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Neurodegenerative Diseases (NDDs) are a group of disorders that cause progressive

deficits of neuronal function. Recent evidence argues that sphingolipid metabolism

is affected in a surprisingly broad set of NDDs. These include some lysosomal storage

diseases (LSDs), hereditary sensory and autonomous neuropathy (HSAN), hereditary

spastic paraplegia (HSP), infantile neuroaxonal dystrophy (INAD), Friedreich’s ataxia

(FRDA), as well as some forms of amyotrophic lateral sclerosis (ALS) and Parkinson’s

disease (PD). Many of these diseases have been modeled in Drosophila melanogaster

and are associated with elevated levels of ceramides. Similar changes have also been

reported in vertebrate cells and mouse models. Here, we summarize studies using

fly models and/or patient samples which demonstrate the nature of the defects in

sphingolipid metabolism, the organelles that are implicated, the cell types that are

initially affected, and potential therapeutics for these diseases.

KEYWORDS
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Introduction

Neurodegenerative diseases (NDDs) are a group of progressive disorders that cause
physiological deficits in the nervous system. Depending on the nature of the NDD, specific brain
areas and neuronal subtypes are affected first and other neuronal subtypes often become affected
during disease progression. Symptoms, such as decline in motor and cognitive functions, often
also worsen with time. However, for many NDDs the initial pathological changes are insidious
and observable symptoms do not arise until the disease is at a more advanced stage. For example,
in Parkinson’s disease (PD), a considerable loss of dopaminergic neurons occurs before canonical
PD-associated symptoms are evident (Fearnley and Lees, 1991; Greffard et al., 2006). An early
diagnosis of NDDs requires an in-depth understanding of the underlying mechanisms as well as
the identification of useful biomarkers that are detectable during the latent period of the diseases.

Most of our knowledge of the pathogenesis of NDDs are derived from studying the
function of genes that are associated with these diseases. Many NDDs with low prevalence
have a monogenic etiology. Even for more common NDDs, such as PD and amyotrophic
lateral sclerosis (ALS), where the majority of cases are sporadic, the understanding of the
disease mechanism heavily relies on studies of familial cases and disease-causing genes/variants.
Interestingly, some rare NDD genes are also identified as risk factors for common NDDs,
suggesting that the pathogenesis of different NDDs share similar molecular mechanisms
(Ma et al., 2022). This is corroborated by similar pathological defects observed in various
NDDs, including the presence of aberrant protein deposits and aggregates as well as deficits
in lysosomal and mitochondrial functions (Soto and Pritzkow, 2018; Wallings et al., 2019;
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Monzio Compagnoni et al., 2020; Nixon, 2020). Recent studies
indicate that sphingolipids (SLs) are key players in a surprisingly
broad set of NDDs. The importance of SLs in NDDs is supported by
the association of genes that play a role in SL metabolism and the
changes in SL profile in patients and disease models.

Fruit flies are a premier model organism for genetic studies
(Bellen et al., 2010). The conservation between fly and human genes
and the sophisticated nervous system of flies allows for the study
of NDDs in flies (Bellen et al., 2019; Ma et al., 2022). A forward
genetic screen on the Drosophila X chromosome identified 165 genes
that are required for the development, function, and maintenance
of the nervous system (Yamamoto et al., 2014). More than 90%
of these genes are conserved in humans and currently, more than
65% of the identified genes have been associated with diseases based
on the Online Mendelian Inheritance in Man (OMIM) (Amberger
et al., 2019). Recently powerful genetic tools have been developed
in flies that allow for in-depth analysis of disease-associated
genes. This includes the T2A-GAL4 gene trap technology which
permits the determination of gene expression patterns and protein
subcellular localization, assessment of loss-of-function phenotypes,
humanization of the fly models, assessment of impacts of human
variants on gene function, tissue-specific and reversible removal of
proteins, and identification of interacting proteins in vivo (Diao et al.,
2015; Nagarkar-Jaiswal et al., 2015; Lee et al., 2018; Li-Kroeger et al.,
2018; Bellen et al., 2019; Kanca et al., 2019, 2022).

In this review, we will focus on the NDDs that are associated
with changes in SL metabolism. We will first summarize the SL
metabolic pathway. We then introduce SL-related NDDs and the
models generated in flies. We summarize the symptoms observed
in patients and phenotypes associated with disease models with a
focus on changes in SL metabolism. We explore how elevated SLs are
a common pathogenic factor during the progression of NDDs and
discuss future issues.

Overview of sphingolipid metabolism

Sphingolipid refers to a class of lipids that contain a sphingoid
base, a long chain amino alcohol moiety (red in Figure 1). The
majority of SLs also have an N-linked acyl chain (green in Figure 1),
and a hydrophilic head group (blue in Figure 1). The metabolism of
SLs involves a complex biochemical network that occurs in different
cellular compartments (Figure 2). Each pathway is tightly controlled
by metabolic enzymes (Figure 2 and Table 1). Here we briefly
introduce these pathways, the genes and enzymes involved in the
pathways, and compare SL metabolism in human and flies.

SL de novo synthesis

The de novo synthesis of SLs occurs in the endoplasmic reticulum
(ER) (Figure 2, top left). The first, and rate limiting, reaction
in the pathway is the condensation of L-serine and acyl-CoA to
produce 3-keto-dihydrosphingosine. This reaction is catalyzed by
serine palmitoyltransferase (SPT), an enzyme complex containing
three subunits SPTLC1, SPTLC2/3, and SPTSSA/B. Next, 3-keto-
dihydrosphingosine is processed into ceramide, the central molecule
in the SL metabolic network, by three sequential reactions. The
activity of the pathway is regulated by the ORMDL protein. ORMDL

interacts with SPT and suppresses SPT activity in the presence of
excessive ceramide, forming a negative feedback loop (Hjelmqvist
et al., 2002; Siow and Wattenberg, 2012; Gupta et al., 2015). Flies
have orthologs of all the genes that encode the SL de novo synthesis
enzymes. Schlank, the fly gene encoding ceramide synthase, is the
only ortholog of six human genes (CERS1-6) (Bauer et al., 2009).

Complex SL synthesis

Ceramide is transported from the ER to the Golgi by a
specific transporter CERT (Hanada et al., 2003; Rao et al., 2007).
Complex SLs, which refer to the SLs that have an O-linked head
group, are synthesized in the Golgi apparatus (Figure 2, bottom
left). Complex SLs include glycosphingolipids (GSLs, carbohydrate
head groups), sphingomyelin (SM, phosphocholine headgroup) and
ceramide phosphoethanolamine [CPE, phosphoethanolamine (PE)
headgroup]. Unlike SM and CPE which have unique headgroup,
GSLs are very diverse in their headgroups. The simplest GSLs are
glucosylceramide (GlcCer) and galactosylceramide (GalCer), which
have a single sugar headgroup. All higher order GSLs (GSLs with
extended sugar chain) are derived from GlcCer by adding a galactose
first (lactosylceramide, LacCer) followed by branched saccharide
chains of different length and sugar composition (D’Angelo et al.,
2013). Upon their synthesis, the complex SLs are transferred to the
plasma membrane through vesicular transport.

Flies have an ortholog of ceramide glucosyltransferase (GlcT),
which mediates GlcCer synthesis. However, flies do not produce
SM but use CPE as the major SL component in the plasma
membrane (Rietveld et al., 1999). CPE is also utilized in flies to
perform similar roles of GalCer in the glial cells ensheathing the
peripheral axons (Schwann cells in human and wrapping glia in
flies) (Ghosh et al., 2013). The higher order GSLs in flies also differ
from the human counterparts in that they are built on mannosyl
glucosylceramide (MacCer) rather than LacCer. However, expression
of human B4GALT6 gene, which encodes a LacCer synthase, rescues
the loss of the fly MacCer synthase gene egh, arguing that the
functions of the GSLs in human and flies are comparable (Wandall
et al., 2003, 2005).

SL catabolism—SM pathway and salvage
pathway

Besides de novo synthesis, Cer can also be produced by the
hydrolysis of complex SLs. The catabolic pathways occur at two
locations, the plasma membrane and the lysosomes. On the plasma
membrane, some complex SLs, such as SM, can be hydrolyzed into
Cer by neutral hydrolases (also known as SM pathway) (Figure 2,
bottom right). Alternatively, sections of the plasma membrane can be
endocytosed via the endolysosomal pathway, and the complex SLs in
the membrane are hydrolyzed in the lysosomes by the acidic enzymes
(also known as salvage pathway) (Figure 2, top right). Among the
complex SLs, SM and GlcCer can be transformed into Cer by both
pathways, while the hydrolysis of CPE, GalCer and higher order
GSLs occurs exclusively in lysosomes. At both locations, Cer can be
further hydrolyzed into Sph by ceramidase, which can feed into the
SL degradation pathway (described below).

