations of a mosaic are: 
- an X-linked disorder in females, because one X chromosome in each cell is 
inactivated at random. But 4/6 of our patients are boys. 
- a somatic mutation early during liver development, such as non-disjunction of 
a chromosome pair during mitosis. However, two of our patients have relatives 
with a similar syndrome, so it is most likely th at the defect was transmitted by 
the parents. Somatic loss of heterozygosity (reduction to homozygosity) has 
been demonstrated in many malignancies (breast, colon, bladder, lung, 
astrocytoma, ren al cell carcinoma, hepatoblastoma, rhabdomyosarcoma, 
osteosarcoma, retino-blastoma) [28, 80]. The norrnal, wild type allele is lost 
during mitosis and the recessive gene (tumor forming) - which was inherited 
from one of the parents - is now expressed. 
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However, this is a rare event, while in two of our patients the mutated 
phenotype ( = absence of peroxisomes) represents 90% of the liver parenchyma. 
This ratio might still be explained by an additional speculation, i.e. a 
proliferative advantage for cells without peroxisomes. A selective advantage 
obviously characterizes tumorcells; if so in the liver of our patient, a hepatocar
cinoma might ultimately develop. DNA amplification of recessive genes is an 
other mechanism found in tumors [I]. 

In order to explain mosaicism by mitotic recombination one should assume 
that one of the genes coding for peroxisome assembly bears two recessive muta
tions, each inherited from one parent but in different loci of the gene. Recom
bination will result in one chromatid bearing both mutated loci, and the other 
bearing the wild type gene; the latter daughter cell has peroxisomes, and so will 
all its offspring. The frequency of such an event depends on the di stance between 
both loci, which in turn is limited by the size of the gene: recombination within 
a gene of 106 bp is estimated at 1 in 100 mitoses. Information on the gene( s) 
coding for peroxisome formation in mammalian cells is forthcoming but still 
fragmentary at present. According to Gärtner (personal comm.) the total DNA 
sequence involved in synthesis of the 70 kDa peroxisomal membrane protein 
[34], including the introns, is at least 100 kb. The probability of recombination 
within a gene of this size is still a factor 100 smaller than the frequency of the 
hepatic parenchymal cells possessing peroxisomes,as observed in our patients 
(1 / 10). If'recombined' cells with peroxisomes have a proliferative advantage, this 
might ultimately result in clinical improvement, at least of these organ defects 
which are reversible. This possibility is suggested by our observation that in two 
patients (No. 3 & 4) the number of peroxisomes increased significantly over a 
period of two years. 

In the first patient, mitotic recombination seems most unlikely because he has 
consanguinous parents; so both parents probably have the same mutation. 
Recently a hepatic mosaic of fumarylacetoacetase protein was demonstrated 
immunocytochemically by Kvittingen et al. [45] in 16 out of 19 patients with 
tyrosinemia type I. In four of the patients and their parents, the authors studied 
genomic DNA by restriction enzyme analysis. They concluded th at in the 
enzyme-positive regions of the liver the primary mutation was reverted to wild 
type in one alleie. This remarkable investigation was possible because a) the 
mutation in several families was known; b) immunostaining followed by DNA 
sequencing was performed on large sectiollS through the liver after the latter was 
ablated for transplantation. 

Regu/ation of peroxisoma/ biogenesis by the cel/u/ar microenvironment 

Development, abundance and morphology of peroxisomes normally differ 
between cell types of the same species; biogenesis in fetalliver, kidney, intestinal 
epithelium, lung alveolar epithelium and adrenal cortex is strictly linked to 
specific stages [23, 42, 52]. According to Stefanini et al. [70] there are no 
peroxisomes visible by electron microscopy in the liver of the rat at day 13 after 
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fertilization. This shows that the expression of peroxisomal genes is modulated 
in time and by the cellular environment. Studies of cultured hepatocytes have 
established th at expression of other liver specific: genes such as albumin secre
tion and alpha I-antitrypsin synthesis is dependent on the microenvironment, i.e. 
cell density and presence of other cell types or connective tissue components 
([ 11 , 22] reviews by Marceau [48] and L. M. Reid [54]). With respect to 
peroxisomes, fewer data are available. Sun et al. [71] have found that in a nor
mal liver cell line catalase activity is approx 4% of that in liver tissue; this is 
accompanied by a decreased mRNA level and by higher methylation of the 
catalase gene DNA. In primary hepatocyte cultures catalase activity after 10 days 
is down to 3%, and the number of peroxisomes to 5%, of the values in freshly 
isolated cells [32]. We also made ca1culations of peroxisomal p-oxidation 
capacity based on published data [6, 8, 40, 46, 50] , and assuming that wet liver 
contains 12.5% of protein. At 96 h of primary hepatocyte culture, we estimate 
that peroxisomal p-oxidation is decreased to 6%-15 % of the activity in liver. 

