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Abstract

Normal fatty aldehyde and alcohol metabolism is essential for epidermal differentiation and
function. Long-chain aldehydes are produced by catabolism of several lipids including fatty
alcohols, sphingolipids, ether glycerolipids, isoprenoid alcohols and certain aliphatic lipids that
undergo a- or w-oxidation. The fatty aldehyde generated by these pathways is chiefly metabolized
to fatty acid by fatty aldehyde dehydrogenase (FALDH, alternately known as ALDH3A2), which
also functions to oxidize fatty alcohols as a component of the fatty alcohol:NAD oxidoreductase
(FAO) enzyme complex. Genetic deficiency of FALDH/FAQ in patients with Sjogren-Larsson
syndrome (SLS) results in accumulation of fatty aldehydes, fatty alcohols and related lipids (ether
glycerolipids, wax esters) in cultured keratinocytes. These biochemical changes are associated
with abnormalities in formation of lamellar bodies in the stratum granulosum and impaired
delivery of their precursor membranes to the stratum corneum (SC). The defective extracellular
SC membranes are responsible for a leaky epidermal water barrier and ichthyosis. Although
lamellar bodies appear to be the pathogenic target for abnormal fatty aldehyde/alcohol metabolism
in SLS, the precise biochemical mechanisms are yet to be elucidated. Nevertheless, studies in SLS
highlight the critical importance of FALDH and normal fatty aldehyde/alcohol metabolism for
epidermal function.
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1. Introduction

Medium- to long-chain aliphatic aldehydes and alcohols exist free in nature and are
metabolic products of other precursor lipids. Fatty aldehydes and alcohols are structurally
diverse and typically arise from metabolism of corresponding fatty acids. The aliphatic
chains range from 6- to more than 26-carbons in length and are saturated, unsaturated or
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even methyl-branched. Most aldehydes and alcohols are used for biosynthesis of other lipids
or are catabolic intermediates that are rapidly metabolized. Consequently, they are not
essential components of cellular membranes and do not accumulate to a significant extent as
free lipids. Because they comprise a very small proportion of the total lipid composition of
mammalian tissues, they have been largely ignored and some of their most basic metabolic
reactions are still poorly characterized.

Long-chain alcohols are known to be biosynthetic precursors for wax esters and ether
glycerolipids. In contrast, lipophilic aldehydes have long been considered to have no
essential physiologic role in mammals except for retinal, which is required for the visual
cycle. More recent studies, however, have implicated some fatty aldehydes in thyroid
function [1], cell proliferation [2] and as second messengers of oxidative stress [3].

Insight into the importance of fatty aldehyde and alcohol metabolism for epidermal biology
is highlighted by the rare neurocutaneous disease Sjogren-Larsson syndrome (SLS)L. This
disease is caused by genetic deficiency of fatty aldehyde dehydrogenase (FALDH) [4] and
results in impaired oxidation of fatty aldehyde and fatty alcohol [5].

SLS patients have a defective epidermal water barrier and exhibit ichthyosis as a major
symptom [6,7]. The study of SLS has uncovered the central role of FALDH in fatty
aldehyde metabolism and provides a revealing glimpse into the functional consequences of
deleterious aldehyde and alcohol metabolism for the epidermis.

Here, | review fatty aldehyde and alcohol metabolism as it relates to the skin and discuss the
potential biochemical mechanisms responsible for epidermal dysfunction when FALDH is
missing.

2. Aldehyde dehydrogenase and FALDH

Unlike fatty acids that are subject to a number of enzymatic modifications (desaturation,
hydroxylation, oxidation, reduction, elongation, etc), fatty aldehydes are largely limited to
oxidation/reduction reactions. Few enzymes that metabolize fatty aldehydes have been
studied directly in skin or in cultured keratinocytes. The most well characterized are
aldehyde dehydrogenases (ALDHSs), which catalyze the NAD(P)-dependent oxidation of
aromatic and aliphatic aldehydes to their corresponding acids. The presence of several
ALDHs in human skin has been demonstrated using histochemical and immunologic
techniques with limited specificity for individual isozymes [8]. It is now known that humans
possess a family of 19 ALDH genes encoding isozymes that vary in their tissue distribution,
subcellular localization and substrate preferences [9]. These enzymes oxidize the many
structurally diverse aldehydes produced by intermediary metabolism [10]. Most of the
ALDHs do not have absolute substrate specificities and are capable of oxidizing structurally
related aldehydes to varying degrees, which affords some level of metabolic redundancy.

Labbreviations: ALDH, aldehyde dehydrogenase; DHAP, dihydroxyacetone phosphate; ER, endoplasmic reticulum; FADH, fatty
alcohol dehydrogenase; FALDH, fatty aldehyde dehydrogenase; FAO, fatty alcohol:NAD oxidoreductase; FAR, fatty acyl-CoA
reductase; HMG-CoA, hydroxymethylglutaryl-CoA; 4-HNE, 4-hydroxynonenal; LB, lamellar body; PE, phosphatidylethanolamine;
PKC, protein kinase C; PPARa, peroxisome proliferator activated receptor-a; ROS, reactive oxygen species; SC, stratum corneum;
SG, stratum granulosum; SLS, Sjdgren-Larsson syndrome; S1P, sphingosine-1-phosphate.
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The repertoire of ALDH isozymes differs among tissues and the contribution of individual
isozymes for specific aldehyde substrates may similarly vary. Using microarray and RNA-
seq techniques, 11 of the ALDH genes are expressed in cultured human keratinocytes to an
appreciable extent (unpublished observations). Of their corresponding ALDH isozymes, the
most important one for epidermal function appears to be FALDH (also known as
ALDH3AZ2), which acts on aliphatic aldehyde substrates [5]. At least two other ALDH
isozymes (ALDH3A1 and ALDH3B1) have the capability to oxidize fatty aldehydes in vitro
[11], but they are unable to compensate for FALDH deficiency and their singular
importance for epidermal metabolism is not yet clear. In addition to ALDHSs, some fatty
aldehyde is metabolized to fatty alcohol by unidentified enzymes, most likely aldehyde
reductase or by reversal of alcohol dehydrogenase.

FALDH catalyzes the NAD*-dependent oxidation of long-chain aliphatic aldehydes to fatty
acids [12-14]. The enzyme is capable of oxidizing a variety of aliphatic aldehydes ranging
from 6- to at least 24-carbons long, including saturated, unsaturated and methyl-branched
substrates, although retinal is not a substrate [12]. FALDH prefers long-chain substrates
(C14-C18) over shorter ones, and the oxidative reaction is essentially irreversible. The
enzyme has a subunit mass of 54 kD and is catalytically active as a homodimer [15].