In flies, GlcCer can be hydrolyzed by both acidic and
neutral glucosylceramidase. The pathway mediating CPE hydrolysis,
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FIGURE 1

Structure of sphingolipids. (A) A typical SL [such as ceramide (Cer)] contains a sphingoid base (red) and a N-linked acyl chain (green). (B) Complex SLs
have an O-linked head group (blue) on the ceramide backbone [ceramide-1-phosphate (C1P) with a phosphate headgroup as shown]. (C–H) Several
examples of SL headgroups observed in human and flies are shown. Humans produce all SL species except mannosyl glucosylceramide (MacCer), while
flies produce ceramide phosphoethanolamine (CPE), glucosylceramide (GlcCer) and MacCer. All higher order glycosphingolipids (GSLs) are synthesized
from lactosylceramide (LacCer) in human or MacCer in flies.

however, is not well studied. Mammals only produce trace amount of
CPE (Bickert et al., 2015). While no specific CPE hydrolase has been
identified in humans, human SMPD1 (acidic sphingomyelinase) is
able to use CPE as an alternative substrate (Breiden and Sandhoff,
2021). Flies have three predicted orthologs of SMPD1 and one
ortholog of SMPD2 (neutral sphingomyelinase), but the activity of
these enzymes has not been studied. For Cer hydrolysis, flies have an
ortholog of neutral ceramidase (ASAH2) but not acidic ceramidase
(ASAH1), indicating that the hydrolysis of Cer primarily occurs on
the plasma membrane in flies.

S1P-mediated SL degradation

Cer can be converted to Sph upon hydrolysis, as mentioned
above. Sph is then phosphorylated to make Sph-1-phosphate (S1P)
and degraded into PE and fatty aldehyde by the S1P lyase. S1P can
be hydrolyzed back into Sph by S1P phosphatases (Mandala, 2001),
while the degradation of S1P by S1P lyase is irreversible. The S1P-
mediated degradation pathway is highly conserved between human
and flies.

Modeling neurodegenerative diseases
using Drosophila

Fruit flies have a sophisticated nervous system which has
numerous similarities to the vertebrate nervous system. Its sensory
modalities include vision (Joly et al., 2016; de Andres-Bragado

and Sprecher, 2019), hearing (Albert and Gopfert, 2015), olfaction
(Ramdya and Benton, 2010), taste (Yarmolinsky et al., 2009),
thermosensation (Barbagallo and Garrity, 2015), mechanosensation
(Tuthill and Wilson, 2016), proprioception (Agrawal and Tuthill,
2022), and nociception (Im and Galko, 2012; Gibbons et al., 2022).
The motor system is also sophisticated and allows fine control of
motor activities including gait and flight (Clark et al., 2018; DeAngelis
et al., 2019; Zarin et al., 2019; Phelps et al., 2021). The fly nervous
system also has complex sensory-motor circuits and the neuronal
networks permit high order functions including complex behavioral
outputs, including learning, and memory (Frye, 2010; Pool and Scott,
2014; Auer and Benton, 2016; Cognigni et al., 2018; Modi et al.,
2020). At the cellular level, flies contain many neuron subtypes that
use 10 out of 11 classes of neurotransmitters present in human,
including -aminobutyric acid (GABA), glutamate, acetylcholine, and
dopamine. Moreover, compelling data argue that glial cells in flies
are functionally analogous to human astrocytes, oligodendrocytes,
and Schwann cells (Freeman and Doherty, 2006; Deng et al., 2019).
Recent single cell transcriptomics studies identified ∼90 distinct
neuronal cell types in fly heads, again implying a high level of
complexity of the fly nervous system (Li et al., 2022; Lu et al.,
2022).

The similarities at the molecular, cellular, and functional levels
between the human and fly nervous system empower the study
of gene function in flies and permit comparisons with vertebrate
nervous systems (Ugur et al., 2016; Ma et al., 2022). At the subcellular
level, defects in organelles like ER, mitochondria and lysosomes
are commonly observed in NDDs, which are readily detected in
flies using molecular markers or transmission electron microscopy
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FIGURE 2

The sphingolipid metabolism network. The biochemical reactions are grouped by the organelles in which they occur. The substrates and products are
indicated in three colors depending on their presence in human and flies: black (both human and fly), green (human) and magenta (fly). The genes
encoding the enzymes are also indicated in colors: blue (human) and red (fly). Asterisks indicate predicted orthologs in flies. Cer, ceramide; dhCer,
dihydroceramide; C1P, ceramide-1-phosphate; GalCer, galactosylceramide; GlcCer, glucosylceramide; LacCer, lactosylceramide; MacCer, mannosyl
glucosylceramide; PE, phosphoethanolamine; CPE, ceramide phosphoethanolamine; SM, sphingomyelin; Sph, sphingosine; dhSph, dihydrosphingosine;
S1P, sphingosine-1-phosphate; GSL, glycosphingolipid.

(TEM). These changes, as well as the morphological changes in
neurons/glia, can be easily assessed in numerous neuronal tissues
(Table 2). At the organismal level, a battery of fly behavioral
assays enables the assessment of defects associated with neuronal
dysfunction. These include shortened lifespan, defects in climbing
and flight, susceptibility to seizures induced by mechanical and
heat stress, aberrant circadian rhythms and sleep, impaired vision,
olfaction, learning and memory, as well as defects that can be
assayed with numerous other behavioral paradigms that are used less
frequently (Table 2).

Of note, the fly eye has been a very valuable model
to study the molecular and cellular mechanisms underlying
numerous neurological disorders. The compound eye consists of
∼800 independent photosensing units named ommatidia. Every
ommatidium is comprised of photoreceptor neurons, glia, and
other cell types organized in a highly stereotyped pattern, allowing
identification of all the different cell types (Perry et al., 2017). Second,
one can induce small to large homozygous mutant clones in the eye
and hence often avoid issues associated with lethality caused by the
loss of essential genes (Wang et al., 2014; Yamamoto et al., 2014;
Chen et al., 2016b). Third, the repetitive pattern of ommatidia allows
detection of subtle phenotypes and comparison between neighboring
wildtype and mutant ommatidia. Fourth, neuronal activity in the
eye can be tightly controlled by modulating light intensity, which
is a unique and important feature as it is difficult to continuously
control neuronal activity in other neurons (Wang et al., 2014, 2022c).

Fifth, neuronal activity can be easily and precisely measured using
electroretinography (ERG). Sixth, the detailed cellular morphology
can easily be visualized by TEM to detect cellular and especially
organellar defect (Lin et al., 2018; Wang et al., 2022c). Finally, genetic
approaches allow manipulations of different neuronal and glial cells
which facilitates the study the function of genes in different cells as
well as neuron-glia interactions (Liu et al., 2015, 2017; Moulton et al.,
2021; Wang et al., 2022c). The unique anatomical and physiological
characteristics of the fly eye combined with numerous tools allow
in depth studies that cannot be easily achieved in most models.
Although the fly eye does not recapitulate all the features of other
neurons and glia, the wealth of knowledge obtained in the fly eye has
very often proved true in other areas of the nervous system, especially
with respect to the study of the mechanism of neurodegeneration.

Inherited peripheral neuropathies

Neurodegenerative diseases of the peripheral nervous system
(PNS) can be classified into motor neuropathies, motor and sensory
neuropathies, and sensory and autonomous neuropathies based on
the nature of the affected neurons. Among these many are based
on a monogenic inheritance pattern, and recent findings established
an intriguing link between the genes encoding subunits of SPT, the
rate limiting enzyme in the SL de novo synthesis pathway, and three
inherited peripheral neuropathies.
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Hereditary sensory and autonomous
neuropathy 1

Hereditary sensory and autonomous neuropathy (HSAN) refers
to a group of neurodegenerative disorders with heterogenous
clinical features with sensory, autonomous and minor motor neuron
involvement. HSAN1 is one of five HSAN subtypes. It is inherited
in an autosomal dominant (AD) fashion by mutations in one of
five genes: SPTLC1 (Dawkins et al., 2001; Bode et al., 2016; Gantner
et al., 2019), SPTLC2 (Rotthier et al., 2010; Bode et al., 2016; Gantner
et al., 2019), ATL1 (Guelly et al., 2011), ATL3 (Kornak et al., 2014),
and DNMT1 (Klein et al., 2011). The symptoms include loss of pain

and temperature sensation that initiate in the distal section of the
lower limbs and progressively spread proximally. In addition, variable
motor and autonomous symptoms present in some patients.

The clinical features of SPTLC1- (OMIM# 162400) and SPTLC2-
associated HSAN1 (OMIM# 613640) are very similar, indicating a
common disease-causing mechanism. Variants in both SPTLC1 and
SPTLC2 disrupt the substrate selectivity for L-serine vs. L-alanine.
This causes an aberrant reaction with palmitoyl-CoA. The product
of the L-alanine/palmitoyl-CoA condensation is 1-deoxysphinganine
(doxSA), which cannot be further processed into complex SLs by
the downstream enzymes. Therefore, doxSA accumulates in cells and
causes neurotoxicity (Gable et al., 2010; Penno et al., 2010). Based on

TABLE 1 List of human SL metabolism genes and the fly orthologs.