We hypothesize that the regulatory mechanisms for peroxisome biogenesis 
have mutated in our patients 1 and 2, resulting in an increased threshold for the 
extracellular signal (by a modification of integrins for example), or a we aker 
expression of this signal. As the microenvironment normally varies within the 
liver, the threshold will still be reached in a few regions, and normal 
peroxisomes will be assembied there. Patients 3 and 4 did not possess normal 
peroxisomes: the enzymes of plasmalogen synthesis, and 41 kDa thiolase, resp. 
catalase were absent in their grossly enlarged organelles; this indicates another 
pathogenetic mechanism. Moreover regions of liver parenchyma entirely devoid 
of peroxisomes were not observed. Their unequal distribution over the cells 
suggests an irregularity of peroxisomal division. 

Skin fibroblasts obviously have a microenvironment which differs from that of 
liver parenchyma; in the first place they produce extracellular matrix themselves. 
Also they (may) express other integrins. This relates to the in vivo situation. In 
culture they still secrete proteoglycans. In addition inhibitory factors present in 
tissue can be washed out in culture. At present it is not known whether 
peroxisomes in cultured cells are always identical to those in the skin of the 
same patient, especially in peroxisomal deficiencies; the ultrastructure of 
cultured cells certainly is altered [62]. It does not really come as a surprise that 
cultured fibroblasts may be have differently from liver cells, but the practical 
implications are far-reaching. 

Conclusion 

Future studies and diagnostic assays should take into account the existence of 
mosaics, and the discrepant behaviour of cultured cells. These are two reasons 
to examine liver biopsies, and to give priority to data from the liver. Microscopy 
is indispensable for the detection of mosaics. In addition earl ier data need to be 
reinterpreted. On the other hand will the discovery of peroxisomal mosaicism 
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and tissue heterogeneity contribute to new insight in the determinism of 
peroxisomal biogenesis and its impairments in human disease; there are now 
indications that factors other than the peroxisomal genes may be responsible. 

Summary 

Peroxisomal deficiency disorders which are genetically transmitted are assumed 
to be expressed in all cells and celltypes; the use of cultured fibroblasts for 
diagnosis and research is based on this assumption. In this review we describe 
five patients (in addition to a case published elsewhere (Espeel et al. [25]) with 
clinical, biochemical and microscopic evidence of a peroxisomal disorder. 
However their liver displays mosaicism, i.e. parenchymal cells with peroxisomes 
are adjacent to cells without, or very few, peroxisomes. Clinically the six patients 
presented as mild ZeIl weger syndrome, infantile Refsum disease, rhizomelic 
chondrodysplasia punctata, non-rhizomelic CDP, and one clinically unclassified. 
In two patients (No. 1 & 2) 8%, resp. 10% of the parenchyma possesses normal 
peroxisomes (containing immunoreactive thiolase, alanine-glyoxylate 
aminotransferase and catalase; in one patient, also acylCoA oxidase or the 
43 kDa peroxisomal membrane protein). Immunoblots of patient No. 1 only 
showed traces of peroxisomal p-oxidation enzymes. In most of the parenchyma, 
catalase was localized in the cytoplasm and no organelles of the peroxisome 
family were seen by electron microscopy and immuno-label for the 43 kDa 
PMP. Patients No. 3-5 had abnormal peroxisomes unequally distributed over 
the parenchymal cells. As shown by morphometry on random photographs of 
two successive biopsies, the number of peroxisomes Nv increased over a period 
of two years, in two patients, from 3% to 29%, and from 45% to 90% of the 
number in normal livers. 