The gene for FALDH (ALDH3AZ2) consists of 11 exons and is located on chromosome
17p11.2. Alternative splicing of ALDH3A2 results in two protein isoforms [16]. The major
isoform is comprised of 485 amino acids and has a carboxy-terminal domain, which targets
its localization to the endoplasmic reticulum (ER) where it encounters a variety of aldehyde
substrates [17]. A minor protein isoform (FALDHv), which accounts for <10% of the total
activity, is 508 amino acids long and differs from the major isoform by possessing a longer
carboxy-terminal region. FALDHYv is localized in peroxisomes, where it probably interacts
with a more limited spectrum of aldehyde substrates [18]. In mouse, the relative expression
of each isoform varies between tissues with greater expression of the FALDHv isoform in
brain and testes [19].

FALDH is a housekeeping enzyme that is expressed in almost all cells and tissues. The
enzyme is present throughout the epidermis in basal, spinous and granular keratinocytes, but
is missing from the stratum corneum (SC) [20,21]. ALDH3AZ2 is highly expressed in cultured
keratinocytes and fibroblasts. The gene can be transcriptionally upregulated by certain
pharmacologic agents and natural ligands that activate peroxisome proliferator activated
receptor-a. (PPARa), including fibrate drugs [22—-24] and fatty acids such as linoleic acid
[24], phytanic acid and pristanic acid [25]. This response is specifically mediated by a
PPARa response element in the promoter of the gene [24]. The potential transcriptional role
of other PPARs is unknown. ALDH3A2 is also upregulated by insulin, and downregulated in
an animal model of diabetes [26].

Owing to its broad substrate specificity, FALDH occupies a pivotal place in metabolism of
aliphatic aldehydes generated by several diverse lipid pathways [27]. Deficiency of this
enzyme results in accumulation of fatty aldehydes and certain aldehyde-related lipids,
including fatty alcohols. It is therefore instructive to review the metabolism of fatty
aldehyde and alcohol in the context of epidermal lipids.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 March 01.
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3. Fatty Aldehyde Metabolism

Long-chain aliphatic aldehydes in mammals are largely produced by catabolic metabolism
of several lipids, including ether glycerolipids, fatty alcohols, sphingolipids and wax esters
(Figure 1). Some medium-chain aliphatic aldehydes, such as hexanal, octanal and 4-
hydroxy-2-nonenal (4-HNE), are produced via lipid peroxidation during oxidative stress. In
addition, dietary sources of fatty aldehydes and aldehyde-generating lipids are an undefined
and probably variable portion of the aldehyde metabolic pool in man.

3.1. Ether glycerolipid metabolism

Fatty aldehydes are generated through normal catabolism of ether glycerolipids [28] (Figure
2). Most ether lipids in mammals are characterized by the presence of a long-chain alkyl
group attached to the sn-1 carbon of glycerol via an ether bond [29]. The alkyl chain is
derived from fatty alcohols that are chiefly 16- to 18-carbons long. The enzyme that
catalyzes formation of the ether-linked alkyl chain is alkyl-dihydroxyacetone phosphate-
synthase (alkyl-DHAP-synthase), which is located in peroxisomes [30]. This unique reaction
replaces the acyl group at the sn-1 carbon of 1-acyl-DHAP with fatty alcohol, producing 1-
O-alkyl-DHAP (Figure 2). Subsequent enzymatic steps introduce a double bond into the
alkyl chain at C1-C2 and culminate in the complete synthesis of plasmalogen forms of
phospholipids (phosphatidyl-choline, -ethanolamine and —serine) in which the sn-1 position
is occupied by a 1-O-alkenyl chain with an unsaturated viny!l ether bond (see Figure 2
insert). Plasmalogens are present at high concentrations in erythrocytes and certain tissues
(heart, brain, tumors), whereas neutral ether glycerolipids, such as 1-O-alkyl-2,3-
diacyglycerol, are more abundant in skin. The neutral ether lipids in skin usually lack the
double bond at the C1-C2 position of the sn-1 alkyl chain and instead have a saturated or
monounsaturated alkyl chain. These ether lipids are largely synthesized by sebaceous glands
and secreted onto the surface of the skin as a component of sebum [31]. 1-O-Alkyl-2,3-
diacyglycerol is also synthesized in cultured keratinocytes, suggesting a more widespread
epidermal distribution [32,33].

The catabolism of ether glycerolipids involves enzymatic cleavage of the 1-O-alkyl bond by
microsomal alkyl-glycerol monooxygenase [34] or lysoplasmalogenase [35], which releases
the alkyl chain as fatty aldehyde. Studies on the degradation of 1-O-octadecyl-glycerol in
SLS cultured fibroblasts and keratinocytes indicate that most of the fatty aldehyde produced
is oxidized to fatty acid by FALDH, but a significant amount (up to 40%) is oxidized to fatty
acid by another enzyme or reduced to fatty alcohol [36].

3.2. Fatty aldehydes produced by oxidative stress

Oxidative stress generates a spectrum of aldehydes that originate from the peroxidative
cleavage of polyunsaturated fatty acids by reactive oxygen species (ROS) [37] (Figure 3).
These include short-chain aldehydes, such as malondialdehyde, and medium-chain
aldehydes, including hexanal, octanal, nonenal and 2 hydroxy-alkenals.

4-Hydroxy-2-nonenal (4-HNE) is among the most reactive and toxic aldehydes generated by
lipid peroxidation [38, 37]. Its propensity to form covalent adducts with protein and lipid in
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cells is a sensitive measure of increased lipid peroxidation and oxidative stress [39]. In
photodamaged skin, protein adducts of 4-HNE are increased as a result of oxidative stress
[40]. Exposure of epidermal keratinocytes to ultraviolet-B light impairs detoxification of 4-
HNE [41], which normally occurs by oxidation to its fatty acid or by conjugation with
glutathione [42]. With its accumulation, 4-HNE itself may act as an agonist for PPARP/S to
induce genes that counteract the effects of oxidative stress [43].

Several aldehyde dehydrogenase isozymes catalyze the oxidation of 4-HNE to 4-hydroxy-
nonenic acid, including ALDH3A1 [44], ALDH3BL1 [11] and FALDH [45]. In vitro studies
indicate that over expression of FALDH protects cultured cells from the toxic effects of 4-
HNE [26,45], but the relative contribution of FALDH to this process under normal
physiologic conditions is unclear.

3.2.1. Plasmalogen-derived fatty aldehyde—With oxidative stress, ROS attack the 1-
O-alkenyl vinyl ether bond of plasmalogen lipids to release the alkyl chain as fatty aldehyde
[46] (Figure 3). The most abundant aldehydes produced by this process are saturated C15-
C17 aldehydes and C16-C18-a-hydroxy aldehydes. Although not yet demonstrated
experimentally, it is likely that FALDH catalyzes the oxidation of these long-chain
aldehydes to fatty acids.

