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Ultrastructure of skin from Refsum disease with emphasis on
epidermal lamellar bodies and stratum corneum barrier lipid
organization
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Germany
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Dermatology, UCSF, San Francisco, CA

Abstract

Classic Refsum disease (RD) is a rare, autosomal recessively-inherited disorder of peroxisome
metabolism due to a defect in the initial step in the alpha oxidation of phytanic acid (PA), a C 16
saturated fatty acid with four methyl side groups, which accumulates in plasma and lipid enriched
tissues (please see van den Brink, et al. 2006). It has been proposed that the disease complex in
RD is in part due to the high affinity of phytanic acid for retinoid X receptors and peroxisome
proliferator-activated receptors. Structurally, epidermal hyperplasia, increased numbers of
cornified cell layers, presence of cells with lipid droplets in stratum basale and reduction of
granular layer to a single layer have been reported by Blanchet-Bardon et al (1978). However,
lamellar body (LB) density and secretion were reportedly normal. We recently examined biopsies
from 4 unrelated patients, using both OsO,4 and RuQ,4 post-fixation to evaluate the barrier lipid
structural organization. Although lamellar body density appeared normal, individual organelles
often had distorted shape, or had non-lamellar domains interspersed with lamellar structures.
Some of the organelles seemed to lack lamellar contents altogether, showing instead uniformly
electron-dense contents. In addition, we also observed mitochondrial abnormalities in the
nucleated epidermis. Stratum granulosum-stratum corneum junctions also showed co-existence of
non-lamellar and lamellar domains, indicative of lipid phase separation. Also, partial detachment
or complete absence of corneocyte lipid envelopes (CLE) was seen in the stratum corneum of all
RD patients. In conclusion, abnormal LB contents, resulting in defective lamellar bilayers, as well
as reduced CLEs, likely lead to impaired barrier function in RD.
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INTRODUCTION

Classic Refsum disease (RD) was first described by Sigvald Refsum in 1946. RD is a rare,
autosomal, recessively-inherited disorder of peroxisome metabolism due to a defect in the
initial step in the alfa-oxidation of phytanic acid, a C16 saturated fatty acid with four methyl
side groups (at the C3, 7, 11, and 15 positions) [13, 27]. Humans obtain PA only from
dietary sources, such as diary and ruminant fat [14, 25, 28]. Phytol, the precursor of PA, is a
component of chlorophyll, but gut fermentation of chlorophyll in the ruminant stomach also
produces phytol, which then is converted into PA and stored in fats. It has become evident
that the 3-methyl group in PA prevents its beta oxidation, while alfa oxidation of PA results
in the formation of pristanic acid, which then can undergo beta oxidation. Watkins, et al
(1994) showed that it is phytanoyl CoA (and not PA) that is the true substrate for alfa
oxidation. Mihalik et. al (1995) discovered the enzyme phytanoyl CoA hydroxylase
(PHYH), which converts phytanoyl Co A to 2-hydroxyphytanoyl CoA, and that the enzyme
localizes to peroxisomes. Soon thereafter, it was established that deficiency of PHYH is the
molecular basis of adult Refsum disease [12], which results in accumulation of PA — plasma
levels of which are an excellent marker for the disease.

The initial symptom of classic RD is often night blindness, which can progress to severe
visual impairment. Mild scaling usually begins later, typically during adolescence, but even
as late as the 4t or 5t decade [2]. The cutaneous phenotype resembles ichthyosis vulgaris,
with flexural sparing and no erythema. Within an appropriate clinical setting, the
biochemical diagnosis of RD can be made by finding elevated phytanic acid levels in
plasma.

Late-onset or classic Refsum disease (RD) (OMIM #256500) is distinguished from infantile
RD, a complex disorder of peroxisomal biogenesis, in which peroxisomes fail to form,
resulting in loss-of-function of multiple enzymes. Ichthyosis is not a feature of infantile RD,
but in classic RD, ichthyosis occurs along with neurologic features, including peripheral
neuropathy and retinitis pigmentosa. Although severely-affected patients can die in
childhood, the onset is often insidious, becoming symptomatic only in adolescence, from a
disease complex that can include deafness, cerebellar ataxia, and anosmia [13]. Because
neurologic features do not develop until the second decade of life or still later, the diagnosis
is often delayed. Earlier recognition (e.g., by ophthalmologic exam and/or assessment of
plasma phytanic acid levels) would facilitate preventive dietary interventions, which can
reduce the severity of the largely-irreversible neurological damage [13, 27]. Cardiac
arrhythmias may be fatal in RD, but these, as well as other disease symptoms, improve with
implementation of a phytol-free diet.