This review also lists two dozen examples of disagreement between cultured 
fibroblasts and liver, including three of our patients, or variability of fibroblast 
cultures. The pathophysiology of hepatic peroxisomal mosaics is discussed; as a 
consequence of the vascular structure of the liver, the presence of nonnal 
peroxisomes in some regions is compatible with a biochemical deficiency in the 
living patient. On the other hand, if peroxisome-containing cells would have a 
proliferative advantage, clinical improvement might ensue over the years. As 
possible origin of a peroxisomal mosaic are considered : an X-linked disorder in 
females, a soma tic mutation during liver development, somatic loss of 
heterozygosity, DNA amplification of recessive genes, mitotic recombination, 
and regulation of peroxisomal biogenesis by the celluiar microenvironment. For 
the latter mechanism other than peroxisomal genes can be responsible. Some 
models are unlikely in several of our patients. 

F. Roels et al. 287 



References 

1. Alitalo K., R. Winqvist, c.c. Lin, A. de la Chapelle, M. Schwab and l.M. 
Bishop. Aberrant expression of an amplified c-myc-oncogene in two celllines 
from a colon carcinoma. Proc. Nat/. Acad. Sci. USA 81, 4534--4538, 1984. 

2. Arias lA., A.E. Moser and S. Goldfischer. Ultrastructural and cytochemical 
demonstration of peroxisomes in cultured fibroblasts from patients with 
peroxisomal deficient disorders. J. Cell Biol. 100, 1789-1792, 1985. 

3. Ayrton A.D., C. loannides and D.V. Parke. Induction of the cytochrome 
P450 I and IV families and peroxisomal proliferation in the liver of rats 
treated with benoxaprofen. Biochem. Pharmacol. 42, 109-115, 1991. 

4. Balfe A., G. Hoefler, W.W. Chen and P.A. Watkins. Aberrant subcellular 
localization of peroxisomal 3-ketoacyl CoA thiolase in the Zellweger syn
drome and rhizome1ic chondrodysplasia punctata. Pediatr. Res. 27, 304-310, 
1990. 

5. Beard M.E., A.B. Moser, V. Sapirstein and E. Holtzman. Peroxisomes in 
infantile phytanic acid storage disease: A cytochemical study of skin 
fibroblasts. J. Inher. Metab. Dis. 9, 321-334, 1986. 

6. Bichet N., D. Cahard, G. Fabre, B. Remandet, D. Gouy and lP. Cano. 
Toxicological studies on a Benzofuran derivative. 111. Comparison of 
peroxisome proliferation in rat and human hepatocytes in primary culture. 
Toxico/. and Appl. Pharmaco/. 106, 509-517, 1990. 

7. Bioukar E.B., F. Straeh1i, H.K. Ng, M.O. Rolland, T. Hashimoto, l.P. 
Carreau and l . Deschatrette. Resistance to erucic acid as a se1ectab1e marker 
for peroxisoma1 activity: lsolation of revertants of an infantile Refsum dis
ease cell1ine. J. Inher. Metab. Dis. 17, 41-59, 1994. 

8. B1aauboer B.l., C.W. van Hoisteijn, R Bleumink, W.c. Mennes, F.N. van 
Pelt, S.H. Yap, lF. van Plet, A.A. van Iersel, A. Timmerman and B.P. 
Schmid. The effect of beclobric acid and clofibric acid on peroxisomal beta
oxidation and peroxisome proliferation in primary cultures of rat, monkey 
and human hepatocytes. Biochem. Pharmaco/. 40, 521- 528, 1990. 

9. Blumenthal F. and B. Brahn. Die katalasewirkung in normaler und in car
cinomatöser leber. Z. Krebsforsch. 8, 436, 1910. 

10. Brul S., S. Westerveld, A. Strijland, RJ.A. Wanders, A.W. Schram, H.S.A. 
Heymans, RB.H. Schutgens, H. van den Bosch and l.M. Tager. Genetic 
heterogeneity in the cerebro-hepato-renal (Zellweger) syndrome and other 
inherited disorders with generalized impairment of peroxisomal functions: 
A study using complementation analysis. J. Clin. Invest. 81, 1710-1715, 
1988. 