3.2.2. Chlorinated fatty aldehyde—Chlorinated lipids are formed during inflammatory
reactions by action of myeloperoxidase in activated phagocytes [47]. Myeloperoxidase
generates hypochlorous acid, which is a strong oxidizing agent and has the ability to react
with double bonds in unsaturated fatty acids. A major product of this reaction is chlorinated
fatty aldehydes (i.e. 2-chloro-hexadecanal) [48]. Metabolism of 2-chloro-hexadecanal to 2-
chloro-hexadecanoic acid and 2-chloro-hexadecanol has been demonstrated in human
endothelial cells [49]. Mutant FALDH-deficient Chinese hamster cells have been shown to
impair oxidation of 2-chloro-hexadecanal [50]. It is not known, however, to what extent
chlorinated fatty aldehydes are generated in the epidermis and whether they may have
functional consequences for the skin.

3.3. Ceramide catabolism

Together with cholesterol and free fatty acids, ceramides comprise one of the 3 major
classes of lipids in the extracellular membranes of the stratum corneum (SC) [51]. The
ceramides are structurally complex and some molecular species, such as acylceramides, are
unique to the skin [52]. In contrast to its extracellular structural role in SC membranes,
intracellular ceramide and its metabolites have a central role in regulating cellular responses
to various forms of stress [53], including UV-induced keratinocyte apoptosis [54]. Ceramide
catabolism generates sphingosine-1-phosphate (S1P), a potent lipid cell-signaling molecule
that affects cell proliferation, calcium homeostasis, cell migration and immune function
[55]. The degradation of S1P is catalyzed by S1P lyase in the ER, an irreversible reaction
that yields hexadecenal and phosphoethanolamine. The hexadecenal is subsequently
oxidized to fatty acid by microsomal FALDH [56]. Some S1P is also degraded in the plasma
membrane where the hexadecenal product is oxidized by ALDH3B1, which is bound to the
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plasma membrane by its post-translational modification by palmitoylation and prenylation
[57].

3.4. Fatty acid w-oxidation

w-Oxidation is a pathway for fatty acid degradation in which the w-terminal end of the
aliphatic chain is first hydroxylated and subsequently oxidized to a carboxyl-group forming
a dicarboxylic acid [58]. This alcohol-to-acid conversion proceeds through an aldehyde
intermediate (w-o0xo fatty acid) and is analogous to that seen in oxidation of primary fatty
alcohols (see below). Evidence is emerging that FALDH is necessary for w-oxidation of
certain fatty acids, including select eicosanoids (Figure 1). Metabolism of leukotriene B4, a
potent inflammatory mediator derived from arachidonic acid, proceeds via P450-mediated
hydroxylation of the w-terminal end of the fatty acid, followed by conversion to a
dicarboxylic acid and subsequent degradation in peroxisomes [59]. The oxidation of 20-
hydroxy-leukotriene B4 to 20-carboxy-leukotriene B4 requires FALDH [60]. Other
eicosanoid lipids, including the epoxyalcohols [61] and certain prostaglandins [62], also
undergo w-oxidation as the major route of degradation. In a similar mechanism, very long-
chain fatty acids can also be w-oxidized to dicarboxylic acids via a FALDHdependent
reaction [63], but this represents a minor pathway for their degradation.

4. Fatty Alcohol Metabolism

Fatty alcohol metabolism is intimately related to that of fatty aldehyde. The interconversion
of fatty alcohol and fatty acid proceeds through a fatty aldehyde intermediate and the
structural characteristics of fatty aldehydes and alcohols therefore reflect that of fatty acids.

4.1. Straight-chain fatty alcohol metabolism

The primary function of fatty alcohol in intermediary metabolism is to act as a substrate for
the synthesis of wax esters and ether glycerolipids. The alcohols are synthesized and
metabolized in a pathway known as the fatty alcohol cycle [64] (Figure 4). The initial step in
this pathway begins with fatty acid and generates fatty acyl-CoA, which is catalyzed by
acyl-CoA synthetase. The subsequent reduction of acyl-CoA to fatty alcohol is catalyzed by
fatty acyl-CoA reductase (FAR) and appears to proceed via an aldehyde intermediate [65].
This enzyme is membrane-bound, utilizes NADPH as nucleotide cofactor, and has a
relatively narrow chain-length specificity (mainly C16-C18) that determines the profile of
alcohols made [66,67]. The reaction is not reversible and FAR is not subject to product
inhibition by fatty alcohol [64,65]. At least two FAR isozymes (FAR1 and FAR2) are
responsible for fatty alcohol synthesis in mammals, including humans [68]. The isozymes
have distinct tissue expression patterns and overlapping substrate profiles. FAR1 is
expressed in a wide range of tissues, including skin, whereas FAR2 has a more restricted
expression that includes skin, eyelid, small intestine and brain [68]. Both enzymes are
localized to peroxisomes.

Fatty alcohol is a substrate for alkyl-DHAP synthase, which catalyzes the formation of the
ether bond of 1-O-alkyl-DHAP leading to the synthesis of neutral ether glycerolipids and
plasmalogens (see Figure 2) [28].
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Wax ester synthesis uses fatty alcohol and long-chain acyl CoA as co-substrates [67,69],
although the fatty acid component of wax esters may also originate to some extent by
transesterification from phosphatidylcholine [70]. At least 2 enzymes catalyze the synthesis
of wax esters using acyl-CoA and both are members of a larger acyltransferase family of
proteins that synthesize neutral lipids [71-73]. The genes for wax synthase, also called acyl-
CoA wax alcohol acyl-transferase [72] and multifunctional-O-acyltransferase[73], are
expressed at high levels in tissues that actively synthesize waxes, such skin, eyelid and the
preputial gland in mouse [71]. In contrast to peroxisomal FARs, wax synthase has been
localized to the ER [71]. In situ hybridization reveals that the human genes are
predominantly expressed in sebaceous glands of the skin [72], but wax synthesis also occurs
to a lesser extent in cultured keratinocytes [33]. The enzymes utilize a wide range of fatty
acyl-CoA and fatty alcohol substrates (C10-C20), although the more limited substrate
specificity of FAR ensures that most fatty alcohols available to the enzymes are 16- and 18-
carbons long. The cutaneous role of wax esters may be related to the ability of these very
hydrophobic lipids to protect and lubricate the skin. Their function in keratinocytes is not
known.

