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A B S T R A C T   

Huntington disease (HD) is a debilitating, currently incurable disease. Protein aggregation and metabolic deficits 
are pathological hallmarks but their link to neurodegeneration and symptoms remains debated. 

Here, we summarize alterations in the levels of different sphingolipids in an attempt to characterize sphin-
golipid patterns specific to HD, an additional molecular hallmark of the disease. Based on the crucial role of 
sphingolipids in maintaining cellular homeostasis, the dynamic regulation of sphingolipids upon insults and their 
involvement in cellular stress responses, we hypothesize that maladaptations or blunted adaptations, especially 
following cellular stress due to reduced oxygen supply (hypoxia) contribute to the development of pathology in 
HD. We review how sphingolipids shape cellular energy metabolism and control proteostasis and suggest how 
these functions may fail in HD and in combination with additional insults. Finally, we evaluate the potential of 
improving cellular resilience in HD by conditioning approaches (improving the efficiency of cellular stress re-
sponses) and the role of sphingolipids therein. 

Sphingolipid metabolism is crucial for cellular homeostasis and for adaptations following cellular stress, 
including hypoxia. Inadequate cellular management of hypoxic stress likely contributes to HD progression, and 
sphingolipids are potential mediators. Targeting sphingolipids and the hypoxic stress response are novel treat-
ment strategies for HD.   

1. Introduction 

Deficits in lipid and energy metabolism in the brain are common and 
early phenomena of neurodegenerative diseases. Metabolic alterations 
both on the systemic and the tissue/cellular level also characterize 
Huntington disease (HD) and are among its earliest symptoms [1]. HD is 
an autosomal dominant neurodegenerative disease characterized by 
progressive motor (in particular involuntary movements – “chorea”), 
cognitive and psychiatric symptoms. Besides the neurological symp-
toms, HD is associated with metabolic impairments in various other 
organs and tissues, including skeletal muscle, heart, gastrointestinal 
tract, liver and adipose tissue [2]. Metabolic dysfunctions are considered 
central features of HD progression since early reports on clinical cohorts 
of whole-body metabolic alterations [3] as well as of impaired cerebral 

glucose metabolism, nowadays readily detectable by positron emission 
tomography (PET) and for example reflecting synaptic deficits [4]. 
Impaired lipid metabolism, including sphingolipid metabolism, has 
emerged as an early feature of HD and other neurodegenerative diseases 
that may be central in disease pathogenesis and is a potential target for 
novel pharmacological treatments [8–10]. Also the role of cholesterol in 
HD has received great public attention recently with the launch of a gene 
therapy clinical trial (ClinicalTrials.gov Identifier: NCT05541627) 
aiming to improve cholesterol catabolism in the brain by increasing 
cholesterol 24-hydroxylase expression. In addition, deficits in the lipid- 
rich (particularly rich in the sphingolipid sphingomyelin) insulation 
layer around many neuronal axons, the oligodendrocyte-derived 
myelin-sheath, is heavily investigated in the context of HD. Several 
recent reports demonstrated oligodendrocyte and myelination deficits in 
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rodent models of HD [11–16] and in human HD brain [17] (older results 
summarized by Wilson and colleagues [18]). 

HD is caused by an abnormally expanded trinucleotide CAG repeat in 
the huntingtin gene (Htt), coding for the ubiquitous huntingtin protein 
(Htt), and leading to the expression of polyglutamine (poly-Q) stretches 
in Htt [19,20]. The Htt gene consists of 67 exons and the Htt protein can 
be subjected to multiple types of proteolytic cleavages and other post-
translational modifications, which determine Htt location, function and 
activity as discussed in detail elsewhere [21]. 

If the expansion in Htt contains more than 39 CAG repeats, this 
almost always triggers disease processes leading to HD-associated motor 
signs [22], which usually manifest during midlife [24]. Diagnosis of HD 
is based on motor symptoms and genetic testing [24]. The physiological 
function of Htt is still not fully elucidated but it is involved in 
microtubule-mediated transport and vesicle function [25] as well as in 
many other cellular processes, such as cell division, ciliogenesis and the 
regulation of transcription (for a detailed review see [21]). Htt further is 
a regulator of selected macroautophagy [26] and consistent with this 
role, impaired autophagy is also an important feature of HD [27]. Still, 
further physiological functions of Htt keep being discovered and just 
recently, its involvement in mediating neurotrophic signals from pe-
ripheral sites in the cell to the nucleus has been demonstrated [28]. 

HD symptoms are a result primarily of the degeneration of striatal 
medium spiny neurons (that are exquisitely vulnerable to mutated Htt 
(mHtt)) and of neuronal populations in the cerebral cortex [29]. The 
toxicity of mHtt is associated with its proneness to form aggregations 
and its altered interaction with other biomolecules, leading to impaired 
transcription, immune and mitochondrial functions [30] and reduced 
neurotrophic support by brain-derived neurotrophic factor (BDNF) [31]. 
The intercellular localization, transport, aggregation propensity and 
molecular interactions of wild-type Htt are regulated by a wide array of 
posttranslational modifications, and this regulation is different for mHtt 
(for review see [21]). Location and toxicity of mHtt further depend on 
the cellular lipid environment and its interaction with lipids, including 
sphingolipids [32]. Sphingolipid metabolism further regulates the 
management of cellular stress, which is impaired in HD. 

Despite increasing knowledge on both the biochemical un-
derpinnings of mHtt aggregation and the energy- and lipid-metabolic 
deficits associated with HD, their individual or inter-dependent contri-
butions to neurodegeneration and HD symptomatology remain poorly 
understood. The aim of this review is first to assess the state of knowl-
edge on lipids and sphingolipid metabolism dysregulation in HD. Sec-
ondly, based on recent literature, we evaluate how compromised 
sphingolipid metabolism may be connected to deficits in cellular stress 
adaptations (with a special emphasis on hypoxic stress), impacting on 
mHtt aggregation and mitochondrial functions, which then may syner-
gistically induce a pathogenic cascade and drive disease progression. We 
highlight sphingolipid involvement in metabolic stress responses as a 
possible crucial factor in the adverse systemic and cellular alterations in 
HD, reflect on potentials of pharmacological and life-style interventions 
related to metabolic deficits and endogenous adaptation capacities and 
discuss clinical implications. 