Human genes Fly genes DIOPT score† (out
of 16)

Activity References††

Sphingolipid de novo synthesis pathway

SPTLC1 Spt-I 15 Serine palmitoyltransferase,
serine + acyl-CoA→ 3-ketosphinganine

Oswald et al., 2015

SPTLC2/3 lace 15 (SPTLC2) Adachi-Yamada et al., 1999

SPTSSA/B CG34293*/ CG34194*/ghi 8 (SPTSSA-CG34293) Guan et al., 2013

ORMDL1/2/3 Ormdl 14 (ORMDL3) SPT activity suppression Hjelmqvist et al., 2002

KDSR CG10425* 15 3-keto-dhSph reductase, 3-ketosphinganine→ dhSph

CERS 1/2/3/4/5/6 schlank 13 (CERS5/6) Ceramide synthase, dhSph + acyl-CoA→ dhCer
Sph + acyl-CoA→ Cer

Bauer et al., 2009

DEGS1/2 ifc 15 (DEGS2) SL delta(4)-desaturase, dhCer→ Cer Ternes et al., 2002

SM and CPE synthesis

CERT1 Cert 14 ER–Golgi Cer trafficking Rao et al., 2007

SGMS1/2 No fly ortholog N/A SM synthase, Cer + phosphatidylcholine→ SM + DG

SAMD8 SMSr 13 CPE synthase, Cer + phosphatidylethanolamine→ CPE + DG Vacaru et al., 2013

No human ortholog Cpes N/A CPE synthase, Cer + CDP-ethanolamine→ CPE + CMP

GSL synthesis (mono- and di- glycosyl ceramide)

UGCG GlcT 15 Cer glucosyltransferase, Cer + UDP-glucose→ GlcCer + UDP Kohyama-Koganeya et al.,
2004

UGT8 Ugt50B3* 10 Cer galactosyltransferase,
Cer + UDP-galactose→ GalCer + UDP

B4GALT5/6 No fly ortholog N/A GlcCer beta-1,4-galactosyltransferase,
GlcCer + UDP-galactose→ LacCer + UDP

No human ortholog egh N/A GlcCer glycosyltransferase,
GlcCer + GDP-mannose→MacCer + GDP

Wandall et al., 2003

SM and salvage pathways

PSAP Sap-r 12 Facilitate GSL hydrolysis Hindle et al., 2017; Sellin et al.,
2017

SMPD1 CG3376*/ CG15533*/
CG15534*

15 (CG3376) Acidic sphingomyelinase, SM→ Cer + PC (human)

SMPD2 nSMase 15 Neutral sphingomyelinase, SM→ Cer + PC (human)
CPE→ Cer + PE (fly)

Chen et al., 2022

SMPD3 No fly ortholog N/A Neutral sphingomyelinase, SM→ Cer + PC (human)

SMPD4 CG6962* 15

SMPD5 No fly ortholog N/A

ENPP7 No fly ortholog N/A Alkaline sphingomyelinase, SM→ Cer + PC (human)

GBA Gba1a/b 14 (Gba1a/b) Acidic glucosylceramidase, GlcCer→ Cer + Glucose Davis et al., 2016

GBA2 CG33090* 15 Neutral glucosylceramidase, GlcCer→ Cer + Glucose

GALC No fly ortholog N/A Acidic galactosylceramidase, GalCer→ Cer + Galactose

ASAH1 No fly ortholog N/A Acidic ceramidase, Cer→ Sph + fatty acid

ASAH2 Cdase 9 Neutral ceramidase, Cer→ Sph + fatty acid# Yuan et al., 2011

ACER1/2/3 bwa 14 (ACER2)

SGPP1/2 No fly ortholog N/A S1P phosphatase, S1P→ Sph

(Continued)
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TABLE 1 (Continued)

Human genes Fly genes DIOPT score† (out
of 16)

Activity References††

S1P synthesis and catabolism

SPHK1/2 Sk1/2 13 (SPHK1-Sk2) Sph kinase, Sph→ S1P Herr et al., 2004

SGPL1 Sply 15 S1P lyase, S1P→ PE + fatty aldehyde Herr et al., 2003

C1P synthesis

CERK Cerk 14 Ceramide kinase, Cer→ C1P Dasgupta et al., 2009

†DRSC integrative ortholog prediction tool (DIOPT) score indicates the level of homology between human and fly orthologs (Hu et al., 2011). The score is evaluated for each pair of human-fly
orthologs. A high score indicates a high level of homology between orthologs, and the maximum score is 16. Only the highest score is listed in the table, and the gene symbol indicates the ortholog
or the human-fly ortholog pairs that receive the score.
††The references indicate the studies on the fly orthologs.
*Predicted orthologs in flies.
#Fly Bwa does not have ceramidase activity.
SPT, serine palmitoyltransferase; Sph, sphingosine; dhSph, dihydrosphingosine; Cer, ceramide; dhCer, dihydroceramide; SM, sphingomyelin; PC, phosphocholine; CPE, ceramide
phosphoethanolamine; PE, phosphoethanolamine; GlcCer, glucosylceramide; GalCer, galactosylceramide; LacCer, lactosylceramide; MacCer, mannosyl glucosylceramide; GSL, glycosphingolipid;
S1P, sphingosine-1-phosphate; C1P, ceramide-1-phosphate.

TABLE 2 Assays to study neurodegeneration in Drosophila.

Assays Descriptions Related defects in human References

Lifespan Measurement of the lifespan of flies from eclosion to death Reduced lifespan

Lin et al., 2018;
Lu et al., 2022;
Srivastava et al., 2023

Climbing and flight
activity

Measurement of the anti-geotaxis climbing and flying activities of
adult flies

Motor defects

Bang and heat sensitivity Measurement of the time to recover from a vortex induced shaking
or 42◦C heat shock

Seizures

Circadian rhythm and
sleep

Evaluation of the circadian rhythm and sleep by continuous
monitoring of locomotion activity using a Drosophila activity
monitoring system

Defects in circadian rhythm and sleep Pfeiffenberger et al., 2010;
Wangler et al., 2017

Vision and olfaction Evaluation of the vision and olfaction of flies using photo-taxis and
odor-taxis assays

Vision or olfactory loss

Ali et al., 2011;
Kahsai and Zars, 2011;
Mariano et al., 2020

Learning and memory Evaluation of the learning and memory capacity of odors, visual
patterns, and spatial cues using conditioning assays

Learning disability, memory loss

Neuromuscular junction
(NMJ) (Morphology and
electrophysiology)

Measurement of the number, distribution, size, and morphology of
synaptic boutons at the NMJs, and precise measurement of the
physiological properties of synaptic transmission

Neuromuscular defects Oswald et al., 2015

Motor neuron axons
(Morphology)

Measurement of the structure integrity and axonal transport of the
long axon extended from the ventral nerve cord to the muscles

Axonal defects in motor neurons Yalcin et al., 2017

Wing margin nerves
(Morphology)

Measurement of the degeneration of axons and wrapping glia Axonal defects and demyelination Chung et al., 2020

Compound eye (ERG) Measurement of the neuronal activity triggered by light stimulation Functional abnormalities in retina
and other neurological defects Wang et al., 2014, 2022c;

Ye et al., 2020Compound eye
(Histology)

Observation of the pathological changes in ommatidia using
histological staining, fluorescent markers and immunolabeling Cellular and subcellular

neurodegenerative changesCompound eye (TEM) Observation of the ultrastructural and organelle changes in
ommatidia

cryo-EM 3D structure of the SPT enzyme complex, all the HSAN1
variants map to the active site of the enzyme complex surrounding
the SPTLC1-SPTLC2 interacting interface, supporting that this is a
critical disease mechanism (Li et al., 2021; Wang et al., 2021).

SPTLC1/2-associated HSAN1 has been modeled in mammals and
flies. In a mouse model, a disease-causing Sptlc1C133W variant was
overexpressed ubiquitously and shown to cause doxSA production.
However, the mice display no motor phenotype and very mild,
age-dependent sensory phenotypes at 8–10 months. Despite this
mild phenotype, the ectopic expression of Sptlc1C133W causes
demyelination of axons and axonal damage in the PNS (McCampbell

et al., 2005). Recently, a novel Sptlc1C133W knock-in mice model was
generated. The 12-month-old Sptlc1C133W/+ mice display aberrant
doxSA production, mild sensory and motor defects, and no sign of
axon degeneration (Hines et al., 2022).

Spt-I is the fly ortholog of SPTLC1. A fly HSAN1 model
was generated by overexpressing a Spt-1 variant analogous to
human SPTLC1C133W variant (Spt-IC129W ) under control of the
GAL4/UAS system (Oswald et al., 2015). UAS-Spt-IC129W was
expressed ubiquitously (tub-Gal4) or specifically in a subset of
peripheral sensory neurons (ppk-Gal4). Spt-IC129W expression in
the sensory neurons induces a sensory deficit in a heat avoidance
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assay, which is obvious in larvae. Ubiquitous Spt-IC129W expression
compromises viability to adulthood but only causes a slight, non-
significant overproduction of deoxysphingoid bases. Importantly,
feeding flies with a dietary L-alanine supplement significantly elevates
the deoxysphingoid base production and exacerbates the toxicity
of the transgene. In contrast, dietary L-serine alleviates the defects
caused by the transgene, indicating a possible therapeutic strategy
(Oswald et al., 2015). Dietary L-serine supplement was also tested in
the Sptlc1C133W overexpression mouse model as well as in patients
with the SPTLC1C133Y variant. The treatment significantly lowers the
level of doxSA in mice tissues and patient plasma. The symptoms
in mice are significantly improved by L-serine treatment (Garofalo
et al., 2011). Following this study, a clinical trial was carried out which
shows that oral L-serine supplementation appears safe in patients and
is potentially effective at slowing disease progression (Fridman et al.,
2019).