Excess fatty alcohols that are not used for lipid biosynthesis are recycled back to fatty acid.
This reaction is catalyzed by fatty alcohol: NAD oxidoreductase (FAO) [74]. FAO is a
membrane-bound multi-component enzyme complex that consists of fatty alcohol
dehydrogenase and FALDH, which act sequentially to convert fatty alcohol to aldehyde and
fatty acid [75,76]. The fatty alcohol dehydrogenase (FADH) component of FAO has not yet
been identified and the FAO enzyme complex is still largely uncharacterized at the
molecular level. Attempts to purify FAO have been unsuccessful because it loses activity
when solubilized from membranes. However, FADH has been partially purified away from
FALDH and the two enzymes have been reconstituted to restore FAO activity [75]. The
initial oxidation of fatty alcohol to fatty aldehyde appears rate limiting since overexpression
of FALDH in cultured cells does not result in a commensurate increase in FAO activity
(Sarkar and Rizzo, unpublished), and the Km for fatty alcohol with FAQ is much lower than
that of fatty aldehyde with FALDH [5]. During the FAO-dependent oxidation of fatty
alcohol to fatty acid, fatty aldehyde is a tightly bound intermediate and is not freely released
[64]. 1t is not known whether free fatty aldehydes are oxidized by FAQ directly or require
FALDH that is not a part of the FAO complex. Because FALDH is necessary for FAO
activity, SLS patients have deficient oxidation of both fatty alcohols and fatty aldehydes [5].

4.1.1. Regulation of the fatty alcohol cycle—Cells synthesize fatty alcohol from fatty
acid and simultaneously recycle fatty alcohol back to fatty acid in the fatty alcohol cycle
[64] (Figure 4). In this fashion, fatty alcohol is made available for biosynthetic purposes and
unused alcohol is recovered. In cultured fibroblasts, which have a limited biosynthetic
capacity for alcohol-derived lipids, only a small proportion of the hexadecanol (C16:0-OH)
is incorporated into plasmalogen phosphatidylethanolamine (PE), the major ether lipid in
these cells, and the remainder is metabolized to fatty acid with a half-life of 15 minutes [64].
In contrast, human AB589 breast cancer cells that synthesize large amounts of ether
glycerolipids use up to 20% of fatty alcohol biosynthetically [77], and cultured human
keratinocytes, which actively synthesize both wax esters and ether lipids, funnel at least 30%
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of octadecanol into these synthetic pathways [33]. The proportion of fatty alcohol used
biosynthetically in the intact epidermis or sebaceous glands is not known.

The fatty alcohol cycle is regulated in part by availability of acyl-CoA for fatty alcohol
synthesis and the activity of the enzymes that comprise the cycle. Fatty acyl-CoA is used by
FAR to produce fatty alcohol, but it also inhibits activity of FAO, which prolongs the fatty
alcohol half-life and increases its intracellular level [64] (see Figure 4). Moreover, genetic
deficiency of FAO in cultured SLS cells [78] and in cultured hamster cells [79] leads to
increased fatty alcohol levels, indicating that the biosynthetic routes that utilize fatty alcohol
for ether glycerolipids and wax esters are not sufficient to completely eliminate its
accumulation. Combined genetic deficiency of both FAO and ether glycerolipid synthesis in
mutant hamster cells results in a much greater accumulation of fatty alcohol than with either
genetic deficiency alone [79].

In addition, enzymes involved in the fatty alcohol cycle appear to be coordinately expressed
to modulate fatty alcohol availability for lipid synthesis. In cells or tissues that have a high
rate of ether lipid synthesis, the activities of FAR and alkyl-DHAP synthase are high, and
FAO activity is typically low [74,80,81]. Conversely, cells or tissues, such as liver, which
have a low rate of ether lipid synthesis tend to show the opposite trend in enzyme activities.
For example, compared to fibroblasts, cultured keratinocytes have a higher synthetic rate for
ether glycerolipids and wax esters, and much lower activity of FAO [33,64].

Recent evidence indicates that at least one of the biosynthetic products of fatty alcohol also
acts to regulate the cycle. Plasmalogen levels are not determined by activity of alkyl-DHAP
synthase, but rather by FARZ1, which produces fatty alcohol for plasmalogen biosynthesis
[82]. In cultured fibroblasts that are genetically deficient in plasmalogen synthesis,
abnormally low cellular plasmalogen levels are associated with high FAR activity and an
increased rate of fatty alcohol synthesis [83]. Restoration of plasmalogen levels, in turn,
downregulates fatty alcohol synthesis by increasing the degradation of the FAR1 protein
[82]. By modulating FAR1 stability, this feedback mechanism may control plasmalogen
levels via availability of fatty alcohol substrate. This mechanism, however, may be limited
to controlling physiologic levels of plasmalogens in only some cells or tissues. In cultured
SLS keratinocytes, which accumulate fatty alcohol, neutral ether lipids (1-O-alkyl-
diacylglycerols) are increased but plasmalogen levels are minimally affected [33], whereas
rodents fed large amount of fatty alcohol show elevated plasmalogens in liver [84].

4.2. Branched-chain fatty alcohol metabolism

Branched-chain aliphatic alcohols are unusual components of wax esters secreted as sebum
onto the surface of the skin [85]. They represent a unique biochemical end product that
reflects the fatty acid composition of sebaceous glands and are presumably not further
metabolized. In contrast, branched-chain aliphatic alcohols are abundant in the diet and
mostly metabolized through a combination of fatty acid a-oxidation and B-oxidation.
Moreover, branched-chain isoprenols are generated via biosynthetic pathways leading to
cholesterol synthesis.
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4.2.1. Phytol and fatty acid a-oxidation—The most prominent dietary branched-chain
alcohol is phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol), a 20-carbon alcohol produced
during chlorophyll degradation in the intestine of ruminant animals [86]. It is present at high
concentrations in dairy products and green leafy vegetables. Phytol is oxidized to phytanic
acid in cultured skin fibroblasts by FAO/FALDH [13] (see Figure 5). Subsequent catabolism
of phytanic acid is accomplished by the a-oxidation pathway in peroxisomes, which
removes the carboxyl carbon and generates a 1-carbon-shortened, branched-chain aldehyde
(pristanal) [87]. In peroxisomes, FALDHyv oxidizes this fatty aldehyde to pristanic acid [18,
88, 89], which is then further degraded by peroxisomal p-oxidation. Thus, FALDH is
implicated in two distinct steps in phytol/phytanic acid metabolism.

4.2.2. Isoprenol metabolism—Branched-chain isoprenoid alcohols and aldehydes are
intermediary products of the mevalonate pathway, which leads to biosynthesis of cholesterol
and dolichols (Figure 6). The rate-limiting enzyme in this pathway is
hydroxymethylglutaryl-CoA (HMG-CoA) reductase. Its product, mevalonic acid, is used to
synthesize 5-carbon isoprenoid units that are precursors to the 15-carbon farnesyl-PP. This
isoprenoid occupies a pivotal role as a key precursor for synthesis of cholesterol. The
addition of one isoprenoid unit to farnesyl-PP produces the 20-carbon geranylgeranyl-PP,
which is further lengthened to generate dolichols, which are necessary for glycoprotein
synthesis. Both farnesyl-PP and geranylgeranyl-PP can be dephosphorylated to farnesol and
geranylgeraniol, respectively [90]. Farnesol, in turn, may be important for regulating the
mevalonate pathway by increasing the degradation of HMG-CoA reductase [91,92].