11. Cascio S. and K.S. Zaret. Hepatocyte differentiation initiates during 
endodermal-mesenchymal interactions prior to liver formation. Development 
113, 217-225, 1991. 

12. Challa V.R, K.R Geisinger and B. Burton. Pathologic alterations in the 
brain and liver in hyperpipecolic acidemia. J. Neuropatho/. Exptl. Neuro/. 48, 
627-638, 1983. 

288 Cell and tissue heterogeneity in peroxisomal patients 



13. Cooper PJ., C.l. Danpure and KJ. Simpson. Peroxisomal and mitochon
drial proliferation and increased alanine: glyoxylate aminotransferase 
activity in human liver af ter chlorpromazine-induced cholestasis. Biochem. 
Soc. Trans. 17, 1071-1072, 1989. 

14. De Craemer D., I. Kerckaert and F. Roeis. Hepatocellular peroxisomes in 
alcoholic and drug-induced hepatitis: a quantitative study. Hepatology 14, 
811-81 7, 1991. 

15. De Craemer D., I. Kerckaert and F. Roels. Alterations of hepatocellular 
peroxisomes in human viral hepatitis. In: O. Schiraldi, G. Pastore and P. 
Dentico, (eds.). Progress and Prospects in Viral Hepatitis. 461-467, 1991. 

16. De Craemer D., M. Pauwels, M. Hautekeete and F. Roels. Alterations of 
hepatocellular peroxisomes in cancer patients: catalase cytochemistry and 
morphometry. Cancer 71, 3851- 3858, 1993. 

17. De Craemer D., M. Pauwels and F. Roels. Peroxisomes in cirrhosis of the 
human liver: a cytochemical, ultrastructural and quantitative study. Hepatol
ogy 17,404-410, 1993. 

18. De Craemer D., F. Roels and Ch. van Den Branden. Rapid effects of dietary 
fish oil on peroxisomes in mouse liver. Eur. J. Morpho/. 31, 77-81, 1993. 

19. De Craemer D., M.l. Zweens, S. Lyonnet, B.T. Poll-The, R.B.H. Schutgens, 
R.J.A. Wanders, JJJ. Waelkens, J.M. Saudubray and F. Roels. Very large 
peroxisomes in peroxisomal deficiency disorders (rhizomelic chon
drodysplasia punctata and acyl-CoA oxidase deficiency): novel data. 
Virchows Arch. A. Patho/. Anat. 419, 523-525, 1991. 

20. De Craemer D., M. Pauwels, A. Vergeylen, F. Roels and C VandenBranden. 
Peroxisomes in liver, kidney and duodenum of nude mice bearing xenografts 
of human pancreatic adenocarcinomas. Virchows Arch. B- Cell Pathol. 64, 
7-12, 1993. 

21. Dimmick J.E. and D.A. Applegarth. Pathology of peroxisomal dis orders. 
Perspect Pediatr. Patho/. 17, 45-98, 1993. 

22. DiPersio CM., D.A. Jackson and K.S. Zaret. The extracellular matrix coor
dinately modulates liver transcription factors and hepatocyte morphology. 
Mo/. Cell Biol. 11, 4405-4414, 1991. 

23. Espeel M., N. Brière, D. De Craemer, E. Jauniaux and F. Roeis. Catalase
negative peroxisomes in human embryonic liver. Cell Tissue Res. 272, 89-92, 
1993. 

24. Espeel M., J.C Heikoop, J.A.M. Smeitink, F.A. Beemer, D. de Craemer, M. 
van den Berg, T. Hashimoto, RJ.A. Wanders, B.T. Poll-The and F. Roels. 
Cytoplasmic catalase and ghost-like peroxisomes in the liver from a child 
with atypical chondrodysplasia punctata. Ultrastr. Patho/. 17,625-637, 1993. 

25. Espeel M., E. Jauniaux, T. Hashimoto and F. Roels. Immunocytochemical 
localization of peroxisomal beta-oxidation enzymes in human fetal liver. 
Prenat. Diagn. 10, 349-357, 1990. 

26. Espeel M., F. Roeis, D. de Craemer, L. van Maldergem, G. Dacremont, 
RJ.A. Wanders and T. Hashimoto. Peroxisomal localization of the 
immunoreactive p-oxidation enzymes in a neonate with a p-oxidation defect. 

