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Abstract: Sphingolipids containing acyl residues that are hydroxylated at C-2 are found in most, if
not all, eukaryotes and certain bacteria. 2-hydroxylated sphingolipids are present in many organs
and cell types, though they are especially abundant in myelin and skin. The enzyme fatty acid
2-hydroxylase (FA2H) is involved in the synthesis of many but not all 2-hydroxylated sphingolipids.
Deficiency in FA2H causes a neurodegenerative disease known as hereditary spastic paraplegia 35
(HSP35/SPG35) or fatty acid hydroxylase-associated neurodegeneration (FAHN). FA2H likely also
plays a role in other diseases. A low expression level of FA2H correlates with a poor prognosis
in many cancers. This review presents an updated overview of the metabolism and function of
2-hydroxylated sphingolipids and the FA2H enzyme under physiological conditions and in diseases.

Keywords: cancer; fatty acid hydroxylase-associated neurodegeneration; fatty acid 2-hydroxylase;
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1. Introduction

Sphingolipids are important components of biological membranes that play multiple
important roles in signal transduction, intracellular trafficking, apoptosis, cell differen-
tiation and other processes [1]. These various functions are reflected in the structural
diversity of sphingolipids. The different chain length of the acyl residue or the sphingoid
base, the degree of saturation, diversities in the polar head group (particularly within the
complex glycosphingolipids), hydroxylations of the sphingoid base and the acyl residue
add structural diversity that appears to be important for the physiological function of sph-
ingolipids. Hydroxylation can occur at C-4 of the sphingoid base and at C-2, C-3 andω-C
of the acyl residue [2]. This review only deals with the biosynthesis and function of sphin-
golipids with a 2-hydroxyl group in the acyl residue. The interest in these 2-hydroxylated
fatty acids (2hFA) containing sphingolipids (2hFA-SL) has steadily increased over the last
15 years. This interest was stimulated by the characterization of the fatty acid 2-hydroxylase
(FA2H) in mammals and other higher eukaryotes in 2004, which was later followed by the
identification of a human disease (FAHN/SPG35) caused by mutations in the FA2H gene in
2008 (Figure 1A). The observation that FA2H expression level affects tumor progression in
different cancer types further strengthened interest in the FA2H gene and 2hFA-SL.

2hFA and 2hFA-SL are found in all kingdoms of eukaryotes (Animalia, Plantae, Fungi
and Protista) and in eubacteria. Though this review primarily discusses the role of 2hFA-SL
in mammals and human diseases, several aspects of the synthesis and function of 2hFA-SL
in invertebrates, plants, fungi and bacteria will not be ignored, as these may also provide
some additional hints as to the functional role and synthesis of 2hFA-SL in mammals, which
are currently not well understood.
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Figure 1. Number of publications dealing with 2hFA-SL and mass spectrometry imaging of sphin-
golipids listed in Pubmed. (A) Number of publications per year related to FA2H and 2-hydroxylated 
sphingolipids. The increase over the last 15 years was likely driven by the identification of the mam-
malian FA2H gene (in 2004/2005), the description of human FAHN/SPG35 disease (since 2008) and 
a likely role of FA2H in tumor progression in several cancer types (since 2018). Pubmed (https://pub-
med.ncbi.nlm.nih.gov/; accessed on 14 February 2023) queries were performed using the following 
search terms: (2-hydroxyl* AND sphingo*), “2-hydroxy fatty acids”, “alpha-hydroxylated fatty”, 
FA2H, “fatty acid 2-hydroxylase”, “fatty acid alpha-hydroxylation”, “fatty acid hydroxylase-asso-
ciated neurodegeneration” or SPG35. (B) Number of publications per year dealing with mass spec-
trometry imaging of sphingolipids (though not necessarily 2hFA-SL). The most widely used method 
is matrix-assisted laser desorption/ionization (MALDI), followed by time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) and desorption electrospray ionization (DESI) imaging mass spec-
trometry. Pubmed query search terms: (MALDI OR SIMS OR DESI) AND imaging AND sphingo*. 

2hFA-SL are especially abundant in some tissues, e.g., the brain, specifically in mye-
lin, and skin. With the development of sensitive methods, however, 2hFA were identified 
in many tissues [3]. A comprehensive overview of the occurrence of 2hFA-SL in mamma-
lian tissues can be found in the review by Hama [4]. Different tissues and cell types differ 
significantly with respect to the relative amount of 2hFA-SL, chain lengths of 2hFA and 
sphingolipid species that are 2-hydroxylated [4]. 

Currently, the only known enzyme that hydroxylates straight fatty acids at position 
2 in eukaryotes is the FA2H enzyme in mammals or its orthologs in other classes. Two 
stereoisomers can be formed by the hydroxylation of acyl residues. In mammals (likely in 
all vertebrates and possibly in all eukaryotes), the (R)-enantiomer is synthesized [5]. It is 
assumed that the presence of the (S)-enantiomer in milk and brain samples from animals 
and also vegetable oils is derived originally from bacterial sources [6]. 

2hFA-SL are present in several bacteria, e.g., Flavobacterium and Sphingomonas spe-
cies, and the relative abundance of 2hFA-SL differes significantly under different growth 
conditions [7,8]. Many bacteria synthesize the (S)-enantiomer [8,9]. Fatty acid 2-hydroxyl-
ases have been cloned from Sphingomonas species [10] and are not homologues of the 
eukaryotic FA2H but are cytochrome P450 (CYP450) hydroxylases acting in a H2O2-de-
pendent manner [11,12]. In addition to these, there are several myxobacteria species that 
have functional fatty acid 2-hydroxylases with significant similarities to the eukaryotic 
FA2H enzyme, including conserved histidine motifs that form the active center of the en-
zyme [13]. Notably, the stereochemical specificity of these prokaryotic FA2H orthologs 
differs between species: while some add the hydroxyl group in the (S)-configuration, such 
as other bacteria using CYP450 enzymes, others synthesize (R)-2-hydroxy fatty acids, such 
as the eukaryotic FA2H enzyme [13]. 
  

Figure 1. Number of publications dealing with 2hFA-SL and mass spectrometry imaging of
sphingolipids listed in Pubmed. (A) Number of publications per year related to FA2H and 2-
hydroxylated sphingolipids. The increase over the last 15 years was likely driven by the identification
of the mammalian FA2H gene (in 2004/2005), the description of human FAHN/SPG35 disease
(since 2008) and a likely role of FA2H in tumor progression in several cancer types (since 2018).
Pubmed (https://pubmed.ncbi.nlm.nih.gov/; accessed on 14 February 2023) queries were performed
using the following search terms: (2-hydroxyl* AND sphingo*), “2-hydroxy fatty acids”, “alpha-
hydroxylated fatty”, FA2H, “fatty acid 2-hydroxylase”, “fatty acid alpha-hydroxylation”, “fatty acid
hydroxylase-associated neurodegeneration” or SPG35. (B) Number of publications per year dealing
with mass spectrometry imaging of sphingolipids (though not necessarily 2hFA-SL). The most widely
used method is matrix-assisted laser desorption/ionization (MALDI), followed by time-of-flight
secondary ion mass spectrometry (TOF-SIMS) and desorption electrospray ionization (DESI) imag-
ing mass spectrometry. Pubmed query search terms: (MALDI OR SIMS OR DESI) AND imaging
AND sphingo*.

2hFA-SL are especially abundant in some tissues, e.g., the brain, specifically in myelin,
and skin. With the development of sensitive methods, however, 2hFA were identified in
many tissues [3]. A comprehensive overview of the occurrence of 2hFA-SL in mammalian
tissues can be found in the review by Hama [4]. Different tissues and cell types differ
significantly with respect to the relative amount of 2hFA-SL, chain lengths of 2hFA and
sphingolipid species that are 2-hydroxylated [4].

Currently, the only known enzyme that hydroxylates straight fatty acids at posi-
tion 2 in eukaryotes is the FA2H enzyme in mammals or its orthologs in other classes.
Two stereoisomers can be formed by the hydroxylation of acyl residues. In mammals (likely
in all vertebrates and possibly in all eukaryotes), the (R)-enantiomer is synthesized [5]. It is
assumed that the presence of the (S)-enantiomer in milk and brain samples from animals
and also vegetable oils is derived originally from bacterial sources [6].

2hFA-SL are present in several bacteria, e.g., Flavobacterium and Sphingomonas
species, and the relative abundance of 2hFA-SL differes significantly under different
growth conditions [7,8]. Many bacteria synthesize the (S)-enantiomer [8,9]. Fatty acid
2-hydroxylases have been cloned from Sphingomonas species [10] and are not homologues
of the eukaryotic FA2H but are cytochrome P450 (CYP450) hydroxylases acting in a H2O2-
dependent manner [11,12]. In addition to these, there are several myxobacteria species
that have functional fatty acid 2-hydroxylases with significant similarities to the eukaryotic
FA2H enzyme, including conserved histidine motifs that form the active center of the
enzyme [13]. Notably, the stereochemical specificity of these prokaryotic FA2H orthologs
differs between species: while some add the hydroxyl group in the (S)-configuration, such
as other bacteria using CYP450 enzymes, others synthesize (R)-2-hydroxy fatty acids, such
as the eukaryotic FA2H enzyme [13].

https://pubmed.ncbi.nlm.nih.gov/
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2. Analytical Methods for 2hFA-SL and Other Sphingolipids

Analytical methods for the detection and quantification of 2hFA-SL (as well as technical
challenges) are, in general, the same as for their non-hydroxylated counterparts. There
is no specific extraction method to obtain only 2-hydroxylated sphingolipids because the
extraction behavior is much more influenced by the (polar or anionic) head group of the
lipid. Thus, non-hydroxylated and the corresponding 2-hydroxylated sphingolipids are
analyzed together, and their molar ratio often provides valuable information. In most
studies, lipids are extracted using one of the liquid–liquid biphasic systems composed
of water and organic solvents (such as the Bligh Dyer [14] or Folch [15] method using
methanol and chloroform, or chloroform-free methods using methyl-tert-butyl ether [16]
or 1-butanol [17], or modifications of these [18]; see [19,20] for comprehensive reviews).
Anionic sphingolipids (e.g., sphingosine-1-phosphate or sulfatide (see Section 5.2)) and
complex glycosphingolipids require modifications or different extraction methods to ensure
an efficient recovery of the lipids [19,20].