Oxidation of farnesol and geranylgeraniol to their corresponding fatty acids is largely
dependent on FAO/FALDH [93-95]. In addition, farnesol can undergo w-hydroxylation to
form 12-hydroxyfarnesol [96], which may be further oxidized by w-oxidation to its a,w-
dicarboxylic acid, presumably catalyzed by FAO/FALDH [97].

In addition to being precursors for lipid synthesis, farnesyl-PP and geranylgeranyl-PP are
substrates for post-translational prenylation and activation of certain proteins such as the Ras
superfamily of small GTPase proteins [98], Rho proteins, nuclear laminins and enzymes
such as protein tyrosinase phosphatases and phospholipase A2 [99,100]. Prenylation
enhances membrane targeting and activity of these proteins, which are critical for cell
signaling, cell proliferation, vesicle trafficking, ER stress, and lipid metabolism [101].
Enzymatic degradation of the prenylated proteins by prenylcysteine lyase, in turn, releases
the isoprenoid as its aldehyde [102].

5. Dietary sources of fatty aldehydes and alcohols

In addition to endogenous metabolic sources, fatty aldehydes may be derived from the diet
either as free aldehydes or as metabolic products of aldehydogenic lipids. Free aliphatic
aldehydes that are C8-C11 in length are abundant in certain foods, such as citrus fruits
[103], but the food content of longer-chain aldehydes has not been reported.

Dietary long-chain fatty aldehydes are primarily derived from precursor aldehydogenic
lipids. Ether lipids and wax esters are abundant in certain marine microorganisms and the

Biochim Biophys Acta. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rizzo

Page 10

fish that consume them. The oils of cartilaginous fish, including shark, have a high content
of ether glycerolipids, particularly 1-O-alkyldiacylglycerol. Dietary meats, poultry and fish
also have a significant amount of ether phospholipids [104]. Neutral ether glycerolipids are
absorbed from the diet with the 1-O-alkyl bond intact and can be subsequently used for
biosynthesis of ether phospholipids of various tissues [105,106].

The major dietary source of fatty alcohols is plants. Fatty alcohols [84,107] and wax esters
[108] are present in a variety of vegetables and fruits. Farnesol is present in certain essential
oils and is occasionally used as a food additive. Phytol is present in green leafy plants and
dairy products and is readily digested from the diet by animals and man [109,110].
Accumulation of phytanic acid in the skin is thought to cause ichthyosis in patients with
Refsum disease who are genetically deficient in a-oxidation, but most dietary phytol is
probably eliminated by oxidation to phytanic acid in the intestine before it can reach the
skin. In rodents fed hexadecanol, the fatty alcohol is largely oxidized to fatty acid in the
intestine where it is incorporated into lipids prior to entry into the bloodstream [111].
Nevertheless, the contribution of most dietary alcohols, aldehydes and aldehydogenic lipids
to epidermal lipids is not precisely known.

6. Epidermal Consequences of Defective Fatty Aldehyde and Alcohol

Metabolism

6.1. Clinical features SLS

Much of what is known about the importance of fatty aldehyde and alcohol metabolism in
epidermal biology is revealed by the rare genetic disease SLS. SLS is caused by mutations
in ALDH3A2, which codes for FALDH and results in deficient enzyme activity [4,112]. SLS
patients exhibit ichthyosis in combination with neurologic symptoms [6,113].
Hyperkeratosis is usually present at birth and becomes more pronounced by several months
of age. The hyperkeratosis varies in appearance from a fine scaly quality to large lamellar-
like scales, depending on the body site. Thickened leathery skin (lichenification) is often
seen in the flexures of the arms and legs. Pruritus is a frequent agonizing complaint of many
patients. The neurologic symptoms appear later in the first or second year of life and consist
of developmental delay, intellectual disability, spastic diplegia or tetraplegia, seizures,
retinopathy and photophobia.

6.2. Epidermal structural abnormalities associated with FALDH deficiency

A defective epidermal water barrier is a cardinal feature of most forms of ichthyosis,
including SLS [114]. The water barrier resides in the stratum corneum (SC) and requires the
assembly of multilamellar membrane arrays that are attached to and interspersed between
the dead corneocytes [115]. Precursor membranes destined for the SC are synthesized in the
underlying stratum granulosum (SG) cells and packaged into cytoplasmic vesicular lamellar
bodies (LB), which travel to the apical plasma membrane of the SG and release their cargo
membranes into the SG-SC interface by exocytosis. There, the membranes self assemble
into mature stacked SC membrane arrays that become covalently attached to the corneocytes
to form a water-impermeable SC structure consisting of dead corneocytes with interspersed
multilamellar membranes [116]. With these cellular changes, the SG cells undergo a
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complex process leading to apoptosis and transformation into the dead corneocytes of the
SC.

FALDH deficiency in SLS leads to distinct structural abnormalities in the skin. With light
microscopy, the patients’ skin displays pronounced hyperkeratosis, papillomatosis, and
acanthosis [7,117]. The SC is thickened and typically has a basket weave appearance; it
tends to be more compact in regions close to the SG. Epidermal hyperplasia is often noted
and the SG is either normal or mildly thickened. Epidermal keratinocytes have an increased
proliferative rate [7] and increased numbers of apoptotic cells are seen in the SG [21]. In the
upper spinous layer of the epidermis, keratinocyte nuclei and nucleoli tend to be larger than
normal and have more prominent perinuclear halos [118]. A slight mononuclear cell
infiltration is seen in the upper dermis.

Ultrastructural analysis of SLS skin reveals evidence of a global disruption of LB formation
and secretion [21]. As shown in Figure 7, LBs in the SG cells are often misshapen, possess
granular contents rather than their usual cargo membranes, or are empty [21,119]. Some LBs
contain cargo membranes, but have incomplete or missing vesicle membranes surrounding
them, suggesting that structural damage has occurred after their formation. Many of the LBs
cluster at the apical plasma membrane of the SG cells bordering the SC, suggesting that they
do not fuse with the plasma membrane properly. As the SG cells undergo apoptosis, some
LBs become entombed in the dead corneocytes of the SC, where they are seen as discrete
cytoplasmic vesicles or lipid inclusions. Membranous lipid inclusions, outside of LBs, can
also be seen in the cytoplasm of SG cells [120, 121]. The extracellular membranes in the SC
are reduced in number and the membranes are often disrupted by foci of non-membranous
lipid deposits that probably represent lamellar/non-lamellar phase separation due to
abnormal lipid composition [21]. These structural abnormalities are associated with a
defective epidermal water barrier. It is likely that the defective water barrier stimulates the
epidermal basal layer to hyper proliferate in an unsuccessful attempt to restore the water
barrier, leading to the hyperkeratosis and clinical ichthyosis.