2. Lipid metabolism in aging, Huntington disease, and other 
neurodegenerative diseases 

Lipid metabolism is an important regulator of aging, and is often 
impaired in age-related diseases [33]. Sphingolipids may be of special 
importance for aging processes and their role in senescence has previ-
ously been reviewed [34]. While it is assumed that certain sphingolipids 
(e.g. ceramide) promote senescence and others (e.g. sphingosine-1- 
phosphate (S1P) and sphingomyelin) antagonize it [34,35], specifics 
of the regulation of mammalian aging by sphingolipids are still largely 
unexplored. However, an interesting hypothesis, how sphinglipids 
regulate aging is related to the reciprocal regulation of sphingolipids and 
lysosomal activity [36]. Lysosomal activity is closely related to aging 

and clearance of misfolded proteins, such as mHtt in HD. The observa-
tion in rats that enzyme activities to produce ceramide and consequently 
ceramide levels increase during aging [37,38] are in line with a pro- 
aging role of ceramide, while high levels of sphingomyelin in cente-
narians suggest a protective role of these sphingolipids [35]. In the 
human hippocampus potential sex-specific differences in sphingolipid- 
levels have been reported with increasing ceramide possibly being 
more important for brain aging in males and decreasing S1P levels in 
females [39]. 

We know from invertebrate models that reduced expression of genes 
involved in the synthesis of ceramide and overexpression of fatty acid 
amide hydrolase, lysosomal lipase or diacylglycerol lipase extend life- 
span in those species [33]. Conversely, excessive lipid levels are asso-
ciated with impaired degradation of cellular waste products, as 
reviewed by Vanier [40] for the neurodegenerative lysosomal storage 
disorder Nieman-Pick disease type C. In a mouse model of this disease 
cholesterol-mediated impairment of lysosomal transport into axons, 
leading to axonal dystrophy, was recently demonstrated [40,41]. 
Increasing impairment of lipid metabolism during aging (e.g. related to 
sphingolipids [37–39]) is also a contributor to the progression of other 
aging-related neurological diseases. Alterations in lipid metabolism 
potentially modify pathogenesis and disease progression in several 
neurodegenerative diseases [9,10,43]. Major deficits in HD brain lipid 
metabolism notably include cholesterol [44,46–48] and sphingolipid 
metabolism [8,9]. mHtt for example interacts with sterol regulatory 
element-binding proteins, possibly contributing to lipid metabolism 
deficits and inflammatory processes [44]. Reports on the consequences 
of this interaction, however, are conflicting and have been prominently 
discussed [48]. While mHtt in a striatal neuron model of HD has been 
shown to increase sterol levels [49], Valenza and colleagues [50] re-
ported a robust downregulation of cholesterol biosynthesis and trans-
port, resulting in reduced cholesterol in cerebrospinal fluid in multiple 
mouse models of HD. 

Deterioration of lipid metabolism homeostasis is intimately con-
nected to compromised energy metabolism, mitochondrial dysfunction 
and impaired Ca2+ signaling and has been shown to be a direct conse-
quence of mHtt in a Drosophila model of HD [51,52], linking the main 
pathological hallmarks of HD. 

In the following sections, we will argue that the dysregulation of 
sphingolipid metabolism is a crucial factor in HD pathogenesis and 
progression. 

3. Sphingolipid metabolism and neurodegeneration 

Sphingolipid metabolism is tightly regulated and highly responsive 
to cellular stress, as discussed in this section. Impairments interfere with 
cellular homeostasis and can lead to neurodegeneration [9]. The pos-
sibility that dysregulated components of sphingolipid metabolism are 
involved in the pathogenesis and disease progression of Alzheimer and 
Parkinson disease are subject of intense discussion [9,10]. Since the 
main risk factor for these most common neurodegenerative diseases is 
age, the increasingly acknowledged involvement of sphingolipids in the 
aging process [33] supports a role also in the development of these age- 
related neurological diseases. Although less prominently investigated, 
strong evidence shows impaired sphingolipid metabolism in the early 
development of the hereditary neurodegenerative disease HD. Such 
deficits are among the earliest detectable cellular abnormalities in ani-
mal models of HD and precede symptom onset, thus suggesting a 
fundamental role of sphingolipids in disease progression. Before sum-
marizing the knowledge on specific sphingolipid-related deficits in HD, 
a brief overview of relevant elements of the sphingolipid metabolism is 
provided, followed by a short chapter on general aspects of sphingolipid 
involvement in neurodegeneration. 
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3.1. Sphingolipid synthesis and metabolism 

Lipids with a long-chain sphingoid base as structural backbone are 
termed sphingolipids [53]; ceramides, sphingomyelins, and glyco-
sphingolipids, such as gangliosides, cerebrosides, and sulfatides are 
prominent representatives of this category that overall comprises more 
than 300 different lipids. The name is derived from the sphingosine base, 
which refers to the common 18 carbon long, non-polar, amino-alcohol 
component of sphingolipids [54]. If a fatty acid group is added to 
sphingosine, ceramide, hub of sphingolipid metabolism, results and 
addition of a further choline residue yields sphingomyelin (see Fig. 1) in 
vertebrates [55]. Gangliosides are more complex sphingolipids with 
sugar-residues. Furthermore, the length of the carbon chain, saturation 
level, stereochemical features and number of hydroxyl groups are var-
iable in sphingosines, contributing to their variability and complexity in 
terms of structure and bioactive function. 

While previously considered mainly structural lipids, many 
sphingolipid-derived molecules are now known to be bioactive (bioac-
tive lipids are involved in the response to specific stimuli and thus 
contribute to the regulation of cellular homeostasis [56]) and include 
ceramide, ceramide-1-phosphate (C1P), sphingosine, and S1P; as well as 
less well studied types such as sphingosylphosphorylcholine, psycho-
sine, lactosylceramide, and cerebroside [56,57]. 