The current standard method for the structural analysis and quantification of 2hFA-SL
(as well as non-2hFA-SL) in lipidomic studies, as well as in the analysis of individual lipids
or lipid classes, is liquid chromatography–tandem mass spectrometry (LC-MS/MS). An
overview of the workflow in mass spectrometry lipidomics is presented in the review by
Köfeler et al. [21]. Although direct infusion mass spectrometry is possible, chromatography
(reversed phase-HPLC or hydrophilic interaction liquid chromatography [22]) is usually
applied because it provides additional information about the lipid structure and reduces
the complexity of the sample. A comprehensive review of the specific requirements for
the mass spectrometry of glycosphingolipids can be found in [23]. The C-2 position of the
hydroxyl group in 2hFA-SL can usually be confirmed by a characteristic fragmentation
pattern in the MS2 spectrum [24]. The 2-hydroxyl group in hydroxylated-SL can cause
problems of isobaric and isomeric interference because of the very similar mass of the
hydroxylated lipid with the 13C2 isotope to a related lipid with a +1 chain length. This may
be difficult to resolve by mass spectrometry and may require specific chromatography steps
to separate the isobaric species [25]. Isomeric interference may be due to the identical mass
of stereoisomers of sugars in glycosphingolipids (2-hydroxylated or not). The stereospecific
discrimination between glucosylceramide and galactosylceramide was made possible by
using a new hydrophilic interaction liquid chromatography–MS/MS protocol [26].

A very promising new approach in the area of spatial metabolomics is mass spec-
trometry imaging (MSI), which is also being progressively applied in (sphingo) lipid
analysis [27–30]. Several studies performed MSI to detect 3’-sulfo-galactosylceramide
(sulfatide) and 2hFA-sulfatide (which are abundant in myelin; see Section 5.2) and other
sphingolipids in tissue sections using matrix-assisted laser desorption/ionization (MALDI)-
MSI [31–34], time-of-flight secondary ion mass spectrometry (TOF-SIMS)-MSI [35–37] or
desorption electrospray ionization (DESI)-MSI [38]. By combining the high spatial res-
olution of SIMS with the high mass resolution of the Orbitrap mass spectrometer in a
method called 3D OrbiSIMS, Passarelli et al. [39] could map the distribution of 2hFA-
sulfatide in mouse brains at a cellular to subcellular resolution. Using MALDI-MSI, it was
possible to demonstrate the differential distribution of non-hydroxylated sulfatide and
2hFA-sulfatide in a human neocortex [34]. With TOF-SIMS-MSI, Hirahara et al. [40] demon-
strated a sequential change from C18-2hFA-sulfatide in oligodendrocyte progenitor cells
(OPC) to C20-2hFA-sulfatide in differentiating oligodendrocytes and C24-2hFA-sulfatide in
mature oligodendrocytes. Nakashima et al. [41] demonstrated a differential localization
of C22:0/C24:0-2hFA-sulfatide with phytosphingosine as a long chain base in intercalated
mouse renal cells in combination with the mislocalization of vesicular H+-ATPase, sug-
gesting a role of these 2hFA-sulfatide species in NH4

+ and H3O+ excretion. It is obvious
that the analysis of lipids in tissue samples by MSI with cellular and possibly subcel-
lular resolution has outstanding potential for the analysis of functional roles of lipids,
including 2hFA-SL.
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3. Biosynthesis of hFA and hFA-SL
3.1. Fatty Acid 2-Hydroxylase (FA2H)

The fatty acid 2-hydroxylase enzyme, which is encoded by the FA2H gene in humans,
has orthologs in apparently all eukaryotes. The FA2H gene has been characterized in
mammals [42,43], yeast (SCS7) [44,45], plants (FAH1, FAH2) [46] and protists [47]. The
FA2H enzyme belongs to the fatty acid hydroxylase/desaturase gene family and is an
NAD(P)H-dependent monooxygenase that localizes to the endoplasmic reticulum [43].
The catalytic center is composed of four conserved histidine motifs that form an essential
di-metal ion center in the catalytic center of the enzyme [48] (Figure 2). The enzyme adds
the hydroxyl group in a stereospecific manner and forms only the (R)-enantiomer [49].
While in most eukaryotic genomes only one FA2H gene is present, Arabidopsis thaliana and
other plants express two related FA2H genes, FAH1 and FAH2 [50], which differ with respect
to their substrate specificity. The FAH1 enzyme mainly uses mainly very long chain fatty
acids (VLCFAs) as substrates, whereas FAH2 prefers long chain fatty acids (LCFAs) [51]. In
animals, fungi and protists, the FA2H enzyme contains an N-terminal cytochrome b5-like
domain that is responsible for electron transfer from NAD(P)H. In contrast, the plant
enzymes lack this domain but interact with one of the separate cytochrome b5 proteins
within the ER membrane [52]. Whether cytochrome b5 can partially functionally replace
the cytochrome b5-like domain, e.g., in cases of FAHN (see Section 6), with mutations in
this domain is not known.
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hough FA2H is regarded as a di-iron enzyme, the yeast ortholog contains two zinc ions in 
the di-metal ion binding site [48]. Based on structural differences between SCS7p and the 
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Figure 2. Enzymatic reaction catalyzed by FA2H and structure of the enzyme. (A) Reaction scheme
of the 2-hydroxylation reaction of FA2H. (B) Model of the human FA2H enzyme (without cytochrome
b5-like domain). Molecular modeling of human FA2H (Ac. Q7L5A8) was performed using Swiss Model
(https://swissmodel.expasy.org/; accessed on 14 January 2023) with yeast FA2H (SCS7p; PDB file AZR0)
as template. The histidine residues and the two zinc ions forming the catalytic center of the hydroxylase
domain of the enzyme are highlighted and shown in the enlarged section on the right.

The X-ray crystal structure of the baker’s yeast FA2H enzyme (SCS7p) has been
resolved, though without the N-terminal cytochrome b5-like domain [48]. This study
confirmed the previously predicted four-transmembrane domain structure [42,43] of the
enzyme, with N-terminal cytochrome b5 domain and C-terminus facing the cytosol. Al-
though FA2H is regarded as a di-iron enzyme, the yeast ortholog contains two zinc ions in
the di-metal ion binding site [48]. Based on structural differences between SCS7p and the
functionally and structurally related stearoyl-CoA desaturase-1 (SCD1), it was concluded
that acyl-CoAs are most likely not substrates for FA2H/Scs7p, whereas a ceramide fits well
into the catalytic center of the enzyme. On the other hand, the only established in vitro
enzymatic FA2H assay used free fatty acids as an efficient substrate [53]. It is an open
question whether or to what extent free fatty acids may serve as substrates in vivo.

Heme is synthesized in mitochondria and thus must be transferred to the ER-localized
FA2H protein when its cytochrome b5-like domain is folded into its native conformation. A
screen for FA2H interaction partners identified progesterone receptor membrane compo-

https://swissmodel.expasy.org/
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nent 1 (PGRMC1) as a binding partner of FA2H [54]. PGRMC1 binds heme and is a putative
heme chaperon [55]. Its yeast homologue (Dap1) is known to be required for the activation
of several CYP450 enzymes [56]. A PGRMC1 antagonist reduced FA2H activity [54], and
PGRMC1 may be involved in the delivery of heme to the cytochrome b5 domain of FA2H.

3.2. Alternative Pathways of 2hFA Synthesis

FA2H is the most studied enzyme involved in the synthesis of 2hFA in eukaryotes.
However, the FA2H enzyme is not the only enzyme capable of synthesizing 2hFA or
2hFA-ceramides. It is clear that mice lacking a functional Fa2h gene seem to be devoid
of 2hFA-SL in the nervous system [57,58] yet still contain 2hFA-SL in various organs,
such as the skin [59]. In addition, levels of 2hFA-sphingomyelin in lymphocytes and
erythrocytes from FAHN/SPG35 patients with a mutation causing exon 5/6 skipping
(which is expected to fully abolish FA2H activity) were not reduced [60]. One alternative
source for 2hFA is an α-oxidation pathway in the ER [61]. Through this pathway, 2-
hydroxylated palmitic acid can be formed from phytosphingosine (Figure 3). However,
this pathway mainly generates C16-2hFA (and C18-2hFA from C20-phytosphingosine
base). Longer phytosphingosine bases that could potentially enable the synthesis of VLCFA
2hFA (>C20) are rare. As FA2H knockout mice and FAHN patients still contain substantial
amounts of VLCFA 2hFA-SL [59,60], it is very likely that additional enzymes, which have
not yet been characterized, exist that are capable of synthesizing 2hFA/2hFA-SL, at least
in mammals. The only other known mammalian fatty acid 2-hydroxylase, peroxisomal
phytanoyl-CoA hydroxylase, appears to be unable to hydroxylate straight fatty acids.
As CYP450 enzymes synthesize 2hFA in certain bacteria (see above), they are possible
candidates for these currently unknown enzymes.