7. Biochemical Pathogenesis of Epidermal Dysfunction in SLS

The biochemical mechanisms responsible for epidermal dysfunction in SLS are potentially
complex [27]. Although the enzymatic defect exists throughout the epidermis, the histologic
studies of SLS skin point to the SG as the chief site of pathogenesis, and abnormalities in
LB structure and secretion as the primary target responsible for the functionally defective
SC membranes and a leaky water barrier [21]. The SC membranes have a distinctive lipid
composition consisting of equimolar amounts of cholesterol, free fatty acids and ceramide,
which is critical for their functional integrity [51]. Alteration of this lipid composition is
potentially destructive to SC membrane formation and its ability to minimize water loss
across the SC [114].

Which biochemical abnormalities in SLS might be responsible for the defective LB structure
and secretion? Owing to the role of FALDH in several fatty alcohol/aldehyde pathways and
limited biochemical studies of SLS skin, several potential biochemical mechanisms may be
in play (see Table 1). It is not yet possible, however, to tease out the specific effects of fatty
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aldehyde or fatty alcohol accumulation in the skin from that of other related lipids. Nor is it
known whether one type of fatty aldehyde (or fatty alcohol) is uniquely responsible for the
epidermal pathogenesis. It is, however, unlikely that perturbations in all potential lipid
pathways contribute equally to the epidermal dysfunction. In most pathways, FALDH acts
in a catabolic role to degrade its alcohol/aldehyde substrate, which suggests that
accumulation of a toxic lipid is more likely to be pathogenic to the skin than failure to
produce a key fatty acid product. This conclusion, however, should not dismiss the
possibility that FALDH is necessary for production of a critical fatty acid that has an
essential epidermal function. Nevertheless, the biochemical pathogenesis is likely to arise
from one or more of the following lipid abnormalities.

7.1. Toxic effects of fatty aldehydes

Fatty aldehydes are potentially harmful to cells when they accumulate beyond physiological
levels. To minimize aldehyde-dependent damage, the cell has an efficient system of
enzymes that metabolize fatty aldehydes to acids (ALDHSs), alcohols (aldo-keto reductases)
and glutathione derivatives [122]. Certain aldehydes, however, are preferentially
metabolized through one enzymatic pathway over another. For example, 4-HNE is readily
conjugated with glutathione, whereas long-chain aldehydes are not.

At micromolar concentrations, long-chain aldehydes, such as hexadecanal and octadecanal,
are toxic to cultured cells. FALDH-deficient hamster cells and SLS fibroblasts [123] and
keratinocytes [124] are more susceptible to these aldehydes than normal cells, although this
conclusion for fibroblasts is unconfirmed [125]. It is thought that cytotoxicity originates
from the propensity of aldehydes to form covalent adducts with other molecules [37,126].
Long-chain aldehydes can form Schiff base adducts with free amino groups in proteins and
lipids. In SLS fibroblasts, aldehyde adducts with phosphatidylethanolamine (PE) result in
accumulation of N-alkyl-PE [123]. PE is a major phospholipid in most membranes and
formation of N-alky-PE replaces the positively charged amino group of the ethanolamine
moiety with an uncharged hydrophobic alkyl side chain, which is expected to influence
membrane structure. If sufficient N-alkyl-PE were to accumulate in epidermal SG cells, LB
membrane assembly and/or exocytosis could be altered. Similar fatty aldehyde adducts with
lysine residues of proteins could also potentially disrupt their function.

Aldehydes could have a detrimental effect on epidermal differentiation through an alternate
mechanism. It has recently been reported that the hexadecenal (C16:1) product of S1P
degradation can induce apoptosis in a variety of cultured cells by stimulating a signaling
pathway involving MLK3 and phosphorylation of MKK4/7 and JNK [127]. The
hexadecenal derived from S1P breakdown is normally oxidized by FALDH [56] and would
be expected to accumulate in the epidermis of SLS patients, possibly stimulating cell
proliferation and contributing to the increased number of apoptotic SG cells seen in one
patient [21].

Evidence implicating FALDH deficiency in damage from oxidative stress and ER stress is
mounting. In cultured cells, overexpression of FALDH rescues cells from 4-HNE-induced
cytotoxicity and reduces biomarkers of oxidative stress [45]. Similarly, overexpression of

FALDH protects cultured cells from ER stress induced by linoleic acid [24]. This response
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is specifically attributed to the microsomal FALDH isoform, which is itself increased by
linoleic acid through PPARa-activated gene transcription. It is hypothesized that the
increased FALDH activity limits ER stress by metabolizing toxic aldehyde products of
linoleic acid peroxidation [24].

7.2. Accumulation of fatty alcohol or its metabolic products

The epidermal consequences of excess fatty alcohols are poorly understood. Straight-chain
fatty alcohols that accumulate in SLS are restricted to those that are 16- to 18-carbons long
[33, 78,128]. These long-chain alcohols are expected to partition into cellular membranes
rather than exist free in solution [129, 130] and could thereby alter membrane structure and
function through their detergent effects. Cultured SLS fibroblasts are reported to be more
sensitive to cytotoxic effects of hexadecanol than control cells [125]. However, feeding
studies in rodents have revealed no harmful effects of octadecanol, even with high levels of
dietary intake (Rizzo, unpublished observations). Moreover, topical lotions containing some
long-chain alcohols do not induce skin abnormalities in normal humans.

Rather than straight-chain fatty alcohol itself, it is possible that lipid products of fatty
alcohol are responsible for epidermal dysfunction. Studies using radioactive octadecanol
(C18:0-OH) demonstrate that most of the fatty alcohol that cannot be oxidized in SLS
keratinocytes is diverted into synthesis of wax esters and neutral ether glycerolipids,
resulting in 5-10-fold increases in the cellular content of these lipids [33]. In contrast to the
neutral lipids, plasmalogens do not accumulate in the cells. It is a reasonable expectation
that the biochemical changes seen in cultured cells also occur in vivo. Wax esters [131] and
1-O-alkyl-2,3-diacylglycerol [31] are usually present on the surface of the skin, but their
abnormal accumulation in cultured SLS keratinocytes suggests a potential role in the
pathogenesis of defective LB membranes.

Aside from a direct physical effect on keratinocyte membranes, the alcohol-related lipids
that accumulate in SLS keratinocytes may interfere with normal cell signaling pathways in
the skin through modulation of protein kinase C (PKC) activity. Epidermal differentiation is
induced by certain physiologic agents, including increased intracellular calcium [132],
cholesterol sulfate [133,134] and 1,25-dihydroxyvitamin D3 [135] that act directly or
indirectly to increase 1,2-diacylglycerol and thereby stimulate PKC activity [136].
Depending on their structure, neutral ether glycerolipids either inhibit [137,138] or stimulate
[139] PKC activity, and medium-chain fatty alcohols (C8-C10) affect PKC activity in a
complex manner [140]. The effect of elevated 1-O-alkyl-2,3-diacylglycerol or longer chain
alcohols on PKC activity in SLS Kkeratinocytes, however, is not yet known.