Juvenile-onset amyotrophic lateral
sclerosis

Amyotrophic lateral sclerosis is a motor neuron disease with an
incidence between 0.6 and 3.8 per 100,000 person per year (Longinetti
and Fang, 2019). The disease is characterized by progressive
degeneration of both upper and lower motor neurons (UMNs and
LMNs). While most of the sporadic cases show a late onset (between
51 and 66 years in average) (Longinetti and Fang, 2019), patients
with familial inherited ALS can present with symptoms earlier.
The initial clinical presentations of ALS vary among individuals.
In some individuals the disease onset is in the limbs, characterized
by a combination of UMN (spasticity, weakness, and increased
deep tendon reflexes) and LMN signs (muscle twitching, wasting,
weakness). Others have a bulbar onset, with speech issues (dysarthria)
and swallowing difficulties (dysphagia). In either case, the disease
is relentlessly progressive, and most cases ultimately develop severe
dysphagia and respiratory insufficiency which cause malnutrition
and ultimately death. Currently the management of the disease
largely involves symptomatic treatments. Although the majority of
the ALS cases do not have discernible family history, a number of
monogenic subtypes of ALS have been identified (Goutman et al.,
2022) and many of the ALS disease-causing genes have been modeled
in organisms including fruit flies (Azuma et al., 2018).

Changes in SL levels have been assessed in ALS patient samples
and mice models, but results vary depending on the tissue type
and animal models tested. Elevated levels of Cer, SM, and GSLs are
observed in patient spinal cord samples, indicating an association
between SL and ALS (Cutler et al., 2002; Dodge et al., 2015). However,
SL data of serum and CSF in different studies are not consistent
(Blasco et al., 2017; FernAndez-Eulate et al., 2020; Goutman et al.,
2020; Area-Gomez et al., 2021; Sol et al., 2021). Interestingly, wobbler
mice which are considered a model for ALS and carry a partial loss-
of-function mutation of Vps54 (Moser et al., 2013), have elevated SL
levels in embryonic fibroblasts and increased Sph levels in the spinal
cord. Treatment with myriocin, an inhibitor of the SPT complex,
improves motor activity and neuropathological changes, suggesting
that an accumulation of SL contributes to the progression of disease
(Petit et al., 2020).

Recently, two independent studies reported patients with SPTLC1
variants who present with a juvenile-onset ALS (Johnson et al., 2021;

Mohassel et al., 2021), providing a direct link between sphingolipid
metabolic dysfunction and the pathogenesis of ALS. Unlike the
SPTLC1 variants associated with HSAN1, the ALS SPTLC1 variants
map to the ER transmembrane domain of SPTLC1 where it interacts
with ORMDL protein (Li et al., 2021; Wang et al., 2021). ORMDL
suppresses SPT activity in the presence of excessive ceramide in the
ER (Siow and Wattenberg, 2012; Gupta et al., 2015; Davis et al., 2019).
The variants dominantly disrupt the interaction between SPTLC1
and ORMDL protein and cause an increase in SL de novo synthesis
(Johnson et al., 2021; Mohassel et al., 2021). Furthermore, Mohassel
et al. (2021) showed that allelic-specific siRNA effectively reduced the
mutant mRNA levels and the SL levels in patient derived fibroblasts.
So far, no animal model of the SPTLC1-associated ALS has been
reported and future efforts are needed to elucidate the mechanism
by which elevated SL synthesis causes degeneration of the motor
neurons.

Hereditary spastic paraplegia

Hereditary spastic paraplegia (HSP) refers to a group of motor
neuron disease that are characterized by the progressive spasticity
and weakness in the lower extremities. Unlike ALS which affects both
UMNs and LMNs, HSP only involves the degeneration of LMNs.
Clinically the disease can be classified into a pure form and a complex
form, depending on the existence of complications other than the
LMN signs. Nearly all the HSP subtypes show monogenic inheritance
and more than 80 genes have been associated with the disease (Panza
et al., 2022). Depending on the affected gene, the disease can be
inherited in AD, autosomal recessive (AR), X-linked recessive (XR),
or via a mitochondrial inheritance pattern. The age of disease onset
also varies among different disease subtypes.

The involvement of sphingolipid metabolism in the progression
of HSP recently surfaced. Variants in SPTSSA cause an early onset
and complex form of HSP. Individuals with SPTSSA variants were
reported to develop spasticity and weakness in lower limbs as well
as epilepsy, axial hypotonia and sensorineural hearing loss. SPTSSA
is an activating subunit in the SPT complex. The disease-causing
variants affect the C-terminus of SPTSSA protein, where it interacts
with the ORMDL protein. Similar to the ALS variants in the SPTLC1
gene, the SPTSSA variants disrupt the interaction between SPTSSA
and ORMDL and lead to increased SPT activity and SL de novo
synthesis in human cells (Srivastava et al., 2023).

To study the phenotypes associated with increased SL synthesis
in vivo, a fruit fly model was established by overexpressing the
three human SPT subunits as a fusion protein. Expression of
human SPT in flies leads to excessive SL synthesis and causes
severe motor defects as well as a shortened lifespan. However, co-
expressing human ORMDL3 fully rescues the defects caused by
the reference SPT showing that the human enzyme complex is
functional and properly regulated in flies. The SPT fusion protein
with the SPTSSAT 51I variant causes similar defects as expression of
the reference SPT, showing that the missense mutation does not alter
enzymatic activity. However, SPTSSAT 51I activity is only partially
suppressed by expression of ORMDL3 leading to elevated levels of
Cers, motor defects, and shorter lifespan (Srivastava et al., 2023).
The model was also used to test a mice SptssbH 56L variant which
causes increased SL de novo synthesis and neurodegeneration in
Stellar mice (Zhao et al., 2015). Similar to the SPTSSAT 51I variant, the
SPTSSAH 59L (SptssbH 56L analog) also disrupts the SPTSSA-ORMDL
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interaction and causes neurological phenotypes in flies (Srivastava
et al., 2023). These data establish that the SPTSSA variants found
in three individuals cause elevated Cer levels because they fail to be
properly regulated by ORMDL.

Lysosomal storage diseases

Lysosomal storage diseases (LSDs) are a group of inherited
metabolic disorders that affect lysosomal functions [for a
comprehensive review of LSDs, see (Platt et al., 2018)]. Most
LSDs are caused by variants in genes that encode lysosomal
proteins required for lysosomal catabolism. The loss-of-
function of the affected protein results in the accumulation
of substrates in lysosomes and ultimately causes a severe
cell dysfunction. LSDs are clinically heterogeneous, but most
LSDs present with early onset neurodegenerative features.
Interestingly, many LSD genes have been implicated as
risk factors in PD (Robak et al., 2017; Blauwendraat et al.,
2020a).

Accumulation of SL species (sphingolipidosis) has been
documented for several LSDs (Table 3), including those associated
with genes encoding SL salvage pathway enzymes as well as the
PSAP gene. PSAP encodes the prosaposin protein, the precursor of
four saposin proteins (saposins A–D) which facilitate the hydrolysis
of GSLs in lysosomes (O’Brien and Kishimoto, 1991). Besides the
SL-related LSDs, sphingolipidosis is also observed in other LSDs
that are not directly associated with SL-related genes. Niemann-Pick
Disease type C (NPC, OMIM# 257220, 607625) is associated with
NPC1 and NPC2 genes that encode lysosomal cholesterol transporter
proteins. Variants in these genes cause a lysosomal accumulation
of cholesterol as well as various SL species including Sph, SM and
GSLs (Newton et al., 2018). Secondary accumulations of gangliosides
(one subtype of GSL) are observed in a wide spectrum of LSDs, and
are not limited to those involving primary defects in ganglioside
degradation (Walkley, 2004).

Limited by the scope of this review, we will only discuss two
LSDs that are well-modeled in fruit flies: Gaucher disease (GD) and
combined saposin deficiency. Though Niemann-Pick Disease type C
has been modeled in fruit flies, the changes in SL metabolism were
not assessed and therefore will not be discuss here (Huang et al., 2007;
Phillips et al., 2008).

Gaucher disease

Gaucher disease is a rare, AR disease caused by variants in GBA
(Mistry et al., 2017; Grabowski et al., 2021). GBA encodes a lysosomal
glucosylceramidase (GCase, also called glucocerebrosidase) which
facilitates hydrolysis of GlcCer into Cer. Deficiency of GCase activity
results in accumulation of the substrate GlcCer. Classically, the
disease is classified into three subtypes: type I (non-neuronopathic;
OMIM# 230800), type II (acute neuronopathic; OMIM# 230900),
and type III (subacute neuronopathic; OMIM# 231000, 231005),
depending on the presence of neurological symptoms and the age of
onset. The clinical presentations among subtypes are highly variable
and form a continuum. Type II GD patients present in infancy with
progressive brainstem dysfunction, seizures and other neurological
deficits. Type III GD patients present with similar manifestations

but have a later onset (from childhood to adult) and the disease
progresses more slowly (Roshan Lal and Sidransky, 2017). Although
type I GD is classified as non-neuronopathic, neurological symptoms
have been reported in a fraction of type I GD patients as the
disease progresses (Biegstraaten et al., 2008; Capablo et al., 2008).
In addition to the direct association with GD, GBA has also been
identified as a risk factor for PD (see section “Parkinson’s disease and
parkinsonism”).

Drosophila has two orthologs of GBA, Gba1a, and Gba1b. Gba1a
is expressed in the fly gut, while Gba1b is more broadly expressed
(Davis et al., 2016). Several Gba1b mutant fly models have been
established to study neuronopathic GD (Davis et al., 2016; Kinghorn
et al., 2016; Thomas et al., 2018; Wang et al., 2022c). The Gba1b
null mutants exhibit a 16-fold GlcCer accumulation in the head
and have a short lifespan, progressive motor defects, and memory
defects when compared to controls. In the fly CNS, synaptic loss
and neurodegeneration is obvious. At the cellular level, the loss of
Gba1b results in the accumulation of p62/Ref(2)P-containing protein
aggregates, lysosomal expansion and disrupted ATP production in
mitochondria (Davis et al., 2016; Kinghorn et al., 2016). Importantly,
a recent study found that Gba1b is enriched in glial cells, but
not in neurons. In flies increased neuronal activity induces GlcCer
production in neurons. The GlcCer is secreted by neurons via
exosomes, taken up by glia where it is degraded in lysosomes. This
process is triggered by glial-derived TGF-β/BMP signal (Wang et al.,
2022c). Intercellular GlcCer transport also occurs in mammalian
cells and mammalian glial cells express a significantly higher level
of GBA than do neurons, providing evidence for the conservation of
the GlcCer transfer from neurons to glia in mammals (Wang et al.,
2022c). The findings support an important role for glial cells in the
progression of neuronopathic GD.