Since ichthyosis can be the harbinger of RD, the possibility that timely skin biopsies could
allow early initiation of a phytol-free diet seems plausible, but observations to date on the
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histologic and ultrastructural features of the epidermis in classic RD are limited. Known
features include acanthosis, spongiosis, hyperkeratosis, and hypergranulosis, as well as lipid
inclusions in basal and suprabasal cells of the epidermis [1-3], to the best of our knowledge,
there is little information about the pathogenesis of the dermatitis in this disorder. Activation
of peroxisome proliferator activated receptors (PPARs) are known to improve epidermal
barrier function [24], through enhanced production of epidermal lipids in mouse models.
Yet, while phytanic acid is an agonist for both the retinoid X receptor [17, 19, 31] and
PPARs [8], its accumulation in Refsum patients instead leads to barrier dysfunction. Thus,
the pathogenesis of skin lesions in RD likely reflects phytanic acid (PA) accumulation,
rather than the downstream consequences of phytanic acid-induced PPAR signaling. To
assess the potential impact of excess PA on epidermal structure and function, we examined
here the ultrastructure of epidermis in four RD patients, searching for the structural basis for
the putative barrier abnormality using both OsO,4 and RuO,4 post fixation. Since the
phenotype in all of the ichthyoses represents a response to the barrier abnormality, we
focused on the structure and internal organization of epidermal lamellar bodies and their
secreted contents, as well as downstream alterations in SC lamellar bilayer structure.

Patient Materials and Methods

Biopsies were obtained from the inguinal region of 4 female (55 to 73 years of age) patients
with informed consent from the Regensberg University Hospital. All patients were recruited
with the help of the German Association of Refsum Patient Support Group. Diagnoses was
made according to clinical presentation and molecular genetics (Suppl. Table 1), and
confirmed by sequencing of the PHYH and PEX7 genes from genomic DNA obtained from
blood leukocytes. All 4 patients were compound heterozygotes for previously published
mutations of PHYH gene [12, 13], leading to loss-of-function of the phytanoyl-CoA
hydroxylase, and were on a long-term, special diet (restriction of dairy and ruminant fat
products). Patients fasted for 12 hours before skin biopsies were taken. Samples were
immediately fixed in modified Karnovsky’s fixative, cut into small pieces, and subsequently
washed in 0.1 M sodium cacodylate buffer, and post fixed using either OsO, (for general
ultrastructural evaluation) or RuOy4 (for examining the barrier lipid structures), and
processed routinely for transmission electron microscopy. Samples were embedded in a low
viscosity Epon-Epoxy mixture [10]. Ultrathin sections were double-stained with uranyl
acetate and lead citrate, and examined in a Zeiss 10A Electron microscope operated at 60
KV.

OBSERVATIONS
RD Epidermis Displays Epidermal Hyperplasia and Hyperkeratosis

In survey (low-magnification) electron micrographs, epidermal hyperplasia and
hyperkeratosis, as well as spongiosis; i.e., widening of the intercellular spaces within the
basal and spinous layers of epidermis, were apparent. These non-specific features also are
seen in psoriasis and other hyperproliferative dermatoses (Fig. 1A). But in contrast to other
hyperproliferative dermatoses, flocculent material often was evident in these enlarged
extracellular spaces. Finally, many cells in the stratum granulosum (SG) appear deficient in
keratohyalin granules (KHGs) (Fig. 1B), while other SG cells showed normal quantities of
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KHGs. We did not observe lipid droplets in basal cells. Though what appeared to be
vacuoles in some basal cells on light microscopy, appeared instead to be empty extracellular
areas, abutting cells that appeared in cross sections (Fig. 1A).

Abnormalities in Lamellar Bodies in RD

Above the spinous (SS) layer, the large gaps between adjacent nucleated cells become
unapparent. Secreted contents of lamellar bodies instead are seen between adjacent granular
cells, as well as at the SG-SC interface. But, focal areas at the SG-SC interface are devoid of
LB contents; instead appearing electron-lucent (Figs. 4A&B). In a similar area from another
patient, such gaps are even more pronounced, and more or less continuous (not shown),
apparently due to an even more severe LB abnormality. Lamellar bodies with perfectly
normal contents, but with a “triangular’ shape, also are occasionally encountered in RD (Fig.
2; insert).

Several ovoid organelles in the size-range of epidermal lamellar bodies can be seen in the SS
and SG. While the majority of these organelles display lamellar contents typical of
epidermal lamellar bodies, some contain a mixture of lamellar and non-lamellar contents,
while still others display electron-lucent microvesicular structures (Fig. 2). Also seen are
membrane-bound organelles with a core of electron dense material, within a less dense
matrix (Suppl. Fig. 1), resembling ‘core-granules’ in oral mucosa [29].