The synthesis of ceramide can be de novo (most common pathway) 
or, alternatively, through hydrolysis of sphingomyelin or recycling of 
gangliosides or S1P via salvage pathways [59]. These pathways can be 

differentially activated due to the different intracellular localization of 
their key enzymes. De novo synthesis occurs in the endoplasmic reticu-
lum, where palmitoyl-coenzyme A (palmitoyl-CoA) – which in the brain 
can be substituted by steraoyl-CoA [60] – and serine (or alanine or 
glycine with stearate or myristate [56]) condensation is catalyzed by 
serine palmitoyl transferase (importantly, a substrate shift of serine 
palmitoyl transferase to alanine or glycine as a result of various missense 
mutations of the enzyme is associated with neuropathy, such as in He-
reditary sensory and autonomic neuropathy type 1 [61]). This yields 3- 
ketodihydrosphingosine that can be transformed to dihydrosphingosine 
(= sphinganine), reducing the coenzyme nicotinamide adenine dinu-
cleotide phosphate (NADPH), and dihydroceramide by ceramide syn-
thases. The dependence of this process on NADPH suggests that the 
oxidative status of the cell is a determinant of sphingolipid metabolism 
[62] and is an indication that de novo synthesis is modulated by cellular 
stress. Cellular stress, notably heat stress, oxidative stress or pharma-
cologically induced stress indeed upregulate de novo synthesis, as do 
high levels of serine or palmitate [63]. Conversely, sphingomyelin hy-
drolysis occurs primarily in the plasma membrane and the salvage 
pathway is partly located in the lysosomal/late endosomal compartment 
[63]. 

Sphingolipids are abundant membrane lipids and besides cholesterol 
and glycerophospholipids make up a main part of biological mem-
branes. They are regulators of membrane structure and organization and 
are involved in the formation of specialized membrane domains, 
including “lipid rafts” (signaling platforms in membranes composed of 

Fig. 1. Overview on sphingolipid metabolism. De novo sphingolipid synthesis or transformation of different other sphingolipids results in formation of ceramide, a 
starting point of the generation of many sphingolipid types. Turquoise ellipses contain the names of some of the most important involved enzymes. According to their 
function and location of substrates, these enzymes are associated with different cellular compartments, such as the plasma membrane, endoplasmic reticulum, Golgi 
apparatus, nucleus, lysosomes or mitochondria. 
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lipids and enriched in protein receptors, which they form together with 
cholesterol)[64], and in the dynamic integration of associated proteins 
in cell membranes. Further, they also are well-established key compo-
nents of various other intracellular signaling modalities [65] and 
exosome-mediated cell-to-cell communication [66] and are emerging as 
integral players in crucial brain functions, such as cognition [67]. 

Sphingolipid synthesis and modification are highly regulated and 
maintenance of balanced levels is crucial for cellular function and sur-
vival. Sphingolipids are enriched in the outer leaflets of plasma mem-
branes but also fulfill a variety of functions in other regions of the cell 
[53]. While they can rapidly diffuse in membranes (lateral diffusion), 
the subcellular transport regulating sphingolipid distribution requires 
vesicle-based transfer, soluble lipid transfer proteins, transfer across 
juxtaposed membranes, such as contact sites between endoplasmic re-
ticulum and mitochondria, or other means of transport [53]. 

Some major elements of sphingolipid metabolism and their locali-
zation and functions are discussed below. 

3.1.1. Ceramide 
Ceramides are synthesized in the endoplasmic reticulum and are the 

central hub of sphingosine synthesis and catabolism (Fig. 1). Their 
sphingoid long-chain base is linked to an acyl chain via an amide bond, 
with the length of the acyl chain determining biological effects, such as 
shaping membrane curvature [68]. Due to the high hydrophobicity of 
ceramides, ceramide transfer proteins are required for shuttling and 
regulating intracellular distribution, in particular to the Golgi, where 
ceramide conversion to sphingomyelin occurs [69]. Ceramide levels 
change dynamically in response to various stressors. Increased ceramide 
levels are often associated with reduced cell survival, higher cell dif-
ferentiation, proliferation, and autophagy (summary in supplementary 
table 2 of [56]). As modulators of cell death and inhibitors of prolifer-
ation [68,70], ceramides are also associated with dysregulated neuronal 
death control in conditions of sphingolipid metabolism deficits [10]. On 
the other hand, ceramides are important regulators of fatty acid trans-
location across cellular membranes via CD36 and facilitators of free fatty 
acid incorporation into acyl-Coenzymes A or triglycerides and storage in 
lipid droplets [71]. 

Ceramides further crucially regulate senescence of mammalian cells 
[72] and are key players in autophagy-regulation by modulating 
nutrient transport, endoplasmic reticulum stress, and mitochondria- 
specific autophagy (mitophagy) [56]. In addition, ceramides are 
involved in cytoskeleton rearrangement and cancer migration/invasion, 
and insulin resistance has also been linked to high ceramide levels [56]. 
Ceramides further activate protein phosphatases (types PP1 and PP2A), 
thereby regulating the cellular phosphoproteome and overall cell func-
tion [56]. 

3.1.2. Glycosphingolipids, sphingomyelin and C1P 
Ceramides can be converted into glycosphingolipids (reviewed in 

[73]), such as gangliosides (oligosaccharide and up to 7 N-acetylga-
lactosamine residues, for a detailed review on ganglioside metabolism 
see [74]) and cerebrosides (glucose or galactose residues added). Among 
important biosynthetic enzymes for glycosphingolipids are sialyl-
transferases, galactosyltransferases and glucosyltransferases, some of 
which may be dysregulated in HD (see below). 

After biosynthesis of ceramide (involved enzymes are located on the 
cytosolic leaflet of endoplasmic reticulum membranes), glucosylcer-
amide can be produced by glucosyltransferase, an enzyme in the cyto-
solic membrane leaflet of the Golgi apparatus [75]. Additional transfer 
of a galactose moiety on glucosylceramide to yield lactosylceramide 
occurs on the luminal leaflet of Golgi membranes [76], therefore 
requiring glucosylceramide to translocate through the Golgi membrane. 
Lactosylceramide is the precursor of most glycolipids, including gan-
gliosides (except GM4). In the lumen of the Golgi apparatus, glycosyl-
transferases can add sugar residues, such as sialic acid moieties, to 
lactosylceramide, generating a variety of gangliosides [74]. 