F. Roels et al. 289 



Pathological observations in liver, adrenal cortex and kidney. Virchows 
Arch. A. Pathol. Anat. 419, 301-308, 1991. 

27. Espeel M., F. Roels, M. Giros, H. Mandel, A. Peltier, F. Poggi, B.T. Poll
The, 1.A.M. Smeitink, L. Van Maldergem and M .l. Santos. Immunolocaliza
tion of a 43 kDa peroxisomal membrane protein in the liver of patients with 
generalized peroxisomal disorders. Eur. J. Cel!. Biol. 67, 319-327, 1995. 

27a. Espeel M., H. Mandel, F. Poggi, 1.A.M. Smeitink, R.l.A. Wanders, I. 
Kerckaert, R.B.H. Schutgens, l.M. Saudubray, B.T. Poll-The, F. Roels. 
Peroxisome mosaicism in the livers of peroxisomal deficiency patients. 
Hepatology 22, 497- 504, 1995. 

28. Fearon E.R. and B. Vogelstein. A genetic model for colorectal tumorigenesis. 
Cel! 61, 759-767, 1990. 

29. Forstner M., D. Riegelnegg, I. Salmhofer and G. Hoefler. Characterization 
of 'light' peroxisomes in fibroblasts from patients with ZeIl weger syndrome. 
In: Academy Colloquium: 'Peroxisomal disorders in relation to functions and 
biogenesis of peroxisomes.' The Royal Netherlands Academy of Arts and 
Sciences. Amsterdam, October 1993. 

30. Frederiks W.M., K.S. Bosch, M. Ankum and R.l.A. Wanders. 
Histochemistry of peroxi somal enzyme activities: A tooi in the diagnosis of 
Zellweger syndrome. J. Inher. Metab. Dis. 16, 921-928, 1993. 

31. Fringes B. and A.R. Reith. Time course of peroxisome biogenesis during 
adaptation to mild hyperthyroidism in rat liver. Lab. Invest. 47, 19-26, 1982. 

32. Furukawa K., Y. Mochizuki, N. Sawada, M. Gotoh and H. Tsukada. 
Morphometric and cytochemical evaluation of clofibrate-induced 
peroxisomal proliferation in adult rat hepa tocytes cultured on floating 
collagen gels. Virchows Arch. B Cel! Pathol. 55, 279- 285, 1988. 

33. Gärtner 1., W.W. Chen, R.I. Kellley, SJ. Mihalik and H.W. Moser. The 22-
kD peroxiso mal integral membrane protein in Zellweger syndrome
presence, abundance, and associati on with a peroxisomal thiolase precursor 
protein. Pediatr. Res. 29, 141- 146, 1991. 

34. Gärtner 1. and D. Valle. The 70kDa peroxisomal membrane protein: an 
A TP-binding cassette transporter protein involved in peroxisome biogenesis. 
Seminars in Cel! Biol. 4, 45- 52, 1993. 

35. Geerts A., B. de Prest and F. Roels. On the topology of the catalase 
biosynthesis and - degradation in the guinea pig liver. A cytochemical study. 
Histochemistry 80, 339-345, 1984. 

36. Goldfischer S., l. Collins, I. Rapin, B. Coltoff-Schiller, C.H. Chang, M. 
Nigro, V.H. Black, N.B. lavitt, H.W. Moser and P.B. Lazarow. Peroxisomal 
defects in neonatal-onset and X-linked adrenoleukodystrophies. Science 227, 
67-70, 1985. 

37. Houdou S., S. Takashima and Y. Suzuki. Immunohistochemical expression 
of peroxisomal enzymes in developing human brain. Mol. Chem. 
Neuropathol. 19, 235- 248, 1993. 

38. Hughes 1.L., A. Poulos, E. Robertson, C.W. Chow, L.l. Sheffield, 1. 
Christodoulou and R.F. Carter. Pathology of hepatic peroxisomes and 

290 Cell and tissue heterogeneity in peroxisomal patients 



mitochondria in patients with peroxisomal dis orders. Virchows Arch. A. 
Patho/. Anat. 416, 255-264, 1990. 