Saposin deficiencies

Saposins are a group of proteins that facilitate GSL hydrolysis
in the lysosomes [for review, see (O’Brien and Kishimoto, 1991)].
A single gene, PSAP, encodes the precursor of saposins (prosaposin),
which is further processed in endosomes into four proteins
(Saposin A–D). All saposin proteins are non-enzymatic activators
of lysosomal GSL hydrolases (O’Brien and Kishimoto, 1991;
Azuma et al., 1994). Saposin-A and C activate glucosylceramidase
and galactosylceramidase. Saposin-B activates arylsulfatase A, α-
galactosidase and β-galactosidase. Last, Saposin-D activates acid
sphingomyelinase and ceramidase. Variants in the PSAP gene cause
four distinct disorders depending on the domain(s) of the prosaposin
protein affected. Deficiency in one single saposin protein causes
Krabbe- (Saposin-A), metachromatic leukodystrophy- (Saposin-B)
or Gaucher-like phenotypes (Saposin-C). Variants affecting multiple
saposins cause a combined saposin deficiency which causes a
sphingolipidosis with very early onset and severe neurological deficits
(Harzer et al., 1989; Hulkova et al., 2001; Kuchar et al., 2009). One
study reported that variants affecting Saposin-D cause an AD form
of parkinsonism (PARK24, OMIM# 619491) in three families and
that PSAP intronic variants near the Saposin-D domain-coding exons
are a risk factor for sporadic PD (Oji et al., 2020b). Unexpectedly,
no significant loss of SL hydrolase activity was observed in the
patient-derived cells (Oji et al., 2020b) and follow-up studies
reported that PSAP variants are rarely identified in large PD cohorts
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TABLE 3 Lysosomal storage disorders associated with lysosomal sphingolipid accumulation.

Disease genes Protein Substrate accumulated Disease OMIM#

ASAH1 Ceramidase Cer Farber disease 228000

GBA Glucosylceramidase GlcCer Gaucher disease 230800, 230900, 231000, 231005, 608013

GALC Galactosylceramidase GalCer Krabbe disease 245200

SMPD1 Sphingomyelinase SM Niemann-pick disease A/B 257200, 607616

ASRA Arylsulfatase A Sulfatide Metachromatic leukodystrophy 250100

GLA α-galactosidase Gb3 globosides Fabry disease 301500

GLB1 β-galactosidase GM1 gangliosides GM1-gangliosidosis 230500, 230600, 230650

HEXA β-hexosaminidase GM2 gangliosides Tay-sachs disease 272800

HEXB β-hexosaminidase GM2 gangliosides Sandhoff disease 268800

PSAP Saposin A-D Multiple GSLs Combined SAP deficiency 611721

Saposin A GalCer Krabbe disease, atypical 611722

Saposin B Sulfatide Metachromatic leukodystrophy 249900

Saposin C GlcCer Gaucher disease, atypical 610539

NPC1 NPC1 Cholesterol, Sph, SM, GSLs, etc. Niemann-pick disease C 257220

NPC2 NPC2 607625

(Facchi et al., 2020; Oji et al., 2020a, 2021a,b,c; Sosero et al., 2020;
Chao et al., 2021; Lin et al., 2021; Zhao et al., 2021).

The combined saposin deficiency has been modeled using fruit
flies. The fruit fly has one ortholog of PSAP, Sap-r. Sap-r mutants
have a short lifespan, a progressive decline in locomotor activity and a
progressive decline in neuronal activity in photoreceptors. Sap-r loss
causes an age-dependent vacuole formation and neurodegeneration
in the adult brain. It also induces autophagy, lysosome expansion and
mitochondrial dysfunction in multiple tissues based on transmission
electron microscopy. Lipidomic profiling revealed a progressive
sphingolipidosis including Cer, GlcCer, CPE and higher order
GSLs (Hindle et al., 2017; Sellin et al., 2017). Similar complex
sphingolipidosis are observed in combined saposin deficiency
patients and SAP knockout mice models (Bradova et al., 1993; Fujita
et al., 1996; Oya et al., 1998; Hulkova et al., 2001; Kuchar et al.,
2009).

Friedreich’s ataxia

Friedreich’s ataxia (FRDA, OMIM# 229300) is an AR
neurodegenerative disorder that affects 1 in every 40–50,000
children worldwide. Typically, the symptoms start to develop
between the ages of 10–15, and patients present with gait issues and
ataxia, dysarthria, muscle weakness, and cardiomyopathy (Cook and
Giunti, 2017; Indelicato et al., 2020). Patients also suffer from diabetes
mellitus, scoliosis, and late-onset optic neuropathy (Fortuna et al.,
2009; Noval et al., 2012; Cook and Giunti, 2017). More than 95% of
FRDA are caused by a homozygous triplet repeat expansion of GAA
in the first intron of the FXN gene. FXN encodes a mitochondrial
protein Frataxin. Less than 5% of the FRDA patients are compound
heterozygous for FXN, where one allele contains a point mutation
and the other the repeat expansion in the first intron. Notably, the
age of onset is directly correlated with the GAA repeat numbers and
protein levels (Indelicato et al., 2020). In healthy individuals, the
first intron of FXN contains <40 GAA repeats whereas the repeat
number increases up to >1000 in individuals with FRDA (Cook and

Giunti, 2017; Kelekci et al., 2022). Increased GAA repeat numbers in
FXN reduces the protein levels to 4–29% of normal levels, providing
supporting evidence that loss of Frataxin is the cause for the disease
(Campuzano et al., 1997). Frataxin is required for iron-sulfur (Fe-S)
cluster assembly in mitochondria. Fe-S clusters act as cofactors for
aconitase and functions together with the enzymes of the electron
transport chain (ETC) in mitochondria as well as in regulation of
iron metabolism (Maio and Rouault, 2020). Indeed, loss of FXN leads
to iron deposition in the brain and cardiomyocytes in FRDA patients
(Lamarche et al., 1980; Waldvogel et al., 1999; Michael et al., 2006;
Ward et al., 2019).

Similar phenotypes including mitochondrial abnormalities, iron
accumulation and progressive neurodegeneration have been noted
in fruit fly FRDA models. Ubiquitous knockdown of fruit fly
frataxin (fh) causes developmental lethality whereas neuronal or glial
knockdown reduces lifespan and impairs motor activity (Anderson
et al., 2005; Navarro et al., 2010; Monnier et al., 2018). In addition,
loss of glial fh leads to glial lipid droplet accumulation and ubiquitous
knockdown leads to elevated levels of fatty acids (Navarro et al.,
2010). Chen et al. (2016a),b characterized the first fly fh mutant
and discovered an increase in ceramide levels in flies as well as in
FRDA patient-derived cardiac samples. Both in fh mutants as well
as in patient heart samples, the levels of dhSph, Sph, dhCer, Cer
were increased and a recent study also reported elevated ceramide
levels in FRDA patient-derived fibroblasts (Wang et al., 2022b).
These observations point to a connection between mitochondrial
dysfunction, elevated iron levels and elevated Cer levels. However,
how impaired mitochondrial function and/or iron metabolism
elevates Cer levels in FRDA patients has not yet been explored.
Interestingly, some of the SL metabolic enzymes, namely ceramide
synthase, ceramidase, sphingomyelinase and SPTLC2, have been
reported to be present in mitochondria (Roszczyc-Owsiejczuk and
Zabielski, 2021; Aaltonen et al., 2022). Further studies are required
to determine how mitochondrial iron dyshomeostasis increases the
levels and/or activity of these enzymes and contribute to the elevated
ceramide levels in FRDA.
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S1P-associated disorders

Acyl-CoA oxidase deficiency

Peroxisomes are subcellular organelles that are involved in
metabolic processes including the β-oxidation of very long chain fatty
acids (VLCFA) (Singh et al., 1984). Acyl-CoA oxidase 1 (ACOX1)
is the first and rate-limiting enzyme in the fatty acid β-oxidation
of VLCFA (Fournier et al., 1994). The oxidase activity of ACOX1
produces hydrogen peroxide (H2O2) as a byproduct (Schrader and
Fahimi, 2006). AR mutations in ACOX1 are associated with acyl-CoA
oxidase deficiency (OMIM# 264470). Patients with acyl-CoA oxidase
deficiency are reported to develop a rapid and severe loss of function
in the nervous system, characterized by hypotonia, seizures, visual
system failure, white matter abnormalities, inflammatory responses
and loss of motor achievements (Ferdinandusse et al., 2007).