Gangliosides are the most abundant lipid class in neurons [67], make 
up around 10% of the total lipid mass in the brain and are particularly 
dense in neuronal synapses [70,77]. They are essential for maintenance 
of myelinated axons [78], with their regulating roles in membrane dy-
namics, signaling, and myelin-axon interactions being indispensable for 
brain function [79]. A detailed overview on the ganglioside biosynthetic 
pathway and discussion of its role in brain physiology has been recently 
provided [80]. 

The most abundant sphingolipids in mammalian cells are sphingo-
myelins [67]. They can be hydrolyzed to ceramides by sphingomyeli-
nases (mostly in the luminal part of the Golgi), enzymes that can be 
classified in acid, neutral, and alkaline sphingomyelinases. As this 
classification suggests, these enzymes differ by maximal capacities ac-
cording to the pH, which depends on their intracellular localization and 
the cellular environment [54,67]. 

3.1.3. From ceramide to sphingosine to S1P 
Ceramides can be furthermore transformed into sphingosine by 

neutral and acid ceramidases via acyl chain group removal [81]. Cer-
amide synthase can convert sphingosine back to ceramide but sphin-
gosine can also be phosphorylated, yielding S1P, a key messenger 
molecule [82], regulator of cell growth [82] and inhibitor of apoptosis 
[83]. The cytosolic sphingosine kinase 1 is associated with neuronal 
survival, and via its presynaptic localization, influences cognitive pro-
cesses. Depletion of sphingosine kinase 1 results in perturbed endocytic 
recycling [85] and thus impairs autophagic efficiency. The functions of 
sphingosine kinase 2 depend on its subcellular localization. It is involved 
in adaptations to stress, for example due to low oxygen availability, by 
regulating hypoxia-inducible factor (HIF)-linked signaling [86] and 
histone acetylation via S1P mediated inhibition of histone deacetylases 
[87] in the nucleus. In the endoplasmic reticulum, sphingosine kinase 2 
contributes to apoptosis induction during cellular stress [88] and 
mitochondrial sphingosine kinase 2 regulates the assembly of complex 
IV of the mitochondrial electron transport system via binding to the 
mitochondrial protein prohibitin 2 [89]. In addition, membrane-bound 
sphingosine kinase 2 may be involved in neoplastic transformations 
[90]. 

S1P signaling is conveyed through intra- and extracellular pathways 
[91,92] via at least five G protein-coupled receptors, S1PR1 - S1PR5 
[93,94]. These receptors have received increasing attention as drug 
targets [56]. Perturbed control of S1P balances and signaling via its 
generating or degrading enzymes is associated with impaired overall 
brain homeostasis and blood-brain barrier dysfunction [8,95]. Dysre-
gulation of sphingolipid metabolism is thus emerging as an early marker 
of neurodegenerative diseases, including Alzheimer disease 
[9,10,62,96], Parkinson disease [10,97] and HD [8,10]. 

S1P breakdown is catalyzed by S1P lyase, 2 types of S1P-specific 
phosphatases, and 3 types of lipid phosphate phosphatases [98]. 
Dephosphorylation of S1P replenishes sphingosine levels, while degra-
dation of S1P by S1P lyase yields ethanolamine phosphate and the 
apoptosis-inducing molecule hexadecanal [99], highlighting the risk of 
high S1P lyase levels/activity. The S1P lyase catalyzed permanent 
breakdown of S1P is the only known irreversible breakdown of sphin-
golipid metabolites. 

3.2. Deficits in sphingolipid metabolism in neurodegenerative diseases 

Neurodegenerative diseases, including HD are characterized by 
deficits in neuronal signaling and neurotrophic support, ultimately 
leading to the demise of vulnerable neuronal populations [100]. These 
are processes that are importantly regulated by sphingolipids as previ-
ously summarized [101–103]. 

Sphingolipids are highly enriched in the central nervous system and 
are required for brain development and maintenance, in part by 
modulating cell death and differentiation processes, cell cycle and pro-
liferation, cell migration and cytoskeleton organization, autophagy and 
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senescence [54]. By regulating membrane fluidity, receptor composition 
(e.g., in lipid rafts) and neurotransmitter homeostasis, sphingolipids are 
fundamental for signaling within the brain [67], which allows cognition, 
emotion and the coordination of movements, all of which can deterio-
rate in neurodegenerative diseases. Accordingly, dysregulation of 
sphingolipid synthesis and signaling pathways is increasingly acknowl-
edged to compromise neuronal plasticity [67] and to contribute to the 
pathology of various neurodegenerative diseases [104], such as Par-
kinson disease [97,105], Alzheimer disease [105] and HD [8]. The 
general role of sphingolipids in neurodegenerative processes has 
recently been reviewed in more detail [9], therefore only some relevant 
examples of sphingolipid-related alterations in neurodegeneration will 
be discussed in the next section before an in-depth analysis of sphin-
golipid metabolism in HD will be presented in the subsequent section. 

Based on the central role of ceramides in sphingolipid metabolism, it 
is not surprising that its levels are of special importance for brain health, 
and alterations affect levels of other sphingolipid classes. Of great 
relevance for neurodegeneration is the involvement of ceramide in the 
brain and its associated dysregulation of sphingolipid balances in neu-
roinflammation, a common hallmark of many neurological diseases. For 
more information on this topic, we refer the reader to previous reviews 
[68,106]. 

Ceramide levels are regulated by synthesis (ceramide synthases) and 
its conversion into other sphingolipid types. Of the six ceramide syn-
thase isoforms, which generate ceramides with different acyl chain 
lengths [107], ceramide synthase 1 is the most important isoform in the 
brain [108]. Its brain-region-specific expression pattern, with especially 
high densities in hippocampus and neocortex [109], has been suggested 
to play a role in characteristic brain-region specific vulnerabilities in 
neurodegenerative diseases [62]. In mice with mutations leading to 
reduced activity of ceramide synthase 1, lipofuscin formation and neu-
rodegeneration was reported [110]. Lipofuscin aggregates are lipid, 
protein and metal-containing accumulations, which become more 
frequent at advanced age and are associated with senescence-related 
alterations of cell physiology. In the brain, they have been linked to 
protein aggregation and neurodegenerative processes [111]. Among the 
ceramide-converting enzymes, acid ceramidase (catalyzing ceramide to 
sphingosine conversion) activity may play a vital role in neuro-
degeneration since it has been shown to be increased in Alzheimer dis-
ease and co-localized with neurofibrillary tangles, a pathological 
hallmark of Alzheimer disease [112]). 