3.3. Degradation of 2hFA-SL

The degradation of 2hFA-SL occurs mainly in lysosomes (Figure 3). This is achieved
by the same acid hydrolases that degrade their non-hydroxylated counterparts. The
sphingolipid activator protein (saposin) D, one essential cofactor of acid ceramidase, seems
to be mainly involved in extracting the 2hFA-ceramide from the membrane to enable its
hydrolysis [62]. Alternatively, the amide bond of 2hFA-ceramide may be hydrolyzed by
alkaline or neutral ceramidase outside the lysosome; however, to what extent this happens
with the 2hFA-ceramide is unclear. The released 2hFA can likely be recycled through
a salvage pathway (Figure 3). All six mammalian ceramide synthases (CerS1-6) accept
2hFA-CoA as substrate [63]. Alternatively, 2hFA can be degraded through peroxisomal α-
oxidation. In addition to branched chain fatty acids, peroxisomal 2-hydroxyphytanoyl-CoA
lyase is able to cleave 2-hydroxylated straight chain fatty acids [64]. Whether free 2hFA
have a physiological function is currently not known. However, exogenously added 2hFA
can dramatically affect cell physiology (see Section 6).
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Figure 3. Overview of the metabolism of 2hFA-SL. As the physiological substrate(s) of FA2H is/are
not yet clear, FA2H-dependent reactions are found here at different steps of the pathway, and the
reactions are labeled with question marks (?) to indicate this fact. CerS1-6*/CerS5/CerS6*: In
mammals, all six known ceramide synthases (CerS1 to CerS6) are capable of using 2-hFA-CoA
as substrate. However, only CerS5 and CerS6 accept C16 acyl-CoA [63]. The FA2H-dependent
reactions are shown with a C24 fatty acid/acyl residue; however, the enzyme apparently ac-
cepts acyl residues or fatty acids of various chain lengths. The α-oxidation of phytosphingo-
sine can also metabolize longer sphingoid bases and thus generate longer 2hFA [61]. Note that
many reactions, enzymes and metabolites, especially in the Golgi apparatus and lysosomes, are
not specified in this Figure. Abbreviations/gene names and Enzyme Commission numbers:
ACS—acyl-CoA synthetase (EC 6.2.1.2./6.2.1.3.); ALDH3A2—aldehyde dehydrogenase 3A2 (EC
1.2.1.3); (acid) ceramidase (EC 3.5.1.23); CerS(1-6)—ceramide synthase 1 to 6 (EC 2.3.1.24); DEGS1—
sphingolipid-4-desaturase (EC 1.14.19.17); FA2H—fatty acid 2-hydroxylase (EC 1.14.18.6); Gal3st1—
galactose-3-O-sulfotransferase 1 (EC 2.8.2.11); HACL1—2-hydroxylacyl-CoA lyase 1 (EC 4.1.2.63);
SGMS—sphingomyelin synthase (EC 2.7.8.27); SGPL1—sphingosine-1-phosphate lyase 1 (EC 4.1.2.27);
SMase—sphingomyelin phosphodiesterase (EC 3.1.4.12); SPHK2—sphingosine kinase 2 (EC 2.7.1.91);
UGCG—UDP-glucose:ceramide glucosyltransferase (EC 2.4.1.80); UGT8—UDP-galactose:ceramide
galactosyltransferase (EC 2.4.1.47).

4. 2hFA-SL in Membrane Trafficking and Microdomains

What is the functional role of 2hFA-SL in biological membranes? Knockout and
knock-down experiments as well as biophysical studies in artificial membranes have been



Int. J. Mol. Sci. 2023, 24, 4908 7 of 19

performed to address this question. The results suggest that 2hFA-SL has a significant
influence on the structure and stability of membrane microdomains and affects the traf-
ficking of membranes/membrane proteins. Support for a functional role of 2hFA-SL in
membrane trafficking comes from studies in Drosophila melanogaster, which demonstrated
that FA2H overexpression can interfere (depending on the genetic background) with the
apical membrane trafficking of newly synthesized Rhodopsin via Rab11-positive vesicles
(recycling endosomes) to the rhabdomeres [65]. Along this line, monitoring the localiza-
tion of 2hFA-SL in Caenorhabditis elegans (using 2-hydroxy palmitic acid alkyne and click
chemistry labeling with azide-Cy3) revealed its accumulation in the apical membrane of
polarized cells in the intestinal tract [66]. The loss of the C. elegans FA2H gene fath-1 strongly
affected distribution of late and recycling endosomes, which then accumulated in the
apical region of intestinal cells [66]. The inactivation of fath-1 strongly reduced the level of
C17:1∆10 (heptadecenoic acid) that can be generated through the α-oxidation of 2hFA-C18:1.
This indicates the possibility that the effects of FA2H effects are not necessarily mediated
by 2hFA or 2hFA-SL but may also depend on downstream reaction products. An impor-
tant role of 2hFA-SL in apical membrane sorting was also suggested by the observation
that the polarization of MDCK cells is associated with a strong increase in the percent-
age of hydroxylated sphingolipids [67], though this study did not discriminate between
different hydroxylations.

Hydroxyl groups of the sphingoid base are essential for lipid–lipid interactions in
the membrane through the formation of inter- and intramolecular hydrogen bonds [68].
Likewise, the 2-hydroxyl group of the fatty acid residue plays a comparable role in sta-
bilizing lipid–lipid interactions. The 2-hydroxyl group appears to stabilize membrane
microdomains, possibly through the additional intermolecular hydrogen bonds between
the 2-hydroxyl group, the amino group of the sphingosine and the sugar head group [69–71].
Glycosyl inositol phosphorylceramides (GIPCs) are abundant sphingolipids in the tobacco
(Nicotiana tabacum) cell plasma membrane (comprising up to 80% of the lipid molecules
in the outer leaflet). It was shown that GIPCs containing 2hFA are specifically enriched
in detergent-insoluble membranes that form small membrane domains and interact with
phytosterols within membranes via hydrogen bonds [72,73]. In line with this, plant cells
lacking FAH1 and FAH2 have reduced levels of membrane microdomains [74]. In artificial
membranes, the size of the membrane domains containing 2hFA-galactosylceramides was
smaller, but they covered twice the membrane when compared to membranes containing
non-hydroxylated galactosylceramide [75].

The reduced expression of FA2H in adipocytes increased the mobility of raft-associated
lipids and thereby reduced the plasma membrane levels of insulin receptors and GLUT4
glucose transporters [49,76]. This effect was abolished specifically by the addition of
®-2-hydroxy palmitic acid (but not the (S)-stereoisomer), which was incorporated into
hexosylceramides. Such a stereo-specific effect was also observed for the antiproliferative
activity of synthetic 2hFA-ceramides in which the (R)-enantiomers had a much stronger
activity [69]. Such enantiomer-specific effects should result from stereospecific interactions,
which could occur through a specific protein (this possibility has, however, not been
reported yet) or a stereo-specific interaction with another lipid or a functional group within
the same sphingolipid molecule (e.g., with the glucose or galactose residue). For example,
while 2hFA-sphingomyelin stabilizes, 2hFA-phytosphingomyelin (containing an additional
hydroxyl group at C-4 of the sphingoid base; see Figure 3) destabilizes the gel phase of
a membrane [77].

5. FA2H Expression and Function in Different Tissues
5.1. FA2H Expression Levels in Mammalian Tissues and Different Cell Types

FA2H expression is detectable in most tissues, though its level varies strongly between
different organs/tissues and cell types (Figure 4). In humans, FA2H mRNA is only unde-
tectable in the ovaries and skeletal muscle. In addition to the brain and peripheral nervous
system (PNS), where myelinating cells (oligodendrocytes and Schwann cells, respectively)
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express FA2H, it is particularly abundant in the intestinal tract. Looking at individual
cell types, strong FA2H expression is particularly present in glandular epithelial cells
(Figure 4, right panel). Accordingly, FA2H expression in skin is mainly found in sebaceous
glands [78]. A high-level expression in glandular epithelial cells was also observed in
murine tissues [59,79]. With the exception of sebocytes (see Section 5.3), there is currently
no knowledge about the role of FA2H or 2hFA-SL in glandular epithelial cells. Unfor-
tunately, there are almost no reliable data on the FA2H protein level in different tissues
because of a lack of specific and sensitive antibodies.
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Figure 4. FA2H expression levels in human organs and selected cell types with high FA2H expression
levels. Bars indicate the mean normalized expression (TPM = transcripts per million) derived from
RNA sequencing data that are accessible via the Human Protein Atlas (https://www.proteinatlas.
org/; accessed on 14 February 2023) [80]. For the brain, only the median expression over all brain
regions and the maximal (found in white matter) and minimal (in choroid plexus) expression levels
are shown. Expression levels in individual cell types were taken from the Human Protein At-
las datasets of single-cell type transcriptomes [81]. Only cell types with a normalized expression
level > 10 nTPM are displayed. For cell types where several expression levels were reported in the
data base, the range is depicted (dark bar = lowest; light bar = highest expression level). Abbreviation:
OPC—oligodendrocyte progenitor cell.

5.2. FA2H in the Nervous System

In the mammalian nervous system (and in many non-mammalian vertebrates), the
majority of 2hFA-SL are 2hFA-galactosylceramide and 2hFA-sulfatide, which are abundant
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components of the myelin sheath [82] (Figure 5). It is, however, worth mentioning that
some vertebrates do not have 2hFA-SL in their myelin [83]. FA2H is highly expressed in the
myelinating cells (oligodendrocytes in brain and Schwann cells in PNS) [42,43]. An analysis
of two independent FA2H-deficient mouse lines, generated by gene targeting, confirmed
the assumption that the synthesis of these 2hFA-SL in the brain and PNS fully depends on
FA2H activity [57,58]. Nonetheless, myelin was normally formed in these mice. However,
adult mice developed a late-onset demyelination and axonal degeneration with motor
behavioral deficits that are reminiscent of human FAHN/SPG35 disease (see Section 6.1).
Thus, 2hFA-SL are not essential structural components of myelin that are necessary to build
up compact myelin sheaths to enable saltatory nerve conduction, but they are required for
long-term myelin maintenance and axonal support. Galactosylceramides and sulfatides
have important functions in the differentiation of oligodendrocytes and the establishment of
stable paranodal junctions at the node of Ranvier [82,84–86]. These are, however, apparently
normal in FA2H-deficient mice. Thus, sulfatides and galactosylceramides do not have to be
2-hydroxylated to fulfill these functions.
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5.3. 2hFA-SL and FA2H in the Skin

Skin contains large amounts of 2-hydroxylated andω-hydroxylated ceramides and
glucosylceramides [2,87]. While the essential role of theω-hydroxylation for the formation
of the permeability barrier is well known, the specific role of the 2-hydroxylation is not
clear. FA2H expression is upregulated during in the vitro differentiation of human ker-
atinocytes, and 2hFA-ceramides/glucosylceramides appear to be required for the formation
of epidermal lamellar membranes that are essential to build up the epidermal permeability
barrier [88]. In FA2H-deficient mice, however, the 2hFA-ceramide level in skin was un-
altered and only a fraction of the 2hFA-glucosylceramide level (acyl chain length C20 to
C24) was reduced [59]. Moreover, the permeability barrier was apparently unaffected, in
line with undetectable FA2H expression in keratinocytes. The possibility that FA2H plays
different roles in human and mouse keratinocytes remains to be determined.