Drosophila dACOX1, the ortholog of human ACOX1, is expressed
mostly in glia and absent in neurons of the central nervous system
(Chung et al., 2020). Loss of dACOX1 leads to increased VLCFA
levels, glial cell death, reduced neuronal survival, and shortened
lifespan in flies (Chung et al., 2020). In addition, lack of dACOX1
specifically in glia leads to elevated levels of Cers with VLCFA which
are highly enriched in membranes of cells that wrap around axons,
similar to Schwann cells in vertebrates and wrapping glia in flies
(Chung et al., 2022). Interestingly, elevated levels of VLCFA-Cers
in glia are not toxic in flies but they lead to the production of
elevated levels of S1P in glia, which is toxic (Chung et al., 2022). S1P
regulates diverse cellular processes and induces immune responses
and inflammation (Spiegel and Milstien, 2011). Moreover, S1P is
produced and released from glia and taken up by neurons in flies
and elevated levels of S1P causes an activation of the immune
deficiency pathway (IMD) and an invasion of immune cells in the
brain. Neuronal expression of either the fly gene (sply) or the human
gene (SGPL1) encoding S1P lyase significantly rescues the motor
defects caused by glial overproduction of S1P, showing that S1P is
toxic in neurons (Chung et al., 2022). Other studies have shown that
S1P prevents ceramide-induced apoptosis in non-neuronal, non-glial
cells (Cuvillier et al., 1996; Osawa et al., 2001; Castillo and Teegarden,
2003), indicating cell-type specificity of S1P activity. Interestingly,
drugs that lower VLCFA synthesis or inhibit the action of S1P
are highly beneficial in flies that lack ACOX1 as well as in mouse
model for Multiple Sclerosis (Chung et al., 2022). Hence, a specific
population of ceramides with VLCFA may be at the root of elevated
S1P synthesis when Schwann cells or oligodendrocytes are affected in
some NDDs.

SGPL1-associated Charcot-Marie-Tooth
disease

Sphingosine-1-phosphate lyase 1 (SGPL1), an ER-localized
enzyme encoded by the SGPL1 gene, catalyzes the final step of
S1P breakdown (Prasad et al., 2017). SGPL1 deficiency causes an
AR, axonal form of Charcot-Marie-Tooth disease (CMT). CMT
represents a heterogeneous group of peripheral motor and sensory
neuropathies. Only two probands with SGPL1-associated CMT have
been identified thus far. Probands present with a juvenile-onset
muscle weakness, muscle wasting, and a progressive decrease of
motor neuron conduction velocity. A mild sensory deficit is observed

in one of the two probands. Increased levels of S1P, as well as
Sph/dhSph, are observed in the plasma of both probands (Atkinson
et al., 2017). Although the toxicity of S1P accumulation is not
directly demonstrated, the case report is suggestive of a role of S1P
accumulation in neurodegeneration.

The Drosophila ortholog of SGPL1 is Sply. Loss of Sply causes
semi-lethality and increased apoptosis in developing embryos. The
surviving flies display an abnormal flight muscle morphology (Herr
et al., 2003). Blocking the S1P synthesis by a sphingosine kinase
inhibitor, D,L-threo-DHS, partially rescues the phenotypes of Sply
mutants, suggesting that the muscle phenotype of Sply mutants is
caused by S1P accumulation (Herr et al., 2003). Specific knockdown
of Sply in neurons caused impaired arborization and reduced synaptic
bouton number at the neuromuscular junction (NMJ) as well as
degeneration of the sensory neurons in the wing blades, further
indicating the toxicity of S1P accumulation in neurons (Atkinson
et al., 2017).

Parkinson’s disease and parkinsonism

Parkinson’s disease is a common neurodegenerative disease with
an increasing prevalence in the aging population (de Lau and
Breteler, 2006). The disease is primarily defined by core motor
symptoms including bradykinesia, rest tremor and rigidity. It can also
cause a wide spectrum of non-motor symptoms, such as cognitive
impairment, autonomic dysfunction and sleep disorders (Schapira
et al., 2017). The loss of dopaminergic (DA) neurons in the substantia
nigra pars compacta is commonly observed in patients, leading
to disruption of nigrostriatal pathway and progression of motor
dysfunctions (Giguere et al., 2018). A pathological hallmark of PD is
the accumulation of α-synuclein (α-Syn) that results in the formation
of proteinaceous cytoplasmic inclusions known as Lewy bodies and
Lewy neurites (Sulzer and Edwards, 2019). The existing treatments
for PD motor symptoms are primarily dopamine based, which
decelerate the disease progression but do not modify the pathogenesis
(Armstrong and Okun, 2020). Disease-modifying α-Syn targeting
therapies have also been proposed (Fields et al., 2019; Fleming et al.,
2022), but none has been approved by the FDA in the US. So far, there
is no cure for PD.

Historically, PD was considered a sporadic disease until the
identification of SNCA variants that caused monogenic inheritance
of PD (Polymeropoulos et al., 1997). In the past 2.5 decades,
our understanding of the genetics of PD has vastly improved
(Vazquez-Velez and Zoghbi, 2021; Ye et al., 2022). Numerous
Mendelian inherited PD subtypes and the identification of ∼100
risk genes/loci via genome-wide association studies (GWAS) have
provided potential clues as to what triggers PD in some individuals
(Nalls et al., 2019; Blauwendraat et al., 2020a; Guadagnolo et al.,
2021). Highly penetrant, rare variants of the known PD-causing genes
account for 10–15% of all the PD cases (Verstraeten et al., 2015). In
other cases, the disease is associated with disease-causing variants
with incomplete penetrance, such as those in the LRRK2 and GBA
genes (Healy et al., 2008; Sidransky et al., 2009; Milenkovic et al.,
2022; Rocha et al., 2022). New insights have also been driven by the
discovery of genetic modifiers and oligogenic etiology of PD (Lubbe
et al., 2016; Robak et al., 2017; Rousseaux et al., 2018; Bandres-Ciga
et al., 2020; Blauwendraat et al., 2020b; Iwaki et al., 2020; Ren et al.,
2022; Straniero et al., 2022).
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The linkage between SL dysmetabolism and PD was first
implicated by the increased incidence of PD in GD patients and
individuals carrying a single GBA variant. Patients with type I GD
have a 20-fold increased risk of developing PD when compared to
the general population (Bultron et al., 2010). Further, the presence
of a single variant of GBA increases the PD risk by a factor of 5
(Sidransky et al., 2009). In addition to GBA, at least three other SL-
related LSD genes have been identified as PD risk factors, including
SMPD1, ASAH1, and PSAP (Robak et al., 2017; Oji et al., 2020b).
In non-GBA PD cohorts or cohorts without genotype information,
lipidomics data have not revealed consistent SL level changes in
PD patients vs. healthy controls in postmortem brain tissue, serum
and CSF (Custodia et al., 2021; Esfandiary et al., 2022). However, in
one GBA-PD cohort mild increases in levels of Cer, hexosylceramide
(GlcCer and GalCer) and LacCer were observed in serum samples
(Guedes et al., 2017). The lack of compelling evidence may be due to
the nature of the samples that were studied or the dynamic flux in SLs
(Lansbury, 2022). However, a role for SLs in the progression of PD is
supported by studies in animal models, mostly in fruit flies. Here, we
will mainly focus on the fruit fly orthologs of human genes that have
been shown to cause PD or parkinsonism and affect SL metabolism.
For other PD models in fruit flies, see the following reviews (Hewitt
and Whitworth, 2017; Dung and Thao, 2018; Aryal and Lee, 2019).

SNCA and α-synuclein

Missense and copy number variants of the SNCA gene cause
AD forms of PD, PARK1 (OMIM# 168601) and PARK4 (OMIM#
605543) respectively. Non-coding SNCA variants also increase the
susceptibility of PD development (Pihlstrom and Toft, 2011; Deng
and Yuan, 2014). The pathogenicity of the SNCA copy number
variants and the presence of α-Syn containing Lewy Bodies in PD
patients lead to multiple efforts to generate α-Syn overexpression
transgenic animal models [for review, see (Deng and Yuan, 2014)].
Drosophila does not have a SNCA ortholog. However, expressing
human α-Syn in neurons, either the wildtype protein or the p.A30P
and p.A53T pathogenic variants, causes loss of DA neurons and the
appearance of α-synuclein positive inclusion bodies in fly brain. This
correlates with an age-dependent locomotor dysfunction, however,
whether the locomotor defects are caused by DA neuron loss
is not determined (Feany and Bender, 2000). Follow up studies
further show that DA neuron loss can be induced by specific
expression of α-Syn in DA neurons (Auluck et al., 2002; Trinh
et al., 2008). Adult specific α-Syn overexpression in fly retina causes
marked vacuolization, progressive photoreceptor cell death, and
late-onset electroretinogram (ERG) defects (Chouhan et al., 2016).
Interestingly, treatment with myriocin, a drug that suppresses SL de
novo synthesis, suppresses neurodegeneration, indicating that the α-
Syn toxicity is, at least partially, mediated by the accumulation of SLs
in fly neurons. This is corroborated by a very significant increase in
levels of SLs observed in cultured human neurons expressing α-Syn
(Lin et al., 2018).

GBA

The association between GBA and PD has been intensely studied
in Drosophila models. Flies double heterozygous for mutations in
Gba1a and Gba1b, the two orthologs of GBA, cause loss of DA

neurons, locomotor defects, and a shorter lifespan. These data suggest
that GBA heterozygosity may promote PD development, although
the direct association between DA neuron loss and other phenotypes
is not addressed (Maor et al., 2016). Mutations in Gba1b alone
does not cause loss of DA neurons in adult fly brains, but the
GCase deficiency causes p62/Ref2P-containing protein aggregates
that accumulate both in the head and the body of adult mutant flies.
GCase deficiency also enhances α-Syn aggregation when α-Syn is
expressed in mutant flies, but it does not seem to modify the toxicity
of α-Syn (Davis et al., 2016). Yet, Lewy body pathology is commonly
observed in GD patients, suggesting an important role of GCase and
its substrate GlcCer in the progression of synucleinopathies (Furderer
et al., 2022).