Sphingosine kinase mediated phosphorylation of sphingosine yields 
S1P, one of the most important bioactive sphingolipids in the brain, 
which is involved in fundamental cerebral functions such as neuro-
genesis and neurite outgrowth, survival of different brain cell types and 
control of the blood-brain barrier [8,95]. As opposed to high ceramide 
levels, S1P promotes growth and survival and its levels are positively 
associated with autophagy, cell migration/invasion and cytoskeleton 
rearrangement, as summarized by Hannun and Obeid [56]. 

Ceramide can be further converted into complex glycosphingolipids, 
either via galactosyl-ceramide into sulfatide, or via glucosyl-ceramide 
into gangliosides. Gangliosides have early been linked to Alzheimer 
disease pathogenesis [113]. Especially the monosialo-tetrahexosyl- 
ganglioside GM1 has been demonstrated to exert various beneficial ef-
fects in diseases of the nervous system, including HD, with the best 
clinical evidence of benefits coming from stroke [114]. Its efficiency in 
treating brain injury associated with ischemia/hypoxia is further sub-
stantiated by its benefits in ischemic neuronal and spinal cord injuries, 
or subarachnoid hemorrhage [114]. While the mechanistic basis for 
these benefits is not yet sufficiently understood, GM1 is thought to be 
neuroprotective primarily by regulating apoptosis and the release of 
neurotrophins [114]. Much previous research was restricted to the 
direct benefits of GM1 in neurons but important effects on other brain 
cell types have been recently highlighted, such as its capacity to reduce 
inflammatory responses of microglia [115]. 

Sulfatide is predominantly synthesized by oligodendrocytes [62], a 

brain cell type best known for myelinating axons and thus supporting 
neuronal function. Since in cortical white matter sulfatide concentra-
tions decrease during adulthood more than those of gangliosides [116], 
their role in age-related neurological diseases may be substantial. Levels 
of sulfatide are indeed massively depleted in gray and white brain 
matter of people with mild cognitive impairment, a prodromal state of 
Alzheimer disease [117]. This has been linked to the role of the Alz-
heimer disease risk gene Apolipoprotein E, encoding a protein involved 
in sulfatide transport [117,118]. The reduction of sulfatide notably was 
associated with a more than 3-fold increase of ceramide levels in white 
matter of these subjects [117]. In line with these findings, increased 
ceramide levels also characterize Alzheimer disease patient brains and 
are even higher in individuals suffering from additional other neuro-
pathologies [119]. The changes in ceramidase level may result from 
increased ceramide synthase expression [120]. But also increased levels 
of amyloid beta (a protein that accumulates in Alzheimer disease brain 
and forms amyloid plaque pathology) may perturb sphingolipid ho-
meostasis by stimulating sphingomyelin hydrolysis, leading to higher 
ceramide generation [96]. 

In Parkinson disease, high levels of ceramides and sphingomyelin 
were observed in patient brains [121]. Mutated glucocerebrocidase 
(GBA) is the most common genetic risk factor in sporadic Parkinson 
disease [122]. GBA catalyzes the breakdown of glucosylceramide into 
glucose and ceramide; therefore, altered GBA activities are associated 
with changes in sphingolipid homeostasis. In non-GBA mutation car-
riers, alterations in sphingolipid concentrations were also reported, and 
high ceramide levels were found especially in Parkinson disease patients 
with cognitive impairments [123]. 

Whether the neurodegeneration-related changes in sphingolipid 
metabolism are driving the respective diseases or whether they are 
compensating mechanisms, at least initially attenuating pathology, re-
mains to be clarified for the individual diseases [124]. In the next sec-
tions, we aim to dissect sphingolipid-related brain alterations and their 
roles in the disease progression, especially for HD, and will argue that 
impaired sphingolipid metabolism in HD may impair cellular stress 
adaptations. In this sense, failed compensatory mechanisms turn into 
drivers of disease progression. 

3.3. Sphingolipid metabolism in Huntington disease 

A wide array of perturbations in glycosphingolipid metabolism has 
been reported in both cellular and animal models of HD and in post- 
mortem HD tissues. A summary of such studies on alterations in sphin-
golipid metabolism-related enzymes is provided in Table 1 and a sum-
mary on studies on sphingolipid levels themselves in Table 2. 

3.3.1. De novo synthesis 
Changes in the de novo synthesis of sphingolipids have been reported 

to be specific for different disease stages. Serine palmitoyltransferase 
activity requires the transcription of serine palmitoyltransferase long 
chains 1 and 2. Serine palmitoyltransferase long chain 1 mRNA levels 
were found to be increased in presymptomatic R6/2 striatum and cortex 
and for chain 2 also in cortex [128]. In symptomatic R6/2 mice reduced 
serine palmitoyltransferase long chain 1 mRNA was recorded [128]. 
Accordingly, dihydrosphingosine levels were decreased as well [128]. 

These results not only show a dysregulation of sphingosine synthesis 
associated with HD progression but may also be indicative of stress- 
induced sphingolipid upregulation at early disease stages that might 
represent compensatory or (mal-)adaptive changes, which are lost at 
later disease-stages. This dynamic also could indicate fluctuating 
sphingolipid levels throughout (early) disease stages, highlighting the 
importance of assessing functional changes at a better temporal reso-
lution. Various selective PET tracers that could be useful to track alter-
ations of different sphingolipid metabolism components for this purpose 
are emerging, e.g. for ceramide [141] or S1P receptor 2 [142]. 