39. Hughes J.L., A. Poulos, D.I. Crane, C.W. Chow, L.J. Sheffield and D. 
Sillence. Ultrastructure and immunocytochemistry of hepatic peroxisomes in 
rhizomelic chondrodysplasia punctata. Eur. J. Pediatr. 151, 829-836, 
1992. 

40. Inestrosa N.C., M. Bronfman and F. Leighton. Detection of peroxisomal 
fatty acyl-Coenzyme A oxidase activity. Biochem. J. 182, 779-788, 1979. 

41. Kamei A. , S. Houdou, S. Takashima, Y. Suzuki, L.E. Becker and D.L. 
Armstrong. Peroxisomal disorders in children: Immunohistochemistry and 
neuropathology. J. Pediatr. 122, 573- 579, 1993. 

42. KeIler J.M., S. Cablé, F. El Bouhtoury, S. Heusser, C. Scotto, L. 
Armbruster, E. Ciolek, S. Colin, J. Schilt and M. Daua. Peroxisome through 
cell differentiation and neoplasia. Biol. Cello 77, 77-88, 1993. 

43. Kerckaert 1., A. Claeys, W. Just, A. Cornelis and F . Roels. Automated image 
analysis of rat liver peroxisomes after treatment with thyroid hormones: 
changes in number, size and catalase reaction. Micron. Microsc. Acta 20, 
59- 62, 1989. 

44. Kerckaert 1., K.P. Dingemans, H.S.A. Heymans, J. Vamecq and F. Roeis. 
Polarizing inclusions in some organs of children with congenital 
peroxisomal diseases (ZeIlweger's, Refsum's, Chondrodysplasia Punctata 
(Rhizomelic Form), X-linked Adrenoleuko-dystrophy). J. Inher. Metab. Dis. 
11, 372-386, 1988. 

45. K vittingen E.A., H. Rootwelt, R. Berger and P. Brandtzaeg. Self-induced 
correction of the genetic defect in Tyrosinemia Type I. J. Clin. Invest. 94, 
1657- 1661 , 1994. 

46. Lazarow P.B. Three hypolipidemic drugs increase hepatic palmityl-coen
zyme A oxidation in the rat. Science 197, 580- 581 , 1977. 

47. MacCollin M., D.C. de Vivo, A.B. Moser and M. Beard. Ataxia and 
peripheral neuropathy: A benign variant of peroxisome dysgenesis. Ann. 
Neurol. 28, 833-836, 1990. 

48. Mandel H., M. Espeel, F. Roeis, N. Sofer, A. Luder, T. Iancu, A. Aizin, M. 
Berant, RJ.A. Wanders and R.B.H. Schutgens. A new type of peroxisomal 
disorder with variabie expression in liver and fibroblasts. J. Pediatr. 125, 
549-555, 1994. 

49. Marceau N. Biology of disease. Cell lineages and differentiation programs in 
epidermal, urothelial and hepatic tissues and their neoplasms. Lab. Invest. 
63, 4-20, 1993. 

50. Mitchell A.M., J.W. Bridges and c.R. Elcombe. Factors influencing 
peroxisome proliferation in cultured rat hepatocytes. Arch. Tox ico/. 55, 
239- 246, 1984. 

51. Pike M.G., O.A. Applegarth, H.G. Ounn, SJ. Bamforth, A.J. Tingle, B.l. 
Wood, J.E. Dimmick, H. Harris, l.K. Chantler and J.G. Hall. Congenital 
rubella syndrome associated with calcific epiphyseal stippling and 
peroxisomal dysfunction. J. Pediatr. 116, 88-94, 1990. 

F. Roels et al. 291 



52. Pipan N. and M. Psenicnik. The development of microperoxisomes in the 
cells of the proximal tubules of the kidney and epithelium of the small 
intestine during the embryonic development and postnatal period. 
Histochemistry 44, 13-21, 1975. 

53. Poll-The B.T., l.M. Saudubray, H.A.M. Ogier, M. Odièvre, l.M. Scotto, L. 
Monnens, L.c.P. Govaerts, F. RoeIs, A. Comelis, RB.H. Schutgens, Rl.A. 
Wanders, A.W. Schram and 1.M. Tager. Infantile Refsum disease: an 
inherited peroxisomal disorder. Comparison with Zellweger syndrome and 
neonatal adrenoleukodystrophy. Eur. J. Pediatr. 146, 477-483, 1987. 