The toxicity of α-Syn is due to multiple factors including its
misfolding, aggregation, and its propagation across the nervous
system (Steiner et al., 2011). Exosome trafficking has been implicated
in α-Syn propagation (Danzer et al., 2012; Han et al., 2019).
Interestingly, exosomes also mediate the neuron-to-glia trafficking
of GlcCer in both flies and human cells (Wang et al., 2022c) and
GlcCer facilitates the aggregation of α-Syn (Mazzulli et al., 2011).
Collectively, the evidence points to a mechanism by which GCase
deficiency promotes PD progression. In this model, accumulated
GlcCer promotes α-Syn aggregation which co-propagates with the
aggregates via exosomes. Gba1b mutant flies exhibit a marked
increase in exosomes (Thomas et al., 2018), which may exacerbate
the pathology. This hypothesis is supported by the findings that
pharmaceutical inhibition of GCase leads to an increased number of
exosomes containing α-Syn oligomers in mice (Papadopoulos et al.,
2018). However, further evidence is required to support this model.

VPS35

Variants in VPS35 cause an AD form of PD (PARK17, OMIM#
614203). VPS35 encodes a core component of the retromer, a
complex of three proteins VPS26, VPS29, and VPS35 that mediate the
recycling of cargoes from the endosome to the trans-Golgi network
and the plasma membrane (Small and Petsko, 2015). One of the
confirmed disease-causing PD variants, VPS35D620N (Vilarino-Guell
et al., 2011), is a partial loss-of-function variant in various models,
indicating that the disease is due to lack of retromer function (Follett
et al., 2014; Malik et al., 2015; Ishizu et al., 2016). Single copy loss
of Vps35 in flies does not cause obvious phenotypes, but Vps35
null mutants are lethal at late larval or prepupal stages (Korolchuk
et al., 2007). The loss of Vps35 in mutant larvae causes structural
and functional defects at the NMJ including excessive formation of
synaptic terminals, irregular number and size of synaptic vesicles,
as well as disrupted neurotransmitter release (Korolchuk et al.,
2007; Inoshita et al., 2017). In clones of fly photoreceptors, loss
of either Vps26 or Vps35 affects the recycling of Rhodopsin upon
light exposure, a dramatic increase in late endosomes and lysosomes,
and ultimately the degeneration of photoreceptors (Wang et al.,
2014). A significant increase in GlcCer in photoreceptors was also
observed in mutant Vps26 and Vps35 photoreceptors (Lin et al.,
2018), indicating a role of GlcCer in the neurodegeneration caused
by retromer dysfunction. In contrast, loss of Vps29 does not cause
developmental lethality. However, Vps29 mutants phenocopy the
NMJ defects of Vps35 mutant larvae and have an activity-dependent
neurodegeneration in adult photoreceptors (Wang et al., 2014;
Inoshita et al., 2017; Ye et al., 2020). In addition, Vps29 mutant flies
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exhibit shortened lifespan and age-dependent locomotor defects (Ye
et al., 2020).

Loss of Vps35 also impairs α-Syn degradation and exacerbates
its neurotoxicity in flies (Miura et al., 2014). This increase in
α-Syn toxicity was attributed to a disruption in trafficking of
lysosomal proteases (Miura et al., 2014). However, as mentioned,
an accumulation of Cer/GlcCer was observed in Vps35 mutant
clones, suggesting that SL dysmetabolism may also be involved
(Lin et al., 2018). If GlcCer facilitates the aggregation of α-Syn,
the Vps35 deficiency may promote its toxicity. Note that Vps35-
and Gba1b-associated neurodegeneration in photoreceptors are both
activity dependent, supporting a role for GlcCer-mediated α-Syn
neurotoxicity when Vps35 is lost or reduced (Wang et al., 2014,
2022c).

PLA2G6

Biallelic variants of PLA2G6 cause three neurological disorders:
early adulthood-onset dystonia-parkinsonism (PARK14, OMIM#
612953), early childhood to juvenile-onset atypical neuroaxonal
dystrophy (OMIM# 610217), and infantile neuroaxonal dystrophy
(INAD, OMIM# 256600). PLA2G6 encodes a phospholipase.
Interestingly, a fly model of PLA2G6 deficiency uncovered that
neuronal accumulation of Cer/GlcCer is a major contributor to
the development of the disease (Lin et al., 2018). The fly ortholog
of PLA2G6 is iPLA2-VIA. Loss of iPLA2-VIA in flies causes a
short lifespan and neurodegeneration. Lipidomics studies revealed
that the levels of many SL species, but not phospholipids, are
elevated in the iPLA2-VIA mutant flies. Biochemical assays showed
that iPLA2-VIA binds to Vps26 and Vps35, independent of its
phospholipase activity and that an enzyme-dead protein is able
to rescue the mutant phenotypes (Lin et al., 2018). iPLA2-VIA
deficiency causes a significant reduction of both Vps26 and Vps35
and an impairment of retromer function, leading to an imbalance
in the routing of endosomal components, including Cer/GlcCer, to
lysosomes. Hence, lysosomal trafficking is disrupted and Cer/GlcCer
accumulates in lysosomes, both of which lead to lysosome expansion
and dysfunction, ultimately causing the demise of neurons. In
attempt to rescue phenotypes, Cer synthesis was suppressed in
three ways: knocking down fly SPT subunit lace, treatment with
SPT inhibitor myriocin, and with the sphingomyelinase inhibitor,
desipramine. In all three ways the cellular and the neurological
defects of the mutant flies are rescued, showing that Cer accumulation
accounts for many of the neurological defects caused by iPLA2-VIA
deficiency (Lin et al., 2018).

In a follow up study, Cer accumulation and lysosomal
expansion phenotypes were observed in INAD patient cells.
Moreover, an accumulation of Cer in Purkinje cells and DA
neurons was also observed in PLA2G6 mutant mice, arguing
that the neuropathological mechanisms are evolutionary conserved.
Drugs targeting the endolysosomal pathway suppress some of the
phenotypes and alleviate lysosomal stress in human cells and in flies
(Lin et al., 2023).

PINK1

Variants in PINK1 cause an AR, early onset form of parkinsonism
(PARK6, OMIM# 605909). PINK1 encodes a serine/threonine kinase

PINK1, which localizes to mitochondria and performs important
roles in mitochondrial homeostasis together with Parkin, another
PD risk factor encoded by the PRKN gene (McWilliams and Muqit,
2017). In contrast to mice models for Pink1, which do not exhibit
gross physiological, neurological or behavioral phenotype (Paul
and Pickrell, 2021), fly Pink1 mutants exhibit obvious phenotypes,
including shortened lifespan and early onset locomotor defects.
Mutant flies also exhibit mitochondrial dysfunction in muscles and
DA neurons, which leads to the degeneration of myocytes and
DA neurons in aged flies (Clark et al., 2006; Park et al., 2006).
Similar phenotypic and pathological changes were observed in Pink1
knockdown fly models (Wang et al., 2006; Yang et al., 2006).
Loss of Pink1 affects mitochondrial homeostasis by modulating the
mitochondrial fission/fusion machinery and mitophagy, a selective
autophagic process targeting damaged or dysfunctional mitochondria
(Deng et al., 2008; Poole et al., 2008; Yang et al., 2008; Cornelissen
et al., 2018; Kim et al., 2019). A recent study uncovered that the Pink1-
associated mitochondrial defects are, at least partially, mediated by
Cer accumulation (Vos et al., 2021). Increased Cer levels were also
observed in Pink1−/− mouse embryonic fibroblasts, Pink1 mutant fly
muscles and PINK1-PD patient fibroblasts. The defects in ATP levels
and mitochondrial morphology in Pink1 mutant flies were effectively
rescued by either knocking down fly ceramide synthase schlank or
by treating flies with the SPT inhibitor myriocin, again providing
evidence for a role for Cer accumulation in the pathogenesis of the
disease. Further, Cer accumulation induces mitophagy, which the
authors proposed facilitates the clearance of damaged mitochondria
in Pink1 mutant animals (Vos et al., 2021). How Pink1 loss induces
changes in Cer homeostasis remains to be determined.

Future directions

Which SL species are toxic?

Sphingolipids correspond to a large collection of lipids, and
an obvious question is: which SL species accumulate and facilitate
neurotoxicity? In the diseases discussed herein, an accumulation of
Cer/GlcCer is most commonly observed. However, in no case was an
accumulation of only one SL species observed. In the INAD fly model,
loss of iPLA2-VIA causes elevated level of Sph, Cer and GlcCer. The
mutant phenotypes are alleviated by suppression of either de novo
synthesis or SM hydrolysis, suggesting that Cers may be the toxic
SL species. However, inhibiting GlcCer synthesis with Miglustat does
not improve the phenotypes, suggesting that GlcCer is not a major
contributor to pathogenesis (Lin et al., 2023). However, in GD GlcCer
is the major SL that accumulates in cells and in the Gba1b mutant fly
model a 16-fold increase of GlcCer is observed in fly heads (Kinghorn
et al., 2016; Wang et al., 2022c). This indicates that the GlcCer
induced toxicity is due to its very elevated level. In the SPTLC1-
ALS and SPTSSA-HSP cases, elevated de novo synthesis induces
increased levels of dhSph, Cer as well as downstream products such as
GlcCer and SM (Johnson et al., 2021; Mohassel et al., 2021; Srivastava
et al., 2023). In summary, the complexity of SL metabolism makes
it difficult to determine which SL species cause toxicity. However,
simultaneously lowering many SLs by suppressing de novo synthesis
suppress phenotypes in several fly models, including INAD, FRDA,
and PINK1-PD, suggesting that suppressing de novo synthesis may be
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a viable therapeutic strategy for many diseases (Chen et al., 2016b; Lin
et al., 2018; Vos et al., 2021).