Skin is also the only organ where the role of FA2H in glandular epithelial cells has been
examined to some extent. FA2H is strongly expressed in sebocytes, and FA2H-deficient mice
have enlarged sebaceous glands and develop a cyclic alopecia [59]; the latter is possibly
a consequence of altered sebum composition with a strongly reduced wax diester level
that causes a significant increase in the melting temperature of the sebum above body
temperature [59,79]. A chemically induced FA2H mouse mutant (‘sparse’) exhibited a
comparable phenotype [89]. Wax diester synthesis requires 2hFA [90]. However, because
2hFA may also be formed by FA2H independently (see Section 3.2), it is unclear whether
FA2H is directly involved in this reaction. Interestingly, mice deficient in the ceramide
synthase CerS4 (the major ceramide synthase in sebaceous glands) and alkaline ceramidase
1 (ACER1)-deficient mice exhibit a very similar skin/sebaceous gland phenotype [91,92].
This may suggest a critical role of 2hFA-ceramide/2hFA-SL turnover in sebocytes. A
significant role of FA2H in mammalian skin physiology is further supported by an FA2H
mutation causing ichthyosis congenita in a Chianina cattle [93].



Int. J. Mol. Sci. 2023, 24, 4908 10 of 19

6. FA2H, 2hFA-SL and 2hFA in Human Diseases
6.1. Fatty Acid Hydroxylase-Associated Neurodegeneration (FAHN)

Deficiency in FA2H causes a human disease known as fatty acid hydroxylase-associated
neurodegeneration (FAHN) or hereditary spastic paraplegia (HSP) type 35/spastic paraple-
gia 35 (HSP35 or SPG35) [94,95]. The disease is an autosomal recessive disorder belonging
to the complex HSP type. It is a rare form among all hereditary spastic paraplegias known
today [96,97]. Characteristic clinical signs in FAHN are spasticity of the lower limbs, ataxia,
cognitive problems, and leukodystrophy [98]. FAHN is part of a group of diseases desig-
nated as neurodegeneration with brain iron accumulation (NBIA) [99]. Iron deposits in
the basal ganglia that cause lesions in the globus pallidus (“eye-of-the-tiger sign”) are a
typical finding in these diseases. Currently, more than 60 different mutations in the human
FA2H gene that cause FAHN/SPG35 have been described in the literature [94,95,99–112].
Detailed description of the clinical signs and mutations identified will not be reviewed here,
and the interested reader is referred to previous reviews/overviews on the disease [98,110].

Transgenic mouse lines with total or conditional FA2H knockout have been established
and serve as animal models of FAHN [58,59]. Analysis of these mice showed that the
synthesis of 2hFA-SL in myelinating cells is important for the maintenance of the myelin
sheath, though not for myelin formation per se [58,59]. Phenotypes of both the total and the
oligodendrocyte conditional FA2H knockout were similar and reminiscent of the symptoms
of the human disease [58,59], indicating that most symptoms are caused by a deficiency
of FA2H in the myelinating glia. Notably, however, the oligodendrocyte-specific FA2H
knockout was not associated with learning and memory deficits, which were observed in
the total knockout [59]. This suggests a (low) expression of FA2H in other cell types within
the brain as well. It may thus be possible that cognitive impairment in FAHN could be a
result of loss of FA2H activity in neurons. Nevertheless, most FAHN-related symptoms in
the mouse models depend on FA2H loss in oligodendrocytes, leading to the question of
how changes in the lipid composition of the myelin sheath cause axonal degeneration. A
proteome analysis of myelin purified from FA2H-deficient mice found a relative specific
accumulation of a major myelin protein called Opalin in compact myelin [113]. As the
compact myelin corresponds to the apical membrane in polarized cells, this finding further
supports the proposed role of 2hFA-SL in apical membrane sorting, as discussed previously.
Altered trafficking or accumulation of myelin membrane proteins could be a possible link
between altered myelin lipids and axonal pathology.

As mentioned above, FAHN belongs to a group of diseases known as neurodegenera-
tion with brain iron accumulation (NBIA) that demonstrate a characteristic accumulation
of iron in the basal ganglia [114], which has been observed in most FAHN patients [110].
However, how FA2H deficiency leads to brain iron accumulation is not understood. Fi-
broblasts from FAHN and other NBIA cases cultured in the presence of high iron ex-
hibited a stronger intracellular iron increase compared to control fibroblasts. This possi-
bly results from reduced lysosomal degradation and increased recycling of the transfer-
rin receptor [115]. Mitochondrial dysregulation occurs in several types of NBIA [116].
Changes in mitochondrial fission and fusion altered the mitochondrial network in a
Drosophila FAHN model [117]. This was accompanied by increased levels of the autophagy
marker LC3 and its activated, lipidated form LC3-II, which was also observed in FAHN
patient fibroblasts [117].

Although a hallmark of FAHN is the degeneration of upper motor neuron axons in
the CNS, peripheral neuropathy has been observed in several FAHN patients [100,110,118].
A related, late-onset peripheral neuropathy was observed in older FA2H-deficient mice [58].
A proteome analysis of peripheral myelin identified elevated levels of a membrane complex
containing the adhesion molecule CADM4, which is localized in Schmidt–Lanterman
incisures [119]. This suggests that 2hFA-galactosylceramide or 2hFA-sulfatide may play
a role in the trafficking or turnover of CADM4, though further studies are required to
prove this.
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6.2. Altered 2hFA-SL Levels or FA2H Expression in Other Diseases

Sphingolipids play important roles in many neurodegenerative diseases, such as
Alzheimer’s (AD) or Parkinson’s disease (PD) [120]. Until now, however, there was no
evidence that the 2-hydroxylation of sphingolipids or the expression of the FA2H gene had
a significant influence in these or other neurodegenerative diseases. A strongly reduced
brain sulfatide concentration was identified as an early event in AD [121,122], but there
was no alteration of the 2hFA-sulfatide to total sulfatide ratio [34]. A genetic interaction of
PARK2 (mutated in early-onset PD) and FA2H mutations was reported by Benger et al. [108].
However, to the knowledge of the author of this review, there is currently no evidence for
altered FA2H expression or 2hFA-SL levels in PD.

In a mouse model of Sjögren–Larsson syndrome, which is caused by mutations in the
fatty aldehyde dehydrogenase gene ALDH3A2 (see Figure 3), the brain concentration of
2hFA-galactosylceramide was significantly reduced. This may play a functional role in the
disease [123]. Previously, it was shown that reduced 2hFA-galactosylceramide levels in
transgenic mice destabilize the CNS myelin [124]. Notably, ALDH3A2 strongly increased
the activity of co-expressed FA2H (in CHO cells), suggesting that the ALDH3A2 substrate
trans-2-hexadecenal (formed by degradation of sphingosine) may inhibit the FA2H enzyme
(a reaction of the fatty aldehyde with a histidine residue in the catalytic center of the enzyme
was proposed) [123]. The close proximity of the two enzymes ALDH3A2 and FA2H was
suggested by the identification of ALDH3A2 as an interaction partner of FA2H [55], which
would enable the efficient protection of FA2H by ALDH3A2.

FA2H may be a factor involved in obesity-induced insulin resistance as FA2H down-
regulation through the micro-RNA miR-3075 led to enhanced insulin signaling [125]. In
early-onset obesity, miR-3075 is released via exosomes from hepatocytes and mediates
enhanced insulin sensitivity. However, Guo et al. [49,76] found a downregulation of the
insulin receptor upon FA2H knockdown. Thus, further studies are needed to clarify the
role of FA2H in insulin signaling and resistance.

In many FAHN patients, bristly hairs with plaques attached to the hair shaft were
observed [110]. This is, to some extent, reminiscent to the phenotype of FA2H-deficient
mice [59]. As human sebum lacks wax diesters, this strongly suggests that, in addition to
its possible role in sebum (wax diester) synthesis, FA2H or its reaction products have other
important roles in sebocytes and/or keratinocytes. It is thus possible that FA2H may play a
role in dermatological diseases.

6.3. FA2H and 2hFA-SL in Cancer

It is well known that sphingolipids have important functions in cancer cell signal-
ing, cancer therapy and various aspects of tumor biology [126,127]. Therefore, it may
not come as a surprise that changes in the abundance of 2hFA-SL in tumor cells have
been observed in tumors of different origins [128–130]. High 2hFA-SL levels in carcinoma
cells correlated with drug resistance [131,132]. In cases of cholangiocarcinoma, a lower
survival rate of patients correlated with a higher relative abundance of 2-hydroxylated
lactosylceramide (d18:1-h23:0/23:0) [133]. A strong association between high levels of 2hFA-
hexosylceramides (most likely galactosylceramide) and high FA2H gene expression were
found in low- and high-grade lung adenocarcinoma but not other lung cancers [134].
The latter study is a rare exception as it examined the 2hFA-SL levels together with
FA2H expression.