Another organelle, with similar dimensions to lamellar bodies, but with uniformly dark
contents, also can be seen with RuO,4 post-fixation (Fig. 3). These membrane-bound vesicles
sometimes appear in close proximity to mitochondria, or connected to and/or budding off a
membrane system (Fig. 3C; arrow), likely representing the trans-Golgi network [4].
Mitochondria often are swollen in appearance, displaying a paucity of cristae, unlike those
seen in normal human skin (Suppl. Fig. 2).

Abnormal LB Secretion and Post-Secretory Processing in RD

The secreted contents of LBs at the SG-SC interface appear non-uniform, with some
differences among individual RD patients. While the profile can be normal, some areas
appear deficient in LB contents (Fig. 4). We also frequently noted abnormal foci of non-
lamellar amorphous material both with OsO4 (Fig. 4A) and RuOy (Fig. 4B) post-fixation.
Above the SG-SC interface, the SC extracellular lamellar bilayers are not drastically
different from those of normal human SC. However, bilayers in RD appear to be more
loosely packed than in normal SC. Additionally, large non-lamellar domains, embedded
within the SC extracellular matrix, often are noticeable (Fig. 5).

Absent Corneocyte Lipid Envelopes in RD

Another striking feature in RD is the apparent lack of a tightly-adherent, corneocyte lipid
envelope (CLE) external to the cornified envelope. Whether all patients lack a CLE due to
failure of CLE formation, or whether loss of the CLE could reflect peeling or delamination
from the corneocyte surface (as suggested by Fig. 6, arrow), could not be determined.
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DISCUSSION

To the best of our knowledge, this is the first detailed report on abnormalities of epidermal
barrier-related structures in RD, building upon earlier reports that noted cytosolic vacuoles
and non-membrane bound lipid droplets in the basal epidermal cells of involved epidermis.
[3]. Using more current post-fixation and staining methods, we have identified several
distinctive ultrastructural features of RD epidermis. The most striking changes in
morphology in the epidermis of RD patients occur in epidermal lamellar bodies, reflecting
likely qualitative changes in their biochemical composition. Although there are some normal
appearing LBs, the majority of these organelles displayed only partial lamellar contents.
Despite the possibility that apparent pleomorphisms of lamellar bodies could reflect plane of
sectioning, there is ample reason to attribute this observation to variations in their contents
(cargo). Immunoelectron microscopic studies of Ishida-Yamamoto and colleagues have
shown [11] that corneodesmosin is present in a subset, but not in all lamellar bodies.
Lamellar bodies in many skin diseases appear to have deficient disk contents, which
correspond to downstream defects within the SC lamellar structures, including non-lamellar/
lamellar domain separation [6]. Some of the organelles shown here correspond with the
dimensions and distribution range of normal lamellar bodies, but they contain either
completely electron-lucent contents or amorphous, electron-dense material with no visible
lamellar structures. Although the latter types of organelles display morphological features
classically associated with lysosomes (personal communication, J. Reddy), it is interesting
to note that typical lysosomes, exhibiting ultrastructurally identifiable morphology, normally
do not occur in the outer epidermis [16]. Yet, epidermal lamellar bodies are indeed
‘lysosome-related organelles’ (LROs) that contain several lysosomal hydrolases [16].
Lysosomal storage disorders (such as Gaucher and Niemann Pick disease) are known to
affect lamellar body contents, and to alter the post-secretory processing of barrier lipid
precursors [9]. As a result, these disorders show functional alterations that include increased
transepidermal water loss (TEWL) [9, 22]. Under normal physiological conditions, the main
function of lamellar bodies is to supply extracellular domains with specialized lipid and non-
lipid components related to multiple SC functions [21]. In the case of RD patients, the
lysosome-like organelles (in all probability abnormal lamellar bodies with accumulated
phytanic acid), once secreted could be expected to alter the molar ratio of SC lipids focally,
resulting in sites with ‘domain separation’ within the SC extracellular matrix. Our results
suggest that the putative defect in the permeability barrier, as well as the abnormal
desquamation in RD, can be attributed to structural and functional alterations in lamellar
body contents and post-secretory processing [18].

Since it is known that phytanic acid accumulates in the epidermis of RD patients, especially
the phospholipids [20], it is conceivable that PA is sequestered preferentially with lamellar
bodies. There, phytanic acid could replace linoleic acid in acylglucosylceramides, leading to
barrier defects similar to those seen in essential fatty acid deficiency (EFAD) [7] and certain
other ichthyosis that lack a CLE (i.e., ALOX mutations [LOX 12 and eLOX [30]]), and
neutral lipid storage disease [26]. PA, if substituted for linoleic acid (LA) in the acyl group
of acylglycosylceramides likely would serve as a substrate for the lipase that generates the
w-acyl Cer component for the CLE. Omega-hydroxylation of PA, although not specifically
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reported for epidermis, has been shown to occur in liver microsomes [15], and it is feasible
that this process occurs in the epidermis, as well. If so, this abnormality would result in a
defective or absent CLE, and/or render this monolayer more susceptible to delamination
from the corneocyte surface, as appeared to occur in some of our subjects. An alternate
possibility is that the CLE fails to adhere tightly to the corneocyte surface; and hence, shows
various degrees of separation, providing an appearance of peeling away from the cornified
envelope.