Pharmacological inhibition of serine palmitoyltransferase with 
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myriocine has further been shown to increase the vulnerability of the 
striatal control STHdh Q7 cells to apoptosis to a similar vulnerability as 
the HD model cell line STHdh Q111, striatum-derived cells expressing 
Htt with 111Qs [128]. This could suggest that perturbation of the 
sphingolipid de novo synthesis pathway deprives cells of their intrinsic 
ability to respond adequately to and survive cellular stress. 

3.3.2. Ceramides and S1P-generating and degrading enzymes 
Lower expression of the ceramide-synthesizing enzyme ceramide 

synthase 1 (generates long-chain ceramides) was reported in cortex of 
presymptomatic R6/2 mice and a similar trend was observed in the 
striatum [128]. Levels were even lower in symptomatic mice, in which 
also the striatum was affected [128]. Reduced expression of ceramide 
synthase 1 was also found in human HD striatum and was associated 
with earlier mortality and longer CAG repeats [133]. Expression of 
ceramide synthase 2 was not altered in HD brain, however changes in 
posttranslational modification patterns might still indicate a role in 

altered composition of sphingolipid types [133]. 
Conversely, the S1P degrading enzyme S1P lyase was found to be 

upregulated both in STHdh Q111 cells and in cortex of HD patients 
[125]. The resulting decreased levels of S1P together with concomitant 
increased levels of ceramide, have been repeatedly described in HD 
models [127,134], and this combination is considered neurotoxic [68]. 

Experiments showing that inhibition of S1P lyase in mHtt exon1- 
expressing neurons and in STHdh Q111 cells was neuroprotective 
[127] support detrimental outcomes of too high levels of S1P lyase – or 
too low S1P levels – for neurons. Interestingly, although the inhibition of 
S1P lyase was not clearly detectable in vivo, treatment with the inhibitor 
2-acetyl-5-tetrahydroxybutyl imidazole (THI) ameliorated both motor 
performance and neuropathology and preserved normal levels of glu-
cosylceramide in R6/2 HD mice [129]. On the other hand, the stimu-
lation of sphingosine kinase 1 to support S1P synthesis slowed down 
progressive motor deficits, reduced mHtt aggregates in the brain [143] 
and improved perturbed intestinal homeostasis associated with the R6/2 

Table 1 
Alterations of sphingolipid-related enzymes in Huntington disease (HD) and HD models.  

Model Tissue/cells Sphingolipid metabolism associated enzyme Effect (vs. control) References 

STHdh Q111 cells Striatal cells S1P lyase 1 (protein and mRNA) ↑ [125–127] 
Sphingosine kinase 1 (protein and mRNA) ↓ 
Sphingosine kinase 2 (protein and mRNA) ↑ 
Beta-1,3-Galactosyltransferase 4 (mRNA) ↓ 
UDP-Glucose Ceramide Glucosyltransferase (mRNA) ↓ 
Glucosylceramidase Beta 1 (mRNA) ↑ 

HD human fibroblasts Human fibroblasts Beta-1,3-Galactosyltransferase 4 (mRNA) ↓ [126] 
Early symptomatic R6/2 mice (6 weeks 

old) 
Striatum, cortex Serine palmitoyl-transferase long chain 1 (mRNA) ↑ [128,129] 

Serine palmitoyltransferase long chain 2 (mRNA) ↑ (only in cortex) 
Ceramide synthase 1 (mRNA) ↓ (only in cortex) 
S1P lyase 1 (protein) ↑ 

Small intestine S1P lyase 1 (protein) ↑ [130] 
Serine palmitoyl-transferase long chain 1 (mRNA) ↓ 
Serine palmitoyl-transferase long chain 2 (mRNA) ↓ 

Symptomatic R6/2 mice Striatum, cortex Serine palmitoyltransferase long chain 1 (mRNA) ↓ 
↓ (only in striatum) 

[128,129] 
UDP-Glucose Ceramide Glucosyltransferase (mRNA) 
Ceramide synthase 1 (mRNA) ↓ 
Ceramide synthase 2 (mRNA) ↓ (only in striatum) 

Small intestine, large 
intestine 

S1P lyase 1 (protein) ↑ (only in small 
intestine) 

[130] 

Sphingosine kinase 1 (protein) ↓ (only in small 
intestine) 

Symptomatic R6/1 mice Cerebellum Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (mRNA) ↓ [131] 
UDP-Glucose Ceramide Glucosyltransferase (mRNA) ↓ 

Striatum ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
1 (mRNA) 

↑ [132] 

ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
3 (mRNA) 

↓ 

Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (mRNA) ↓ 
Symptomatic YAC128 mice Striatum, cortex UDP-Glucose Ceramide Glucosyltransferase (mRNA) ↓ (only in striatum) [126,127] 

ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5 (mRNA) ↓ (only in striatum) 
Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (mRNA) ↓ (only in striatum) 
Beta-1,3-Galactosyltransferase 4 (mRNA) ↓ (only in cortex) 
ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
1 (mRNA) 

↓ (only in cortex) 

ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
3 (mRNA) 

↓ (only in striatum) 

S1P lyase 1 (protein) ↑ (only in striatum) 
Sphingosine kinase 1 (protein) ↓ (only in striatum) 

HD post-mortem, N=3 Caudate ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5 (mRNA) ↓ [132] 
ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
3 (mRNA) 

↓ 

Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (mRNA) ↓ 
ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 2 (mRNA) ↓ 

HD post-mortem, N=3 Cerebellum Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (mRNA) ↓ [131] 
ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 
1 (mRNA) 

↓ 

ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5 (mRNA) ↓ 
HD postmortem, N=38 Cortex S1P lyase 1 (protein) ↑ [125] 
post-mortem cases HD (40-45 CAG repeats, 

N=13) 
Caudate, putamen Ceramide synthase 1 (protein) ↓ [133] 