A different picture emerged in more recent studies, which examined FA2H expression
but not 2hFA-SL levels in various cancer types. FA2H knockdown in D6P2T Schwan-
noma cells stimulated cell proliferation by inhibiting cAMP-induced cell cycle arrest [135].
Further studies revealed an association between the FA2H expression level and tumor
growth in different cancers, e.g., breast cancers, prostate cancer, gastric cancer and col-
orectal cancer: a low FA2H expression was associated with a reduced (disease-free) sur-
vival [136], reduced sensitivity against chemotherapeutic drugs [137] and, in general, a
poor prognosis [138–140]. The over-expression of FA2H in tumor cell lines decreased
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cell proliferation, induced apoptosis and inhibited the epithelial–mesenchymal transition-
associated gene expression [141,142]. Reduced tumor sensitivity towards the chemothera-
peutic drug cisplatin [137] could be reversed by FA2H over-expression or treatment with
(R)-2-hydroxypalmitic acid. Similarly. sensitivity to the drug PM02734 is significantly
enhanced in tumor cells that over-express FA2H [143].

Taking all the studies together, we can observe increased malignancies with low FA2H
expression on one side and with high levels of 2hFA-SL on the other side. One possible
explanation for this apparent contradiction could be that increased levels of hFA-SL in many
tumors depend on the not-yet-identified alternative 2-hydroxylase enzyme(s) mentioned
above or the α-oxidation of phytosphingosine (Section 3), which could also have different
substrate specificities. Since cytochrome P450 enzymes are often upregulated in tumor
cells to confer drug resistance, some of them could potentially be involved in fatty acid
2-hydroxylation. Moreover, the 2-hydroxyl group may also have different effects depending
on which sphingolipids are synthesized by a given tumor cell.

Different signaling pathways affected by FA2H over-expression have been identi-
fied: a higher chemosensitivity in gastric cancer cells depends on the inhibition of the
mTOR/S6K1/Gli1 pathway by FA2H (through activation of AMPK) [137]; FA2H sup-
presses cancer stemness by inhibiting STAT3 and NF-κB signaling (through reduced phos-
phorylation of STAT3 and NF-κB) [144] and FA2H reduces metastasis in colon cancer
through phosphorylation and the cytosolic retention of the transcription factor YAP1 [140].
Through which mechanisms FA2H influences these signaling pathways is, however, unclear
at present.

Not much is known about the transcriptional regulation of the FA2H gene. In a breast
cancer cell line, peroxisome-proliferator-activated receptor (PPAR)-αmediates the induc-
tion of FA2H by ∆(9)-tetrahydrocannabinol [145–147]. Zhou et al. [148] provided evidence
that TNF-α, via the upregulation of FOXC2, increases FA2H expression in esophageal
cancer. Several micro-RNAs target the human FA2H gene and may play important roles in
its regulation in cancer or other diseases that have been identified [125,141,142,149].

2-hydroxylated oleic acid (2OHOA, Minerval) is an anti-cancer drug that is able to
induce apoptosis in various cancer cells [150]. Free 2-hydroxylated fatty acids insert into
membranes and significantly affect the membrane structure by reducing the lipid order and
interfering with the tight packing of lipid side chains [151]. It is assumed that free 2OHOA
affects signaling pathways in this way [152]. 2OHOA disturbs mitochondrial function
by the uncoupling of oxidative phosphorylation and mitochondrial fragmentation [153].
Exogenously supplied 2OHOA is incorporated into triglycerides, diacylglycerides and
phosphoglycerolipids [154,155]. However, there is no report describing the incorporation
of 2OHOA into sphingolipids. It is therefore unclear whether the anti-tumor and pro-
apoptotic pathways activated by 2OHOA treatment and FA2H overexpression are related.

7. Conclusions

Sphingolipids containing 2-hydroxylated acyl residues are present in many (if not
all) cell types and tissues. While in many cases high levels of 2hFA-SL correlate with a
high expression of FA2H, there is clear evidence that additional fatty acid 2-hydroxylase
enzyme(s) exist. This or these currently unknown enzyme(s) and FA2H and their reaction
products may, in part, fulfill opposing roles, as suggested by the analysis of tumor cells.
They may also be potential targets in tumor therapy. Thus, an important task in the field of
2hFA-SL is the identification of this/these hydroxylases. In parallel, it must be established
to what extent 2hFA synthesis occurs via the α-oxidation pathway in the endoplasmic
reticulum. Given their abundance and important roles in different cellular processes and
the important roles of sphingolipids in many diseases, alterations in the 2-hydroxylation of
sphingolipids may be relevant in more diseases than currently anticipated.
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tions for good practice in MS-based lipidomics. J. Lipid Res. 2021, 62, 100138. [CrossRef]
22. Li, A.; Hines, K.M.; Xu, L. Lipidomics by HILIC-Ion Mobility-Mass Spectrometry. Methods Mol. Biol. 2020, 2084, 119–132. [CrossRef]
23. Barrientos, R.C.; Zhang, Q. Recent advances in the mass spectrometric analysis of glycosphingolipidome—A review. Anal. Chim.

Acta 2020, 1132, 134–155. [CrossRef]
24. Tsugawa, H.; Ikeda, K.; Tanaka, W.; Senoo, Y.; Arita, M.; Arita, M. Comprehensive identification of sphingolipid species by in

silico retention time and tandem mass spectral library. J. Cheminform. 2017, 9, 19. [CrossRef] [PubMed]
25. Zhao, X.; Wu, G.; Zhang, W.; Dong, M.; Xia, Y. Resolving Modifications on Sphingoid Base and N-Acyl Chain of Sphingomyelin

Lipids in Complex Lipid Extracts. Anal. Chem. 2020, 92, 14775–14782. [CrossRef]
26. von Gerichten, J.; Schlosser, K.; Lamprecht, D.; Morace, I.; Eckhardt, M.; Wachten, D.; Jennemann, R.; Gröne, H.J.; Mack, M.;

Sandhoff, R. Diastereomer-specific quantification of bioactive hexosylceramides from bacteria and mammals. J. Lipid Res. 2017,
58, 1247–1258. [CrossRef] [PubMed]

27. Züllig, T.; Köfeler, H.C. High resolution mass spectrometry in lipidomics. Mass Spectrom. Rev. 2021, 40, 162–176. [CrossRef]

http://doi.org/10.1038/nrm.2017.107
http://doi.org/10.1194/jlr.RA120000671
http://doi.org/10.1016/S0022-2275(20)40339-6
http://doi.org/10.1016/j.bbalip.2009.12.004
http://doi.org/10.1016/0003-9861(74)90294-X
http://www.ncbi.nlm.nih.gov/pubmed/4441097
http://doi.org/10.1021/jf802772a
http://www.ncbi.nlm.nih.gov/pubmed/19090708
http://doi.org/10.1016/0014-5793(91)80845-t
http://doi.org/10.1016/0167-7012(90)90056-C
http://doi.org/10.1074/jbc.272.38.23592
http://www.ncbi.nlm.nih.gov/pubmed/9295298
http://doi.org/10.1074/jbc.M111.245225
http://www.ncbi.nlm.nih.gov/pubmed/21719702
http://doi.org/10.1007/s11745-000-533-y
http://www.ncbi.nlm.nih.gov/pubmed/10858020
http://doi.org/10.1002/cbic.200900164
http://www.ncbi.nlm.nih.gov/pubmed/19575369
http://doi.org/10.1139/y59-099
http://www.ncbi.nlm.nih.gov/pubmed/13671378
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1194/jlr.D700041-JLR200
http://doi.org/10.1038/srep27688
http://doi.org/10.3390/ijms18040708
http://doi.org/10.1002/bmc.3683
http://doi.org/10.3390/ijms222413643
http://doi.org/10.1016/j.jlr.2021.100138
http://doi.org/10.1007/978-1-0716-0030-6_7
http://doi.org/10.1016/j.aca.2020.05.051
http://doi.org/10.1186/s13321-017-0205-3
http://www.ncbi.nlm.nih.gov/pubmed/28316657
http://doi.org/10.1021/acs.analchem.0c03502
http://doi.org/10.1194/jlr.D076190
http://www.ncbi.nlm.nih.gov/pubmed/28373486
http://doi.org/10.1002/mas.21627


Int. J. Mol. Sci. 2023, 24, 4908 14 of 19

28. Luberto, C.; Haley, J.D.; Del Poeta, M. Imaging with mass spectrometry, the next frontier in sphingolipid research? A discussion
on where we stand and the possibilities ahead. Chem. Phys. Lipids 2019, 219, 1–14. [CrossRef] [PubMed]

29. Wang, W.X.; Whitehead, S.N. Imaging mass spectrometry allows for neuroanatomic-specific detection of gangliosides in the
healthy and diseased brain. Analyst 2020, 145, 2473–2481. [CrossRef] [PubMed]

30. Unsihuay, D.; Mesa Sanchez, D.; Laskin, J. Quantitative Mass Spectrometry Imaging of Biological Systems. Annu. Rev. Phys. Chem.
2021, 72, 307–329. [CrossRef]

31. Marsching, C.; Eckhardt, M.; Gröne, H.J.; Sandhoff, R.; Hopf, C. Imaging of complex sulfatides SM3 and SB1a in mouse kidney
using MALDI-TOF/TOF mass spectrometry. Anal. Bioanal. Chem. 2011, 401, 53–64. [CrossRef]

32. Wang, H.Y.; Jackson, S.N.; Post, J.; Woods, A.S. A Minimalist Approach to MALDI Imaging of Glycerophospholipids and
Sphingolipids in Rat Brain Sections. Int. J. Mass Spectrom. 2008, 278, 143–149. [CrossRef]

33. Maganti, R.J.; Hronowski, X.L.; Dunstan, R.W.; Wipke, B.T.; Zhang, X.; Jandreski, L.; Hamann, S.; Juhasz, P. Defining Changes in
the Spatial Distribution and Composition of Brain Lipids in the Shiverer and Cuprizone Mouse Models of Myelin Disease. J.
Histochem. Cytochem. 2019, 67, 203–219. [CrossRef] [PubMed]