How to accurately detect SL
accumulation?

Lipids are commonly detected using mass spectrometry-
dependent approaches. However, the extreme structural diversity of
SLs prevents the measurement of all SLs, or even all Cers, in a
cost-effective manner (Pruett et al., 2008). Discriminating between
GlcCer and GalCer by mass spectrometry requires additional efforts
(Boutin et al., 2016). Hence, the two species are often labeled
collectively as hexosylceramide (HexCer). Currently, the common
choice for measuring SL is either a targeted approach for a specific SL
subclass (Cer as the most common choice) or an unbiased large-scale
lipidomic approach that encompasses both SLs and other lipids. An
unbiased “sphingolipidomic” assay should be developed to facilitate a
time- and cost-efficient way of measuring SLs.

The choice of sample types is also key to provide a precise
landscape of SL changes in diseases. Limited by sample accessibility,
blood cells and plasma/serum are the most commonly used samples.
Most SLs including Cers are incorporated in membranes in cells
and are not soluble in an aqueous environment such as cytosol and
plasma. SLs are transported to the plasma membrane, extruded, and
captured by lipoproteins in plasma (Iqbal et al., 2017). When cells
become dysfunctional, SL species may not be efficiently transported
to the plasma membrane, which may affect their distribution in
lipoproteins (Wang et al., 2018). Hence, SL levels in plasma may
not reflect what is happening in neurons and glia. In apolipoprotein
bound SL in plasma, SM is the dominant species (∼87%) while
Cer and HexCer correspond to only ∼6% (Hammad et al., 2010).
Some metabolic disorders also affect plasma SL levels, which may
mask the plasma SL profile changes caused by the SL dysmetabolism
in the nervous system. For example, increased levels of multiple
SLs including SM, Cer and GSLs are observed in individuals with
diabetes (Russo et al., 2013). For some neurological diseases, blood
cells or fibroblasts may reflect the status of SL metabolism in the
nervous system better than what is observed in plasma. For example,
elevated levels of Cers are observed in FRDA patient skin fibroblasts
(Wang et al., 2022b), consistent with the observations in fh mutant
flies and patient heart samples (Chen et al., 2016a,b). However, in
patient plasma samples levels of Cers with C16-C18 acyl chain do
not significantly change, while levels of VLCFA-Cers decrease (Wang
et al., 2022a). Given that sampling neurons of patients is challenging,
neuronal cells derived from induced pluripotent stem cells (iPSCs)
or transdifferentiated from blood cells or fibroblasts can be used as
surrogates and may provide the best source for SL profiling (Engle
et al., 2018; Mollinari et al., 2018). In sum, a systematic lipidomics-
based analysis of various cell types (blood cells, fibroblasts and
induced neurons) and body fluids (serum and CSF) may provide a
more precise read-out of SL changes in the nervous system.

How are SL levels altered?

The accumulation of SLs such as Cer could be a consequence of
either increased synthesis or decreased degradation. The SPTLC1-
and SPTSSA-associated disorders represent the former case, while

Farber Disease (deficiency of ceramidase encoded by ASAH1)
corresponds to an example of the latter case. Increased anabolism
as well as reduced catabolism can also occur in the same disease.
For example, in the case of fly INAD model, the disruption of
retromer function causes an increase in endolysosomal trafficking
and an accumulation of SLs. However, through an unknown process,
the de novo synthesis pathway is also activated, given that the
dhSph level is elevated. Moreover, inhibition of de novo synthesis
by lace knockdown or by myriocin treatment, or knockdown of the
salvage pathway using the SM inhibitor, desipramine, both effectively
rescue the defects in the disease model, showing that both pathways
contributed to disease progression (Lin et al., 2018).

The source of SL accumulation may not be obvious when the
disease is not directly caused by defects in anabolism or catabolism
of SLs, as for example in FRDA and PINK1-PD. In models of both
of these diseases, iron accumulation and mitochondrial defects are
observed (Esposito et al., 2013; Chen et al., 2016b). How these
changes lead to Cer accumulation and whether the two diseases share
a similar mechanism is not yet established.

Bridging the defects: Mitochondria and
lysosomes

Mitochondria and lysosome are the two most important
organelles that are often affected in PD (Haelterman et al., 2014;
Vazquez-Velez and Zoghbi, 2021; Ye et al., 2022). The driver of the
disease pathogenesis may be either one or both of these organelles.
For example, variants in the PINK1 and PRKN genes mainly cause
mitochondrial dysfunction, while VPS35 and PLA2G6 deficiency
mainly result in lysosomal deficits. However, both organelles seem to
be affected as the diseases progress. Similar inter-organelle influences
can also be observed in rare NDDs when the defects seem to originate
from one organelle, such as in LSDs (Stepien et al., 2020).

In NDDs that primarily affect mitochondria or lysosomes, an
accumulation of SLs (especially Cers) has been observed. Hence, Cer
accumulation may bridge the defects in both organelles and underlie
a synergy between the two sources to promote neurodegeneration.
Increased levels of Cers in membranous structures stiffen membranes
and impair vesicular trafficking (Huttner and Zimmerberg, 2001;
Castro et al., 2014). Hence, an increase in Cer levels caused by
mitochondrial dysfunction, such as that in Pink1/PINK1 models
(Vos et al., 2021), may disrupt endolysosomal trafficking and cause
lysosomal defects. In contrast, an increased production of Cer in
lysosomes may also disrupt mitochondrial homeostasis, as observed
in the PLA2G6 models (Lin et al., 2018, 2023).

Origin of the defects: Neurons versus glia

The cellular origin of the defects that cause NDDs is not always
obvious. Studies in flies have revealed that defects in SL metabolism
originate in glial cells when dACOX1 or Gba1b is lost (Chung et al.,
2022; Wang et al., 2022c). Expression of both dACOX1 and Gba1b
are highly enriched in glial cells. In the dACOX1 model, loss of
dACOX1 causes increased levels of VLCFA-Cer and S1P in glial
cells, while the glia-derived S1P is transferred to neurons where it
induces neurotoxicity (Chung et al., 2022). In the Gba1b case, GlcCer
is produced in neurons. However, it is transferred to glia where it
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accumulates, causing glia to be affected before neurons (Wang et al.,
2022c).

In contrast to Gba1b, iPLA2-VIA is mainly expressed in neurons.
In both Gba1b and iPLA2-VIA mutants an elevation of Cer/GlcCer
is observed. However, the accumulation of GlcCer occurs only in
neurons when iPLA2-VIA is lost, whereas GlcCer accumulation
occurs first in glia, then in neurons, when Gba1b is lost (Lin et al.,
2018; Wang et al., 2022c). Interestingly, both PLA2G6 and GBA genes
are associated with PD/parkinsonism and the fly models share many
similar phenotypes (Lin et al., 2018; Wang et al., 2022c) yet the
data clearly show that the cellular origin of the phenotypes is quite
different.

Sphingolipids as potential drug targets

The idea of modulating cellular SL levels is not novel. Miglustat,
an inhibitor of ceramide glucosyltransferase, has been approved by
the FDA to be used to treat type I GD. Treatment with Miglustat
effectively alleviates the symptoms in type I GD patients such
as hepatosplenomegaly and anemia (Ficicioglu, 2008). However,
a clinical trial with Miglustat failed to show an improvement in
neurological defects in type III GD patients (Schiffmann et al., 2008).
In addition to GD, Miglustat has been shown to provide beneficial
effects in NPC (Patterson et al., 2007) and Sandhoff Disease (OMIM#
268800) (Tallaksen and Berg, 2009; Masciullo et al., 2010). In both
diseases, accumulation of GSLs derived from GlcCer is observed
(Newton et al., 2018; Breiden and Sandhoff, 2019). However, due to
its specificity to downregulate GlcCer synthesis and its derivatives,
Miglustat was not tested in other types of sphingolipidosis, such as
Krabbe Disease (GalCer) and Niemann-Pick A/B (SM).

The disease-causing variants in SPTLC1 and SPTSSA lead to an
elevation of the de novo synthesis (Johnson et al., 2021; Mohassel
et al., 2021; Srivastava et al., 2023), suggesting that inhibiting the
SPT complex should suppress the associated phenotypes. Suppression
of the de novo synthesis should lower levels of many, if not most,
of the downstream SL species. SPT inhibition, either genetically
or pharmacologically, has been shown to alleviate the neurological
phenotypes in disease models for FRDA, INAD, and PINK1-PD,
suggesting a strategy for treatment (Chen et al., 2016b; Lin et al., 2018;
Vos et al., 2021). In model organisms, myriocin is a commonly used
SPT inhibitor. However, oral administration of myriocin has been
shown to cause strong intestinal toxicity and the ability of myriocin
to cross the BBB is not established (Osuchowski et al., 2004). Hence,
novel SPT inhibitors, which have low toxicity and the ability to cross
the BBB, are desirable.
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