Notes: striatum corresponds to caudate nucleus and putamen together, in human anatomy these regions are usually considered differentially, while in rodents the 
striatum is a more uniform structure. S1P; sphingosine-1-phosphate 
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model [130]. Another strategy to tap into S1P-mediated benefits is 
targeting S1P receptors. Chronic low-dose intraperitoneal administra-
tion of a selective agonist of the S1P receptor 5 (A-971432, 0,1mg/kg) in 
R6/2 mice prolonged the animals’ lifespan and was associated with 
improved blood-brain barrier integrity, reduced mHtt aggregation, and 
reduced motor symptoms [144]. These effects were most substantial 
when A-971432 administration was started in the pre-symptomatic 

disease stage. The FDA-approved drug FTY720 (against multiple scle-
rosis) upon phosphorylation by sphingosine kinase 2 acts as unselective 
agonist at four S1P receptors (S1PR1, S1PR3, S1PR4, and S1PR5) but 
leads to the selective downregulation of S1PR1, making it a functional 
antagonist of S1PR1 [145,146]. We have recently reviewed its beneficial 
effects in the brain with potential benefits for HD, including improved 
synaptic transmission, brain connectivity and BDNF signaling in both 

Table 2 
Alterations of sphingolipid levels in Huntington disease (HD) and HD models  

Model Tissue/cells Sphingolipid species Effect (vs. 
control) 

References 

STHdh Q111 cells – Ceramide (d18:1, C24:1, C24:0 and C16:0) ↑ [134] 
Sphingomyelin (C24:1) ↑ 
S1P ↓ 

STHdh Q111 cells, HD patient 
fibroblasts 

– Plasma membrane and total GM1 ↓ [126] 

YAC128 primary cell cultures Striatum GM1, GT1b ↓ [126] 
Cortex GM1, GD1a ↓ 
Neurons GM1 ↓ 
Astrocytes GM1 ↔ 

Sheep (73 CAG in full-length human 
cDNA transgene), presymptomatic 

Plasma Hydroxylated (OH) and non-hydroxylated sphingomyelins ((OH) C14:1; (OH) 
C16:1; (OH) C22:1; (OH) C22:2; (OH) C24:1; C16:0; C16:1; C18:0; C18:1; C24:0; 
C24:1; C26:0; C26:1) 

↓ [135] 

Early-symptomatic 
zQ175 and YAC128 

Striatum, 
cortex 

Glucosylceramide ↑ (only in 
cortex) 

[129] 

Early symptomatic YAC128 and R6/2 
mice 

Corpus callosum GD1a GD1a in R6/ 
2 ↓ 

[136] 

Early-symptomatic YAC128 and R6/2 
mice 

Corpus callosum  
GD1a, and GT1b  ↓ 

[136] 

Early symptomatic and symptomatic 
R6/2 mice (CAG repeat length 
320–350) 

Striatum S1P (d18:1, d20:1 and total) ↓ [125] 

Symptomatic YAC128 and R6/2 mice Corpus callosum GM1, GD1a, and GT1b ↓ [136] 
Symptomatic R6/2 mice Cortex GM1 ↓ [136] 

GD1a and GT1b ↑ 
Striatum GM1 and GD1a ↓ 

Symptomatic R6/2 mice 
(CAG repeat length 160 ± 5) 

Striatum, cortex S1P ↓ [127,129] 
Sphingosine ↑ (only in 

striatum) 
Ceramide (C20:0, C22:0, C24:1) ↑ (only in 

cortex) 
Ceramide C24:0 ↑ 
Hexosylceramide (C18:0, C24:1) ↑ 
Hexosylceramide C18:1 ↓ 
Glucosylceramide ↑ 

Symptomatic R6/2 mice Striatum, cortex Dihydrosphingosine ↓ [128] 
DihydroCeramide (C18:0) ↓  

DihydroS1P  ↓ 
Symptomatic R6/2 mice on BCF1- 

background (CAG repeat length 120- 
150) 

Total brain GD1a ↑ [137] 
Serum GM2-NeuGc ↓ 

Symptomatic R6/1 Cerebellum GM1, GD1a, GD1b, GT1b, GQ1b ↓ [131] 
Symptomatic R6/1 mice Forebrain GM1 ↓ [132] 

Cerebrosides, sulfatides ↓ 
Rats injected with kainic acid in the 

striatum 
Striatum Gangliosides (N-acetylneuraminic acid) ↓ [138] 

post-mortem cases HD (40-45 CAG 
repeats, N=13) 

Caudate Ceramide C16:0, sphingomyelin (most species), dihexosylceramide C16:0 ↑ [133] 
Very long ceramide (C22:1; C24:1; C24:2), Sphingomyelin (C24:0; C24:1; C25:0 
and C26:0), Dihexosylceramide (C24:0) and Galactosylceramide (C22:0; C24:0 
and C24:1) 

↓ 

Putamen Ceramide (C16:0) and 
Sphingomyelin (C14:0; C15:0; C16:0; C16:1; C17:0; C18:1; C22:1 and C26:2) 

↑ 

Cerebellum Dihexosylceramide (C16:0, C22:0, C24:1) ↑ 
Post-mortem cases HD, N=3 Caudate Gangliosides (N-acetylneuraminic acid) ↓ [138] 
Post-mortem cases HD, N=4 Putamen Gangliosides (N-acetylneuraminic acid) ↓ 
Post-mortem cases HD (Vonsattel grade 

3, N=3) 
Caudate Total gangliosides and GD3 ↓ [132] 

Post-mortem cases HD, N=13 Caudate Glucosylceramide ↑ [139] 
Post-mortem Vonsattel grade III cases 

HD, N=4 
Myelin layer, sub- 
ventricular zone 

Accumulation of sphingomyelins (d34:0; d36:4; d38:4; d38:3; d35:0; d36:0) and 
ceramide-1-phosphate 

↑ [140] 

Sulfatides (36:1; 40:1; 40:1(2OH); 42:2; 42:1; 42:2 (2OH)) ↓ 
Triglycerides (39:3; 56:13; 58:14) ↓ 

Post-mortem Vonsattel grade III cases 
HD, N=3 

Cerebellum GM1 ↑ [131]  
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cortex and striatum, protection from mHtt pathology and brain atrophy 
via restoring GM1 levels [8]. 

Mechanistic explanations for the benefits of improving S1P synthesis 
and signaling include the importance of S1P in immune functions 
[106,147]. With regard to HD sphingosine kinase 1-mediated stimula-
tion of autophagic clearance of mHtt, as shown in primary striatal 
neurons, may be a primary protective feature, with S1P lyase upregu-
lation having the opposite effect [148]. In addition, sphingosine kinase 2 
and increased S1P levels have been demonstrated to inhibit histone 
deacetylases [87]. However, in contrast to sphingosine kinase 1, 
sphingosine kinase 2 can induce DNA double strand breaks and its in-
hibition attenuated neurodegeneration in neuronal models of HD 
[127,149]. 