34. Yuki, D.; Sugiura, Y.; Zaima, N.; Akatsu, H.; Hashizume, Y.; Yamamoto, T.; Fujiwara, M.; Sugiyama, K.; Setou, M. Hydroxylated
and non-hydroxylated sulfatide are distinctly distributed in the human cerebral cortex. Neuroscience 2011, 193, 44–53. [CrossRef]

35. Sjövall, P.; Lausmaa, J.; Johansson, B. Mass spectrometric imaging of lipids in brain tissue. Anal. Chem. 2004, 76, 4271–4278.
[CrossRef] [PubMed]

36. Pernber, Z.; Richter, K.; Mansson, J.E.; Nygren, H. Sulfatide with different fatty acids has unique distributions in cerebellum as imaged
by time-of-flight secondary ion mass spectrometry (TOF-SIMS). Biochim. Biophys. Acta 2007, 1771, 202–209. [CrossRef] [PubMed]

37. Kadar, H.; Pham, H.; Touboul, D.; Brunelle, A.; Baud, O. Impact of inhaled nitric oxide on the sulfatide profile of neonatal rat
brain studied by TOF-SIMS imaging. Int. J. Mol. Sci. 2014, 15, 5233–5245. [CrossRef] [PubMed]

38. Girod, M.; Shi, Y.; Cheng, J.X.; Cooks, R.G. Mapping lipid alterations in traumatically injured rat spinal cord by desorption
electrospray ionization imaging mass spectrometry. Anal. Chem. 2011, 83, 207–215. [CrossRef]

39. Passarelli, M.K.; Pirkl, A.; Moellers, R.; Grinfeld, D.; Kollmer, F.; Havelund, R.; Newman, C.F.; Marshall, P.S.; Arlinghaus, H.;
Alexander, M.R.; et al. The 3D OrbiSIMS-label-free metabolic imaging with subcellular lateral resolution and high mass-resolving
power. Nat. Methods 2017, 14, 1175–1183. [CrossRef] [PubMed]

40. Hirahara, Y.; Wakabayashi, T.; Mori, T.; Koike, T.; Yao, I.; Tsuda, M.; Honke, K.; Gotoh, H.; Ono, K.; Yamada, H. Sulfatide species
with various fatty acid chains in oligodendrocytes at different developmental stages determined by imaging mass spectrometry. J.
Neurochem. 2017, 140, 435–450. [CrossRef]

41. Nakashima, K.; Hirahara, Y.; Koike, T.; Tanaka, S.; Gamo, K.; Oe, S.; Hayashi, S.; Seki-Omura, R.; Nakano, Y.; Ohe, C.; et al.
Sulfatide with ceramide composed of phytosphingosine (t18:0) and 2-hydroxy FAs in renal intercalated cells. J. Lipid Res. 2022,
63, 100210. [CrossRef] [PubMed]

42. Alderson, N.L.; Rembiesa, B.M.; Walla, M.D.; Bielawska, A.; Bielawski, J.; Hama, H. The human FA2H gene encodes a fatty acid
2-hydroxylase. J. Biol. Chem. 2004, 279, 48562–48568. [CrossRef] [PubMed]

43. Eckhardt, M.; Yaghootfam, A.; Fewou, S.N.; Zöller, I.; Gieselmann, V. A mammalian fatty acid hydroxylase responsible for the
formation of alpha-hydroxylated galactosylceramide in myelin. Biochem. J. 2005, 388, 245–254. [CrossRef] [PubMed]

44. Haak, D.; Gable, K.; Beeler, T.; Dunn, T. Hydroxylation of Saccharomyces cerevisiae ceramides requires Sur2p and Scs7p. J. Biol.
Chem. 1997, 272, 29704–29710. [CrossRef]

45. Dunn, T.M.; Haak, D.; Monaghan, E.; Beeler, T.J. Synthesis of monohydroxylated inositolphosphorylceramide (IPC-C) in
Saccharomyces cerevisiae requires Scs7p, a protein with both a cytochrome b5-like domain and a hydroxylase/desaturase domain.
Yeast 1998, 14, 311–321. [CrossRef]

46. Nagano, M.; Ihara-Ohori, Y.; Imai, H.; Inada, N.; Fujimoto, M.; Tsutsumi, N.; Uchimiya, H.; Kawai-Yamada, M. Functional
association of cell death suppressor, Arabidopsis Bax inhibitor-1, with fatty acid 2-hydroxylation through cytochrome b5. Plant J.
2009, 58, 122–134. [CrossRef]

47. Cid, N.G.; Puca, G.; Nudel, C.B.; Nusblat, A.D. Genome analysis of sphingolipid metabolism-related genes in Tetrahymena
thermophila and identification of a fatty acid 2-hydroxylase involved in the sexual stage of conjugation. Mol. Microbiol. 2020,
114, 775–788. [CrossRef]

48. Zhu, G.; Koszelak-Rosenblum, M.; Connelly, S.M.; Dumont, M.E.; Malkowski, M.G. The Crystal Structure of an Integral Membrane
Fatty Acid α-Hydroxylase. J. Biol. Chem. 2015, 290, 29820–29833. [CrossRef]

49. Guo, L.; Zhang, X.; Zhou, D.; Okunade, A.L.; Su, X. Stereospecificity of fatty acid 2-hydroxylase and differential functions of
2-hydroxy fatty acid enantiomers. J. Lipid Res. 2012, 53, 1327–1335. [CrossRef]

50. Ukawa, T.; Banno, F.; Ishikawa, T.; Kasahara, K.; Nishina, Y.; Inoue, R.; Tsujii, K.; Yamaguchi, M.; Takahashi, T.; Fukao, Y.; et al.
Sphingolipids with 2-hydroxy fatty acids aid in plasma membrane nanodomain organization and oxidative burst. Plant Physiol.
2022, 189, 839–857. [CrossRef]

51. Nagano, M.; Uchimiya, H.; Kawai-Yamada, M. Plant sphingolipid fatty acid 2-hydroxylases have unique characters unlike their
animal and fungus counterparts. Plant Signal. Behav. 2012, 7, 1388–1392. [CrossRef] [PubMed]

52. Nagano, M.; Takahara, K.; Fujimoto, M.; Tsutsumi, N.; Uchimiya, H.; Kawai-Yamada, M. Arabidopsis sphingolipid fatty acid
2-hydroxylases (AtFAH1 and AtFAH2) are functionally differentiated in fatty acid 2-hydroxylation and stress responses. Plant
Physiol. 2012, 159, 1138–1148. [CrossRef]

http://doi.org/10.1016/j.chemphyslip.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30641043
http://doi.org/10.1039/C9AN02270H
http://www.ncbi.nlm.nih.gov/pubmed/32065183
http://doi.org/10.1146/annurev-physchem-061020-053416
http://doi.org/10.1007/s00216-011-4802-0
http://doi.org/10.1016/j.ijms.2008.04.005
http://doi.org/10.1369/0022155418815860
http://www.ncbi.nlm.nih.gov/pubmed/30501365
http://doi.org/10.1016/j.neuroscience.2011.07.045
http://doi.org/10.1021/ac049389p
http://www.ncbi.nlm.nih.gov/pubmed/15283560
http://doi.org/10.1016/j.bbalip.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17257892
http://doi.org/10.3390/ijms15045233
http://www.ncbi.nlm.nih.gov/pubmed/24670476
http://doi.org/10.1021/ac102264z
http://doi.org/10.1038/nmeth.4504
http://www.ncbi.nlm.nih.gov/pubmed/29131162
http://doi.org/10.1111/jnc.13897
http://doi.org/10.1016/j.jlr.2022.100210
http://www.ncbi.nlm.nih.gov/pubmed/35439525
http://doi.org/10.1074/jbc.M406649200
http://www.ncbi.nlm.nih.gov/pubmed/15337768
http://doi.org/10.1042/BJ20041451
http://www.ncbi.nlm.nih.gov/pubmed/15658937
http://doi.org/10.1074/jbc.272.47.29704
http://doi.org/10.1002/(SICI)1097-0061(19980315)14:4&lt;311::AID-YEA220&gt;3.0.CO;2-B
http://doi.org/10.1111/j.1365-313X.2008.03765.x
http://doi.org/10.1111/mmi.14578
http://doi.org/10.1074/jbc.M115.680124
http://doi.org/10.1194/jlr.M025742
http://doi.org/10.1093/plphys/kiac134
http://doi.org/10.4161/psb.21825
http://www.ncbi.nlm.nih.gov/pubmed/22918503
http://doi.org/10.1104/pp.112.199547


Int. J. Mol. Sci. 2023, 24, 4908 15 of 19

53. Alderson, N.L.; Walla, M.D.; Hama, H. A novel method for the measurement of in vitro fatty acid 2-hydroxylase activity by gas
chromatography-mass spectrometry. J. Lipid Res. 2005, 46, 1569–1575. [CrossRef]

54. Hardt, R.; Winter, D.; Gieselmann, V.; Eckhardt, M. Identification of progesterone receptor membrane component-1 as an
interaction partner and possible regulator of fatty acid 2-hydroxylase. Biochem. J. 2018, 475, 853–871. [CrossRef]

55. Piel, R.B., III; Shiferaw, M.T.; Vashisht, A.A.; Marcero, J.R.; Praissman, J.L.; Phillips, J.D.; Wohlschlegel, J.A.; Medlock, A.E. A Novel
Role for Progesterone Receptor Membrane Component 1 (PGRMC1): A Partner and Regulator of Ferrochelatase. Biochemistry
2016, 55, 5204–5217. [CrossRef]

56. Hughes, A.L.; Powell, D.W.; Bard, M.; Eckstein, J.; Barbuch, R.; Link, A.J.; Espenshade, P.J. Dap1/PGRMC1 binds and regulates
cytochrome P450 enzymes. Cell Metab. 2007, 5, 143–149. [CrossRef] [PubMed]