54. Reid L.M. Stem cell biology, hormone/matrix synergies and liver differentia
tion. Current Op in ion in Cell Biol. 2, 121-130, 1990. 

55. Riede U.N., P.R Riede, R. Hom, R. Batthiany, G. Kiefer and W. Sandritter. 
Mechanisms of adoption of hepatocytes to a chronical hypothyroidism (A 
cytophotometrical and morphometrical study). Path. Res. Practice 162, 
398-419, 1978. 

56. Roels F. Cytochemical demonstration of extraperoxisomal catalase. I. Sheep 
liver. J. Histochem. Cytochem. 24, 713- 724, 1976. 

57. Roels F. Peroxisomes: a personal account. VUB Press. Brussels, pp 1- 151, 
1991. 

58. Roels F. and A. Comelis. Heterogeneity of catalase staining in human 
hepatocellular peroxisomes. J. Histochem. Cytochem. 37, 331-337, 1989. 

59. Roels F., A. Comelis, B.T. Poll-The, P. Aubourg, H. Ogier, 1. Scotto and l .M . 
Saudubray. Hepatic peroxisomes are deficient in infantile Refsum disease: A 
cytochemical study of 4 cases. Amer. J. Med. Genet. 25, 257- 271, 1986. 

60. Roels F., W. de Coster and S. Goldfischer. Cytochemical demonstration of 
extraperoxisomal catalase. 11. Liver of Rhesus monkey and guinea pig. J. 
Histochem. Cytochem. 25, 157-160, 1977. 

61. Roels F., M. Espeel and D. de Craemer. Liver pathology and 
immunocytochemistry in peroxisomal disorders: A review. J. Inher. Metab. 
Dis. 14, 853-875, 1991. 

62. Roels F., M. Espeel, F. Poggi, H. Mandel, L. van Maldergem and l.M. 
Saudubray. Human liver pathology in peroxisomal diseases: A review 
inc1uding novel data. Biochimie 75, 281-292, 1993. 

63. Roels F., A. Geerts, W. de Coster and S. Goldfischer. Cytoplasmic catalase: 
cytochemistry and physiology. Anals NY. Acad. Sci. USA 386, 534-536, 1982. 

64. Roels F. and S. Goldfischer. Cytochemistry of human catalase: the 
demonstration of hepatic and renal peroxisomes by a high temperature pro
cedure. J. Histochem. Cytochem. 27, 1471- 1477, 1979. 

65. Roels F., V. Verdonek, M. Pauwels, L. de Catte, W. Lissens, I. Liebaers and 
M. Elleder. Light microscopie visualization of peroxisomes and 
plasmalogens in first trimester chorionic villi. Prenat. Diagn. 7, 525-530, 
1987. 

66. Santos M.l., S. Hoefler, A.B. Moser, H.W. Moser and P.B. Lazarow. 

292 

Peroxisome assembly mutatÏons in humans: Structural heterogeneity in 
Zellweger syndrome. J. Cell Physiol. 151, 103-112, 1992. 

Cell and tissue heterogeneity in peroxisomal patients 



67. Schutgens R.B.H., RJ.A. Wanders, C Jakobs, M. Arslan-Kirchner, K. 
Miller, P. Wieacker, D. Hunnemann, P. Hürter and M. von Schutz. A new 
variant of Zellweger syndrome with normal peroxisomal functions in 
fibroblasts. J. Inher. Metab. Dis. 17, 319-322, 1994. 

68. Scotto J.M., M. Hadchouel, M. Odièvre, M.M. Laudat, J.M. Saudubray, O. 
Dulac, I. Beucler and P. Beaune. Infantile phytanic acid storage disease, a 
possible variant of Refsum's disease: th ree cases including ultrastructural 
studies of the liver. J. Inher. Metab. Dis. 5, 83-90, 1982. 