The finding of impaired oxidation of phytol to phytanic acid in SLS fibroblasts [13] and the
involvement of FALDH in phytanic acid degradation [18, 88, 89] raise the possibility that
phytol and/or phytanic acid accumulation may be pathogenic in SLS. In fact, it has been
shown that large amounts of dietary phytol can induce cutaneous and neurologic symptoms
in mice [141]. Furthermore, humans with Refsum disease, who exhibit ichthyosis and
neurologic symptoms, store large amounts of phytanic acid (but not phytol) in their tissues
due to genetic deficiency in phytanic acid a-oxidation [87]. Unlike SLS, the cutaneous
symptoms of Refsum disease are of later onset and have different characteristics [114].
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Nevertheless, the finding of defective phytol/phytanic acid metabolism in both diseases begs
the question whether phytol could be responsible for the ichthyosis in SLS. Two points,
however, argue against this conclusion. First, neither phytol nor phytanic acid are elevated
in plasma from SLS patients [88] (unpublished data). This suggests that other ALDH
isozymes are able to compensate for FALDH deficiency and allow phytol oxidation in vivo.
Second, it is unlikely that phytol/phytanic acid metabolism is responsible for the ichthyosis
in SLS, since cutaneous disease is already present at birth before these dietary lipids are
consumed by SLS infants. Although it remains theoretically possible that maternal transfer
of phytol/phytanic acid could contribute to the developing SLS fetus, this is unlikely since
SLS heterozygotes do not accumulate fatty alcohols [113].

7.3. Defective isoprenol oxidation

Defective farnesol oxidation in SLS may have several biologically important effects on the
skin (Figure 6). Farnesol induces differentiation of cultured human keratinocytes via a
PPARa dependent mechanism and stimulates transcription of epidermal-specific genes
[142]. However, activation of PPARa and related PPAR isoforms (PPARB/6 and PPARYy)
tend to stimulate lipid synthesis genes in the epidermis and enhance formation of the
permeability barrier [143]. It is possible that farnesoic acid is a more powerful PPARa
activator than farnesol and diminished activation results from defective farnesol-farnesoic
acid metabolism. In either case, dysregulation of PPAR-sensitive gene expression could
occur in the skin and contribute to the cutaneous pathogenesis of SLS.

Farnesol also has the ability to decrease cholesterol synthesis by promoting the degradation
of HMG-CoA reductase [91] and inhibiting mevalonate kinase [144] (Figure 6). In rodents,
topical application of lovastatin, which inhibits HMG-CoA reductase, results in abnormal
LB formation, a leaky epidermal water barrier and an ichthyotic appearance [145,146].
Although the mechanism for this cutaneous response may be more complex than simply
reduction in cholesterol or dolichol synthesis, farnesol accumulation in SLS skin may mimic
the effects of lovastatin on HMG-CoA reductase and cause a similar cutaneous phenotype.
Accumulation of isoprenols associated with FALDH deficiency may also affect prenylation
of cell signaling proteins that are important in cell proliferation, vesicle trafficking and
phospholipid metabolism [101].

7.4. Defective fatty acid w-oxidation

The effect of deficient fatty acid w-oxidation on epidermal differentiation is not known. w-
Hydroxy fatty acids are present in the skin [147] and used as substrates for acylceramide
synthesis [52] but, except for very long-chain fatty acids [63], their oxidative degradation
has not been investigated in SLS. Metabolism of prostaglandins, epoxyalcohols or other
eicosanoids that are subject to w-oxidation has not been reported in SLS. In contrast, the
pruritus seen in SLS patients may be caused by defective w-oxidation of leukotriene B4,
which accumulates in SLS [148]. In mice, the intradermal injection of leukotriene B4 causes
itching [149]. In SLS patients, therapeutic reductions in leukotriene B4 levels can be
achieved by pharmacologically blocking its synthesis with zileuton, which leads to clinical
improvement in the pruritus of some patients [150].
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7.5. Altered ceramide metabolism

In addition to its structural importance for the epidermal water barrier, ceramide metabolism
is important for epidermal cell signaling, differentiation and apoptosis [151]. Cutaneous
scales from SLS patients have reduced levels of ceramide-1 (acylceramide) and ceramide-6
[152, 153]. Acylceramide is uniquely found in skin and is critically important for cutaneous
integrity and the water barrier [52]. This ceramide is characterized by the incorporation of
linoleic acid into an acyl-linkage with w-hydroxy-very-long-chain fatty acid of ceramide.
Acylceramide is important for epidermal barrier function as underscored by linoleic acid
deficiency, in which oleate is substituted for linoleate as the w-fatty acid in ceramide-1 and
results in transepidermal water loss and cutaneous desquamation [154]. A genetic knockout
mouse model for ELOVL4 deficiency is associated with deficient synthesis of very long-
chain fatty acids, reduced acylceramides and a neonatal lethal phenotype due to a defective
water barrier [155, 156, 157]. Similarly, humans who are genetically deficiency in ELOVL4
exhibit congenital ichthyosis and neurologic symptoms of spastic quadriparesis, seizures and
intellectual disability [158]. Deficient acylceramides in the SC of SLS patients may
therefore contribute to the water barrier defect, especially in combination with other lipid
changes. However, a direct metabolic connection between acylceramide synthesis and
FALDH deficiency is not yet known.

7.6. Fatty acid deficiency

Free fatty acids comprise one of the three major classes of lipids in the SC membranes. They
largely originate from hydrolysis of phospholipids during epidermal differentiation [159].
The oxidation of fatty aldehyde by FALDH should contribute in part to the fatty acid pool in
the skin, although its relative contribution compared to phospholipid hydrolysis is probably
small. The total free fatty acid content of cutaneous scales from one SLS patient was
reported as normal [153] but it is, nevertheless, possible that a critical fatty acid product of
FALDH activity is not produced in SLS skin.

However, there is some evidence for a relationship between FALDH deficiency and
polyunsaturated fatty acid metabolism. In serum lipids, SLS patients have reduced levels of
certain polyunsaturated fatty acids that are products of -6 desaturation of linoleic acid
(C18:2), whereas linoleic acid levels are normal [160]. This fatty acid abnormality is not
seen in cultured SLS keratinocytes [33], and SLS fibroblasts have normal &-6 desaturase
activity [161] suggesting that the fatty acid abnormalities in serum are secondary alterations.