57. Zöller, I.; Meixner, M.; Hartmann, D.; Büssow, H.; Meyer, R.; Gieselmann, V.; Eckhardt, M. Absence of 2-hydroxylated sphin-
golipids is compatible with normal neural development but causes late-onset axon and myelin sheath degeneration. J. Neurosci.
2008, 28, 9741–9754. [CrossRef] [PubMed]

58. Potter, K.A.; Kern, M.J.; Fullbright, G.; Bielawski, J.; Scherer, S.S.; Yum, S.W.; Li, J.J.; Cheng, H.; Han, X.; Venkata, J.K.; et al. Central
nervous system dysfunction in a mouse model of FA2H deficiency. Glia 2011, 59, 1009–1021. [CrossRef]

59. Maier, H.; Meixner, M.; Hartmann, D.; Sandhoff, R.; Wang-Eckhardt, L.; Zöller, I.; Gieselmann, V.; Eckhardt, M. Normal fur
development and sebum production depends on fatty acid 2-hydroxylase expression in sebaceous glands. J. Biol. Chem. 2011,
286, 25922–25934. [CrossRef]

60. Dan, P.; Edvardson, S.; Bielawski, J.; Hama, H.; Saada, A. 2-Hydroxylated sphingomyelin profiles in cells from patients with
mutated fatty acid 2-hydroxylase. Lipids Health Dis. 2011, 10, 84. [CrossRef]

61. Kitamura, T.; Seki, N.; Kihara, A. Phytosphingosine degradation pathway includes fatty acid α-oxidation reactions in the
endoplasmic reticulum. Proc. Natl. Acad. Sci. USA 2017, 114, E2616–E2623. [CrossRef] [PubMed]

62. Matsuda, J.; Kido, M.; Tadano-Aritomi, K.; Ishizuka, I.; Tominaga, K.; Toida, K.; Takeda, E.; Suzuki, K.; Kuroda, Y.
Mutation in saposin D domain of sphingolipid activator protein gene causes urinary system defects and cerebellar Purk-
inje cell degeneration with accumulation of hydroxy fatty acid-containing ceramide in mouse. Hum. Mol. Genet. 2004,
13, 2709–2723. [CrossRef] [PubMed]

63. Mizutani, Y.; Kihara, A.; Chiba, H.; Tojo, H.; Igarashi, Y. 2-Hydroxy-ceramide synthesis by ceramide synthase family: Enzymatic
basis for the preference of FA chain length. J. Lipid Res. 2008, 49, 2356–2364. [CrossRef]

64. Foulon, V.; Sniekers, M.; Huysmans, E.; Asselberghs, S.; Mahieu, V.; Mannaerts, G.P.; Van Veldhoven, P.P.; Casteels, M. Breakdown
of 2-hydroxylated straight chain fatty acids via peroxisomal 2-hydroxyphytanoyl-CoA lyase: A revised pathway for the alpha-
oxidation of straight chain fatty acids. J. Biol. Chem. 2005, 280, 9802–9812. [CrossRef] [PubMed]

65. Hebbar, S.; Schuhmann, K.; Shevchenko, A.; Knust, E. Hydroxylated sphingolipid biosynthesis regulates photoreceptor apical
domain morphogenesis. J. Cell Biol. 2020, 219, e201911100. [CrossRef]

66. Li, Y.; Wang, C.; Huang, Y.; Fu, R.; Zheng, H.; Zhu, Y.; Shi, X.; Padakanti, P.K.; Tu, Z.; Su, X.; et al. Elegans Fatty Acid
Two-Hydroxylase Regulates Intestinal Homeostasis by Affecting Heptadecenoic Acid Production. Cell. Physiol. Biochem. 2018,
49, 947–960. [CrossRef]

67. Sampaio, J.L.; Gerl, M.J.; Klose, C.; Ejsing, C.S.; Beug, H.; Simons, K.; Shevchenko, A. Membrane lipidome of an epithelial cell line.
Proc. Natl. Acad. Sci. USA 2011, 108, 1903–1907. [CrossRef]

68. Dingjan, T.; Futerman, A.H. The role of the ‘sphingoid motif’ in shaping the molecular interactions of sphingolipids in biomem-
branes. Biochim. Biophys. Acta Biomembr. 2021, 1863, 183701. [CrossRef]

69. Szulc, Z.M.; Bai, A.; Bielawski, J.; Mayroo, N.; Miller, D.E.; Gracz, H.; Hannun, Y.A.; Bielawska, A. Synthesis, NMR characterization
and divergent biological actions of 2′-hydroxy-ceramide/dihydroceramide stereoisomers in MCF7 cells. Bioorg. Med. Chem. 2010,
18, 7565–7579. [CrossRef]

70. Pascher, I.; Sundell, S. Molecular arrangements in sphingolipids. The crystal structure of cerebroside. Chem. Phys. Lipids 1977,
20, 175–191. [CrossRef]

71. Yahi, N.; Aulas, A.; Fantini, J. How cholesterol constrains glycolipid conformation for optimal recognition of Alzheimer’s beta
amyloid peptide (Abeta1-40). PLoS ONE 2010, 5, e9079. [CrossRef] [PubMed]

72. Cacas, J.L.; Buré, C.; Grosjean, K.; Gerbeau-Pissot, P.; Lherminier, J.; Rombouts, Y.; Maes, E.; Bossard, C.; Gronnier, J.;
Furt, F.; et al. Revisiting Plant Plasma Membrane Lipids in Tobacco: A Focus on Sphingolipids. Plant Physiol. 2016,
170, 367–384. [CrossRef] [PubMed]

73. Mamode Cassim, A.; Navon, Y.; Gao, Y.; Decossas, M.; Fouillen, L.; Grélard, A.; Nagano, M.; Lambert, O.; Bahammou, D.; Van
Delft, P.; et al. Biophysical analysis of the plant-specific GIPC sphingolipids reveals multiple modes of membrane regulation. J.
Biol. Chem. 2021, 296, 100602. [CrossRef]

74. Nagano, M.; Ishikawa, T.; Fujiwara, M.; Fukao, Y.; Kawano, Y.; Kawai-Yamada, M.; Shimamoto, K. Plasma Membrane Mi-
crodomains Are Essential for Rac1-RbohB/H-Mediated Immunity in Rice. Plant Cell 2016, 28, 1966–1983. [CrossRef]

75. Windschiegl, B.; Steinem, C. Influence of alpha-hydroxylation of glycolipids on domain formation in lipid monolayers. Langmuir
2006, 22, 7454–7457. [CrossRef] [PubMed]

76. Guo, L.; Zhou, D.; Pryse, K.M.; Okunade, A.L.; Su, X. Fatty acid 2-hydroxylase mediates diffusional mobility of Raft-associated
lipids, GLUT4 level, and lipogenesis in 3T3-L1 adipocytes. J. Biol. Chem. 2010, 285, 25438–25447. [CrossRef] [PubMed]

http://doi.org/10.1194/jlr.D500013-JLR200
http://doi.org/10.1042/BCJ20170963
http://doi.org/10.1021/acs.biochem.6b00756
http://doi.org/10.1016/j.cmet.2006.12.009
http://www.ncbi.nlm.nih.gov/pubmed/17276356
http://doi.org/10.1523/JNEUROSCI.0458-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815260
http://doi.org/10.1002/glia.21172
http://doi.org/10.1074/jbc.M111.231977
http://doi.org/10.1186/1476-511X-10-84
http://doi.org/10.1073/pnas.1700138114
http://www.ncbi.nlm.nih.gov/pubmed/28289220
http://doi.org/10.1093/hmg/ddh281
http://www.ncbi.nlm.nih.gov/pubmed/15345707
http://doi.org/10.1194/jlr.M800158-JLR200
http://doi.org/10.1074/jbc.M413362200
http://www.ncbi.nlm.nih.gov/pubmed/15644336
http://doi.org/10.1083/jcb.201911100
http://doi.org/10.1159/000493226
http://doi.org/10.1073/pnas.1019267108
http://doi.org/10.1016/j.bbamem.2021.183701
http://doi.org/10.1016/j.bmc.2010.08.050
http://doi.org/10.1016/0009-3084(77)90033-0
http://doi.org/10.1371/journal.pone.0009079
http://www.ncbi.nlm.nih.gov/pubmed/20140095
http://doi.org/10.1104/pp.15.00564
http://www.ncbi.nlm.nih.gov/pubmed/26518342
http://doi.org/10.1016/j.jbc.2021.100602
http://doi.org/10.1105/tpc.16.00201
http://doi.org/10.1021/la060146x
http://www.ncbi.nlm.nih.gov/pubmed/16922519
http://doi.org/10.1074/jbc.M110.119933
http://www.ncbi.nlm.nih.gov/pubmed/20519515


Int. J. Mol. Sci. 2023, 24, 4908 16 of 19

77. Jaikishan, S.; Slotte, J.P. Stabilization of sphingomyelin interactions by interfacial hydroxyls—A study of phytosphingomyelin
properties. Biochim. Biophys. Acta 2013, 1828, 391–397. [CrossRef]

78. The Human Protein Atlas. Available online: https://www.proteinatlas.org/ENSG00000103089-FA2H/tissue+cell+type (accessed
on 14 February 2023).

79. Karlsson, M.; Zhang, C.; Méar, L.; Zhong, W.; Digre, A.; Katona, B.; Sjöstedt, E.; Butler, L.; Odeberg, J.; Dusart, P.; et al. A
single-cell type transcriptomics map of human tissues. Sci. Adv. 2021, 7, eabh2169. [CrossRef]

80. Eckhardt, M. The role and metabolism of sulfatide in the nervous system. Mol. Neurobiol. 2008, 37, 93–103. [CrossRef]
81. Ki, P.F.; Kishimoto, Y. The lipid composition of urodele myelin which lacks hydroxycerebroside and hydroxysulfatide. J.

Neurochem. 1984, 42, 994–1000. [CrossRef]
82. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;

Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]
83. Zöller, I. Untersuchungen zur Biosynthese und Funktion von alpha-hydroxylierten Sphingolipiden Anhand von Mausmodellen.