Although we have not found any published data on TEWL levels in RD patients, the severe
morphological abnormalities of the barrier lipids clearly speak to a permeability barrier
defect — mostly through defects in the ‘mortar’ lipids. These alterations in the structure and
functions of the lamellar body secretory system underscore the extent of metabolic defects in
this rare, inherited disease, caused by defective a-oxidation of phytanic acid (present in a
wide range of food - esp. diary, meat and fish), with its accumulation in the epidermis.
Mutations causing the loss of phytanoyl-co enzyme A hydroxylase (which catalyzes the
second step in breakdown of phytanic acid to pristanic acid) as the causative factor is now
well-established as the cause of RD. All of the inherited ichthyoses studied to date, while of
completely different causation, exhibit prominent permeability barrier abnormalities [5, 6,
23]. We identified two classes of structural abnormalities that either separately or together
could account for the putative permeability barrier abnormality in RD: First, abnormal
epidermal lamellar body structure and content could alter the organization of the barrier
lipids [6], and such abnormalities in extracellular lipid organization could form the primary
structural basis for the putative barrier defect in RD. Second, loss of the CLE, either by a
failure of assembly and/or delamination, could contribute to the barrier abnormality as well.
Loss of the CLE would impair the scaffold functions of individual corneocytes, as shown in
EFAD, ALOX mutants and neutral lipid storage disease (NLSDI) that also affect the CLE.
In this disease, lamellar bilayers become disorganized, rendering the extracellular matrix of
SC “porous’ to water. The defect in the CLE likely can be attributed to accumulated
phytanic acid which would replace linoleic acid in acylceramides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLE corneocyte lipid envelope
EFAD essential fatty acid deficiency
KHG keratohyalin granules
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LA linoleic acid
LB lamellar body
LRO lysosome-related organelle
PA phytanic acid
PPAR peroxisome proliferator-activated receptor
RCDP rhizomelic chondrodysplasia punctate
RD Refsum disease
SC stratum corneum
SG stratum granulosum
TEWL transepidermal water loss
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Fig. 1. A. Low magnification electron micrograph of RD epider mis, showing prominent
acanthosis

B. SG and lower SC from a RD patient. Note paucity of keratohyalin granules compared to
normal epidermis. While the nucleated epidermal layers do not show prominent intercellular
spaces, the SG-SC interface shows such gaps. KHG, keratohyalin granules; M,
mitochondria; SB, stratum basale; SG, stratum granulosum; SS, stratum spinosum. OsO4
post fixation.
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Fig. 2. High magnification views of lamellar bodiesin SG layer, documenting the heter ogeneous
population of normal and abnormal appearing L Bs (arrows), including membrane-bound
organelles with non-lamellar microvesicular contents (asterisks)

Inset: A lamellar body with unusual shape, but with normal lamellar contents. LB, lamellar
body; SG, stratum granulosum. OsO, post-fixation.
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Fig. 3. Other organelleswith similar sizerange as L Bs, but more uniformly filled with non-
lamellar electron dense contents

A& B. Organelles with a morphology that closely resembles classic lysosomes (LRO). RuO4
post fixation. C. Micrograph illustrating the close association of (abnormal) LB with
mitochondria. ALB, abnormal lamellar body; LB/LRO, lamellar body/lysosome-like
organelle; M, mitochondria. RuO4 post fixation.
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Fig. 4. Electron micrographs showing the SG-SC interface with normal and abnormal secreted
contents
A. Electron lucent areas (asterisks) denote domain separation between lamellar and non-

lamellar contents. OsOy4 post fixation. B. Another area of SG-SC interface with lamellar and
non-lamellar (asterisk) domains. D, desmosome; SC, stratum corneum; SG, stratum
granulosum. RuQy4 post fixation.
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Fig. 5. Near normal appearance of the extracellular lamellaein RD
Note focal areas of lamellar/non-lamellar domain separation (asterisks). RuO,4 post fixation.
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Fig. 6.
A. Electron micrograph showing loose attachment (‘delamination’) of the CLE external to

the corneocyte envelope (open arrows). B. Micrograph showing absence of CLE along the
corneocyte surface. C = corneocyte. OsOy4 post fixation.
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