69. Smeitink J.A.M., F.A. Beemer, M. Espeel, R.A.M.G. Donckerwolcke, C 
Jakobs, R.J.A. Wanders, R.B.H. Schutgens, F. RoeIs, M. Duran, R. Berger 
and B.T. Poll-The. Bone dysplasia associated with phytanic acid accumula
tion and deficient plasmalogen synthesis: A peroxisomal entity amenable to 
plasmapheresis. J. Inher. Metab. Dis. 15, 377-380, 1992. 

70. Stefanini S., M.G. Farrace and M.P. Ceru Argento. Differentiation of liver 
peroxisomes in the foetal and newborn rat. Cytochemistry of catalase and 
D-aminoacid oxidase. J. Embryol. Exp. Morphol. 88, 151-163, 1985. 

71. Sun Y., N.H. Colburn and L.W. Oberley. Depression of catalase gene 
expression after immortalization and transformation of mouse liver cells. 
Carcinogenesis 14, 1505- 1510, 1993. 

72. Suzuki Y., S. Yamaguchi, T. Orii, M. Tsuneoka and Y. Tashiro. Nonspecific 
lipid transfer protein (Sterol Carrier Protein-2) defective in patients with 
deficient peroxisomes. Cell Struct. Funct. 15, 301- 308, 1990. 

73. Suzuki Y., N. Shimozowa, S. Yajima, T. Orii, S. Yokota, Y. Tashiro, T. 
Osumi and T. Hashimoto. Different intracellular localization of peroxisomal 
proteins in fibroblasts from patients with aberrant peroxisome assembly. 
Cell Struct. Funct. 17, 1-8, 1992. 

74. Vamecq J., J.P. Draye, F. van Hoof, J.P. Misson, P. Evrard, G. Verellen, 
H.J. Eyssen, J. van Eldere, R.B.H. Schutgens, R.J.A. Wanders, F. Roels and 
S. Goldfischer. Multiple peroxisomal enzymatic deficiency disorders. A com
parative biochemical and morphologic study of ZeIl weger cerebrohepatore
nal syndrome and neonatal adrenoleukodystrophy. Amer. J. Pathol. 125, 
524-535, 1986. 

75. Van den Branden C, J. Vamecq, I. Wybo and F. Roels. Phytol and 
peroxisome proliferation in mice. Pediatr. Res. 20, 411-415, 1986. 

76. Van Maldergem L., M. Espeel, RJ.A. Wanders, F. RoeIs, P. Gérard, E. 
Scalais, G.P. Mannaerts, M. Casteels and Y. Gillerot. Neonatal seizures and 
hypotonia with elevation of very long chain fatty acids, normal bile acids, 
normal fatty acyl-CoA oxidase and intraperoxisomal localization of the 
three p-oxidation enzymes: a novel peroxisomal disease? Neuromusc. Disord. 
2, 217-224, 1992. 

77. Van Roermund CW.T., S. Brul, J.M. Tager, R.B.H. Schutgens and RJ.A. 
Wanders. Acyl-CoA oxidase, peroxisomal thiolase and dihydroxyacetone 
phosphate acyltransferase:aberrant subcellular localization in Zellweger syn
drome. J. Inher. Metab. Dis. 14, 152-164, 1991. 

78. Wanders R.J.A., CW.T. van Roermund, M.J.A. van Wijland, R.B.H. 

F. Roels et al. 293 



Schutgens, J.M. Tager, H. van den Bosch and G.H. Thomas. Peroxisomes 
and peroxisomal functions in hyperpipecolic acidemia. J. Inher. Metab. Dis. 
11, Suppl 2, 161- 164, 1988. 

79. Wiemer E.A.C., M. Out, A. Schelen, RJ.A. Wanders, R.B.H. Schutgens, H. 
van den Bosch and J.M. Tager. Phenotypic heterogeneity in cultured skin 
fibroblasts from patients with disorders of peroxisome biogenesis belonging 
to the same complementation group. Biochim. Biophys. Acta 1097, 232- 237, 
1991 . 

80. Y okota J. , M. Wada, Y. Shimosato, M. Terada and T. Sugimura. Loss of 
heterozygosity on chromosomes 3, 13, and 17 in small-cell carcinoma and 
on chromosome 3 in adenocarcinoma of the lung. Proc. Natl. Acad. Sci. 
USA 84, 9252-9256, 1987. 
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