Ph.D. Thesis, University of Bonn, Bonn, Germany, 2007.
84. Baba, H.; Ishibashi, T. The Role of Sulfatides in Axon-Glia Interactions. Adv. Exp. Med. Biol. 2019, 1190, 165–179. [CrossRef]
85. Boggs, J.M.; Gao, W.; Hirahara, Y. Myelin glycosphingolipids, galactosylceramide and sulfatide, participate in carbohydrate-

carbohydrate interactions between apposed membranes and may form glycosynapses between oligodendrocyte and/or myelin
membranes. Biochim. Biophys. Acta 2008, 1780, 445–455. [CrossRef]

86. Grassi, S.; Prioni, S.; Cabitta, L.; Aureli, M.; Sonnino, S.; Prinetti, A. The Role of 3-O-Sulfogalactosylceramide, Sulfatide, in the
Lateral Organization of Myelin Membrane. Neurochem. Res. 2016, 41, 130–143. [CrossRef]

87. Suzuki, M.; Ohno, Y.; Kihara, A. Whole picture of human stratum corneum ceramides, including the chain-length diversity of
long-chain bases. J. Lipid Res. 2022, 63, 100235. [CrossRef]

88. Uchida, Y.; Hama, H.; Alderson, N.L.; Douangpanya, S.; Wang, Y.; Crumrine, D.A.; Elias, P.M.; Holleran, W.M. Fatty acid
2-hydroxylase, encoded by FA2H, accounts for differentiation-associated increase in 2-OH ceramides during keratinocyte
differentiation. J. Biol. Chem. 2007, 282, 13211–13219. [CrossRef]

89. Mutagenetix. Phenotypic Mutation ‘Sparse’. Available online: https://mutagenetix.utsouthwestern.edu/phenotypic/
phenotypic_rec.cfm?pk=2356 (accessed on 14 February 2023).

90. Nicolaides, N.; Fu, H.C.; Ansari, M.N. Diester waxes in surface lipids of animal skin. Lipids 1970, 5, 299–307. [CrossRef] [PubMed]
91. Ebel, P.; Imgrund, S.; Vom Dorp, K.; Hofmann, K.; Maier, H.; Drake, H.; Degen, J.; Dörmann, P.; Eckhardt, M.; Franz, T.; et al.

Ceramide synthase 4 deficiency in mice causes lipid alterations in sebum and results in alopecia. Biochem. J. 2014, 461, 147–158.
[CrossRef] [PubMed]

92. Lin, C.L.; Xu, R.; Yi, J.K.; Li, F.; Chen, J.; Jones, E.C.; Slutsky, J.B.; Huang, L.; Rigas, B.; Cao, J.; et al. Alkaline Ceramidase 1 Protects
Mice from Premature Hair Loss by Maintaining the Homeostasis of Hair Follicle Stem Cells. Stem Cell Rep. 2017, 9, 1488–1500.
[CrossRef] [PubMed]

93. Jacinto, J.G.P.; Häfliger, I.M.; Veiga, I.M.B.; Letko, A.; Gentile, A.; Drögemüller, C. A frameshift insertion in FA2H causes a recessively
inherited form of ichthyosis congenita in Chianina cattle. Mol. Genet. Genom. 2021, 296, 1313–1322. [CrossRef] [PubMed]

94. Edvardson, S.; Hama, H.; Shaag, A.; Gomori, J.M.; Berger, I.; Soffer, D.; Korman, S.H.; Taustein, I.; Saada, A.; Elpeleg, O. Mutations
in the fatty acid 2-hydroxylase gene are associated with leukodystrophy with spastic paraparesis and dystonia. Am. J. Hum.
Genet. 2008, 83, 643–648. [CrossRef]

95. Dick, K.J.; Eckhardt, M.; Paisán-Ruiz, C.; Alshehhi, A.A.; Proukakis, C.; Sibtain, N.A.; Maier, H.; Sharifi, R.; Patton, M.A.;
Bashir, W.; et al. Mutation of FA2H underlies a complicated form of hereditary spastic paraplegia (SPG35). Hum. Mutat. 2010,
31, E1251–E1260. [CrossRef]

96. Tesson, C.; Koht, J.; Stevanin, G. Delving into the complexity of hereditary spastic paraplegias: How unexpected phenotypes and
inheritance modes are revolutionizing their nosology. Hum. Genet. 2015, 134, 511–538. [CrossRef] [PubMed]

97. Dong, E.L.; Wang, C.; Wu, S.; Lu, Y.Q.; Lin, X.H.; Su, H.Z.; Zhao, M.; He, J.; Ma, L.X.; Wang, N.; et al. Clinical spectrum and
genetic landscape for hereditary spastic paraplegias in China. Mol. Neurodegener. 2018, 13, 36. [CrossRef]

98. Gregory, A.; Venkateswaran, S.; Hayflick, S.J. Fatty Acid Hydroxylase-Associated Neurodegeneration. In GeneReviews®[Internet];
Adam, M.P., Everman, D.B., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Amemiya, A., Eds.; University of
Washington: Seattle, WA, USA, 2011; pp. 1993–2023.

99. Kruer, M.C.; Paisán-Ruiz, C.; Boddaert, N.; Yoon, M.Y.; Hama, H.; Gregory, A.; Malandrini, A.; Woltjer, R.L.; Munnich, A.;
Gobin, S.; et al. Defective FA2H leads to a novel form of neurodegeneration with brain iron accumulation (NBIA). Ann. Neurol.
2010, 68, 611–618. [CrossRef]

100. Pierson, T.M.; Simeonov, D.R.; Sincan, M.; Adams, D.A.; Markello, T.; Golas, G.; Fuentes-Fajardo, K.; Hansen, N.F.;
Cherukuri, P.F.; Cruz, P.; et al. NISC Comparative Sequencing Program. Exome sequencing and SNP analysis detect
novel compound heterozygosity in fatty acid hydroxylase-associated neurodegeneration. Eur. J. Hum. Genet. 2012,
20, 476–479. [CrossRef] [PubMed]

101. Pensato, V.; Castellotti, B.; Gellera, C.; Pareyson, D.; Ciano, C.; Nanetti, L.; Salsano, E.; Piscosquito, G.; Sarto, E.; Eoli, M.; et al. Overlapping
phenotypes in complex spastic paraplegias SPG11, SPG15, SPG35 and SPG48. Brain 2014, 137, 1907–1920. [CrossRef] [PubMed]

102. Donkervoort, S.; Dastgir, J.; Hu, Y.; Zein, W.M.; Marks, H.; Blackstone, C.; Bönnemann, C.G. Phenotypic variability of a likely
FA2H founder mutation in a family with complicated hereditary spastic paraplegia. Clin. Genet. 2014, 85, 393–395. [CrossRef]

http://doi.org/10.1016/j.bbamem.2012.08.029
https://www.proteinatlas.org/ENSG00000103089-FA2H/tissue+cell+type
http://doi.org/10.1126/sciadv.abh2169
http://doi.org/10.1007/s12035-008-8022-3
http://doi.org/10.1111/j.1471-4159.1984.tb12702.x
http://doi.org/10.1126/science.1260419
http://doi.org/10.1007/978-981-32-9636-7_11
http://doi.org/10.1016/j.bbagen.2007.10.015
http://doi.org/10.1007/s11064-015-1747-2
http://doi.org/10.1016/j.jlr.2022.100235
http://doi.org/10.1074/jbc.M611562200
https://mutagenetix.utsouthwestern.edu/phenotypic/phenotypic_rec.cfm?pk=2356
https://mutagenetix.utsouthwestern.edu/phenotypic/phenotypic_rec.cfm?pk=2356
http://doi.org/10.1007/BF02531461
http://www.ncbi.nlm.nih.gov/pubmed/4985816
http://doi.org/10.1042/BJ20131242
http://www.ncbi.nlm.nih.gov/pubmed/24738593
http://doi.org/10.1016/j.stemcr.2017.09.015
http://www.ncbi.nlm.nih.gov/pubmed/29056331
http://doi.org/10.1007/s00438-021-01824-8
http://www.ncbi.nlm.nih.gov/pubmed/34599683
http://doi.org/10.1016/j.ajhg.2008.10.010
http://doi.org/10.1002/humu.21205
http://doi.org/10.1007/s00439-015-1536-7
http://www.ncbi.nlm.nih.gov/pubmed/25758904
http://doi.org/10.1186/s13024-018-0269-1
http://doi.org/10.1002/ana.22122
http://doi.org/10.1038/ejhg.2011.222
http://www.ncbi.nlm.nih.gov/pubmed/22146942
http://doi.org/10.1093/brain/awu121
http://www.ncbi.nlm.nih.gov/pubmed/24833714
http://doi.org/10.1111/cge.12185


Int. J. Mol. Sci. 2023, 24, 4908 17 of 19

103. Zaki, M.S.; Selim, L.; Mansour, L.; Mahmoud, I.G.; Fenstermaker, A.G.; Gabriel, S.B.; Gleeson, J.G. Mutations in FA2H in
three Arab families with a clinical spectrum of neurodegeneration and hereditary spastic paraparesis. Clin. Genet. 2015,
88, 95–97. [CrossRef]

104. Kara, E.; Tucci, A.; Manzoni, C.; Lynch, D.S.; Elpidorou, M.; Bettencourt, C.; Chelban, V.; Manole, A.; Hamed, S.A.; Haridy, N.A.;
et al. Genetic and phenotypic characterization of complex hereditary spastic paraplegia. Brain 2016, 139, 1904–1918. [CrossRef]

105. Soehn, A.S.; Rattay, T.W.; Beck-Wödl, S.; Schäferhoff, K.; Monk, D.; Döbler-Neumann, M.; Hörtnagel, K.; Schlüter, A.; Ruiz, M.;
Pujol, A.; et al. Uniparental disomy of chromosome 16 unmasks recessive mutations of FA2H/SPG35 in 4 families. Neurology
2016, 87, 186–191. [CrossRef]
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