8. Potential Therapeutic Approaches

Current treatments for the cutaneous symptoms in SLS are largely non-specific and focus on
restoration of the epidermal water barrier by applying moisturizing lotions, removing excess
scales with keratolytic agents or using retinoids to induce keratinocyte differentiation [113].
In light of the central role of FALDH in several metabolic pathways and the many potential
biochemical abnormalities that could be in play (see Table 1), a rationale therapeutic
approach would require targeting one or more specific mechanisms. The first pathogenesis-
based therapy to be applied to SLS patients was the use of oral zileuton, which inhibits
LTB4 synthesis and improves the pruritus of some patients, but it has no effect on the
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ichthyosis or neurologic disease [162]. Fatty aldehyde trapping agents to block aldehyde
adduct formation are in development. Drugs that target farnesyl transferases and inhibit
protein prenylation are currently available [163]. Topical application of ceramide-1 or
polyunsaturated fatty acids has potential benefit. Pharmacologic stimulation of PPAR
activity with bezafibrate has been shown to enhance residual FALDH activity in fibroblasts
from some SLS patients who have certain missense mutations [164]. Finally, gene therapy
for SLS has been suggested based on in vitro studies demonstrating that viral-mediated gene
transfer corrects the FALDH deficiency in cultured keratinocytes and protects against
aldehyde toxicity [124].

9. Conclusions

The importance of fatty aldehyde and alcohol metabolism for epidermal biology is clearly
evident from SLS patients who lack FALDH and FAO activity, although the precise
biochemical mechanisms responsible for epidermal dysfunction remain to be elucidated.
Multiple aldehyde generating pathways converge on FALDH and may contribute to the
epidermal pathology seen in SLS. Systematic evaluation of each lipid pathway in isolation
will be needed to identify those abnormalities that specifically affect LB formation and lead
to disruption of the epidermal water barrier. Such studies should reveal more about the
pathologic effects of altered fatty aldehyde metabolism on the skin and suggest new
therapeutic approaches for the ichthyosis in SLS. In light of the shared ectodermal origin of
the skin and brain, understanding the biochemical mechanisms resulting in epidermal
dysfunction in SLS may also provide insight into the neurological symptoms associated with
SLS.
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Figure 1.

The central role of FALDH in fatty aldehyde/alcohol metabolism.
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Pathway for ether glycerolipid metabolism. To follow the origin and fate of aliphatic lipid precursors, a single asterisks (*)

labels the fatty acid precursor and a double asterisks (**) labels the fatty alcohol-derived precursor. The Boxed Insert shows the
structure of a plasmalogen (phosphatidylethanolamine); the dashed bracket identifies the 1-O-alkenyl chain derived from fatty
alcohol and subsequently released as fatty aldehyde. The dashed arrow indicates feedback regulation of FAR activity by
plasmalogens. Numbers refer to enzymes catalyzing each step: 1, DHAP-acyl transferase; 2, alkyl-DHAP-synthase; 3,
alkylglycerol monooxygenase; 4, lysoplasmalogenase. DHAP, dihydroxyacetone phosphate; FAR, fatty acyl-CoA reductase.
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Origin of fatty aldehydes during oxidative stress. ROS, reactive oxygen species.
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The Fatty Alcohol Cycle. Enzymes catalyzing each reaction are indicated with a number: 1, acyl-CoA synthetase; 2, fatty acyl-
CoA reductase (FAR); 3a, fatty alcohol dehydrogenase (FADH); 3b, fatty aldehyde dehydrogenase (FALDH); 4, wax synthase;
5, alkyl-DHAP-synthetase; 6, alkylglycerol monooxygenase; 7, lysoplasmalogenase; 8, fatty aldehyde reductase. Enzymes 3a +
3b constitute the FAO complex. Brackets indicate an enzyme-bound fatty aldehyde intermediate in reactions catalyzed by FAR

and FAO. A dashed arrow represents the inhibition of FAO by fatty acyl-CoA and does not imply that inhibition occurs

exclusively prior to aldehyde formation. It is not known whether fatty aldehydes released from ether glycerolipid catabolism are

oxidized by FAO complex or by free FALDH.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rizzo Page 30

Phytol
‘ CHj CHj CH3 CH,3

H ﬁwWOH

Phytol

Phytenal

FALDH

Phytenic Acid

CoASH \l

Phytenoyl-CoA
* CoASH

Phytanoyl-CoA <€ Z Phytanic Acid

Peroxisome

Refsum Disease

2-Hydroxyphytanoyl-CoA

Formyl-CoA V Formate—» CO,

, CoASH
Pristanal

FALDHv ==
Pristanic Acid

l

Degradation via
Peroxisomal -Oxidation

Figure 5.
Metabolism of dietary phytol and a-oxidation of phytanic acid. Boxed Insert shows the structure of phytol. Note that FALDH is

involved in two steps in phytol/phytanic acid metabolism. Patients with Refsum disease are deficient in phytanoyl-CoA
hydroxylase indicated by a filled bar.
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Pathway for synthesis and degradation of isoprenols. Dashed arrows represent regulatory interactions, either inhibitory (circled
line), or stimulatory (circled plus sign).
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Figure 7.
Abnormal LBs in the stratum granulosum of SLS skin. a. LBs lack cargo membranes (asterisks) or have missing vesicle

membranes (arrows). b. Some LBs contain granular cargo material instead of membranes (arrows). c. LBs with abnormal
limiting vesicle membranes (arrows) and non-membrane material (asterisks). Reprinted from Rizzo et al, Arch Dermatol Res
2010 [21].
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Table 1

Potential biochemical mechanisms causing epidermal dysfunction in SLS.

Lipid Abnormality

Possible Pathogenic Mechanism

Fatty aldehydes accumulate.

Aldehyde adducts target intracellular
lamellar body membrane lipids (PE) and
epidermal proteins.

Aldehydes activate signaling pathways and
apoptosis.

Accumulation of straight-chain fatty
alcohols or their metabolic products (alkyl-
diacylglycerol, wax esters).

Lipids intercalate into lamellar body
membranes and disrupt LB cargo
membranes or LB exocytosis

Fatty alcohols and/or neutral ether lipids
affect PKC activity and keratinocyte
differentiation

Isoprenols (farnesol, geranylgeroniol)
accumulate and/or isoprenoic acids are
deficient.

Inhibition of HMG-CoA reductase and
decreased mevalonate pathway products
(cholesterol, dolichols) result in abnormal
LB formation.

Disruption of PPAR-dependent epidermal
gene expression and keratinocyte
differentiation.

Abnormal protein prenylation interferes
with cell signaling pathways, vesicle
trafficking and cell proliferation.

Accumulation of w-oxidation lipids
(eicosanoids, fatty acids, isoprenols) or
deficiency of key products of w-oxidation

Lipids intercalate into and disrupt LB and
SC membranes.
Deficient critical dicarboxylic acid?

Deficient acylceramide (ceramide-1) and
ceramide-6

Abnormal SC multilamellar membranes
cause leaky water barrier.

Polyunsaturated fatty acid deficiency

Abnormal LB and SC membranes?
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