In summary, expression patterns of S1P regulating enzymes have 
been shown to be altered in patient brain and HD models, with sphin-
gosine kinase 1 being consistently down- and S1P lyase 1 being consis-
tently up-regulated, yielding reduced levels of S1P [125,127,134]. This 
constellation of S1P-related enzymes that especially characterizes the 
striatum but also cortical regions in HD has been suggested to be a 
crucial factor for the vulnerability of the striatum to mHtt toxicity [8]. 
The evidence that modulation of sphingolipid metabolism-related en-
zymes has the potential to improve cellular metabolism with benefits for 
HD pathology has been previously discussed in more detail [8]. 

3.3.3. Shifts in ceramide and sphingomyelin 
Consistent with enzymatic alterations, changes in sphingolipid 

compositions have been observed by mass spectrometry studies in R6/2 
cortex and striatum, in which levels of dihydrosphingosine, 
dihydrosphingosine-1-phosphate and dihydroceramide [C18:0] were 
decreased [128]. Similar alterations have been reported in postmortem 
brains of HD patients [133]. While the cortex was less affected, a shift 
from very-long-chain (C22-C26) ceramides, sphingomyelins and lacto-
sylceramides towards long (C13-C21) was recorded in the striatum and 
cerebellum [133]. Using a network-based metabolomics approach, Pir-
haji and colleagues [134] also found perturbations in sphingolipid 
metabolism in STHdh Q111 cells, including significantly upregulated 
ceramide (C24:1, C24:0 and C16:0) and sphingomyelin (C24:1) levels. 
Abnormalities in sphingolipid metabolism were also reported by meta-
bolic profiling of transgenic, presymptomatic HD model sheep (73 CAG 
repeat expansion in a full-length human cDNA transgene) [135]. 

Overall, reduced levels of not only S1P but also of very long types of 
sphingolipids are common in human postmortem HD brain and HD 
models. Concurrently, shorter ceramide and sphingomyelin species tend 
to be upregulated. 

3.3.4. Gangliosides 
The importance of gangliosides in the brain – and the relevance in 

the context of HD – is highlighted by observations that mice unable to 
synthesize gangliosides develop neurodegeneration and various 
neurodegeneration-associated symptoms [150], including movement 
[151] and cognitive deficits [152]. Higatsberger and colleagues [138] 
described reduced levels of gangliosides in HD patients in 1981. An 
impaired ganglioside synthesis and associated reduced ganglioside 
levels were subsequently confirmed for HD postmortem brain, HD 
patient-derived fibroblasts and in the brain of different animal models of 
the disease [126,132,136]. In these studies, particularly GM1 levels 
were reduced in HD patient forebrain [132], patient fibroblasts [126] 
and R6/2 mouse cortex and corpus callosum [136]. Importantly, 
decreased levels of GM1 were found in neurons, while they remained 
stable in astrocytes [126]. This reduction rendered the affected neurons 
more vulnerable to cell death. In the cerebellum, Denny and colleagues 
[131] found substantially reduced levels of many gangliosides in R6/1 
mice, while in the human HD cerebellum, most ganglioside levels were 
similar to controls, except for GM1, which was even more abundant in 
this brain region in HD patients. This finding highlights brain region- 
specific differences in sphingolipid-metabolism alterations in HD and 

cautions about the validity of sphingolipid changes in mouse models for 
human HD. The upregulation of GM1 may indicate a neuroprotective 
mechanism that is successful in human HD cerebellum but not in more 
vulnerable brain regions in HD. GM1 has been demonstrated to be a 
particularly potent neuroprotective agent, e.g. by intraventricular 
administration of GM1 in different mouse models of HD [154,155]. In 
R6/2 mice such treatment reduced striatal neurodegeneration and white 
matter atrophy, prevented body weight loss and motor dysfunction and 
increased survival [154]. It further attenuated abnormal microglial and 
astroglial activation in these mice. Close to complete abolishment of 
motor symptoms was observed in Q140 mice, and this effect was 
accompanied by a reduction in mHtt aggregation, similar like in R6/2 
mice [154,155]. Various cognitive, anxiety-like and depression-like 
symptoms were also ameliorated after GM1 treatment, especially in 
Q140 and YAC128 mice [154]. Alpaugh and colleagues [154] also 
studied the levels of various neuroactive amino acids (glutamate, GABA, 
glycine, serine) in YAC128 mice and observed a trend towards the 
restoration of these molecules to wild-type levels after GM1 
administration. 

Exogenous additions of sphingomyelin and GM1 further modulated 
the aggregation and toxicity of Htt in total brain lipid extracts. Increased 
sphingomyelin and GM1 levels reduced Htt propensity to insert into 
lipid monolayers [32]. Total brain lipid extract vesicles were increas-
ingly vulnerable to permeabilization with growing sphingomyelin con-
centrations while GM1 did not modulate permeabilization [32]. 
Exogenously added sphingomyelin and GM1 in the presence of Htt- 
Exon1 induced different structural alterations of membranes and both 
conditions facilitated Htt aggregation [32]. Increased sphingomyelin 
contents were associated with less stable and reduced numbers of Htt 
oligomers at plateau-like structures forming specifically in this condition 
as compared to rougher membrane patches resulting from Htt-exposure 
alone [32]. Increasing levels of GM1 slowed down Htt-induced mem-
brane alterations and no plateau-like structures were observed like in 
the sphingomyelin conditions. Still, high GM1 levels did not signifi-
cantly preserve membrane integrity in this study [32], suggesting that 
its interaction with receptors or its ability to modulate posttranslational 
modifications of Htt [126] are important for the described neuro-
protective effects. GM1 treatment has been shown to modify levels of Htt 
phosphorylation at Ser13 and Ser16 [155], posttranslational modifica-
tions that affect both aggregation propensity and toxicity of mHtt 
[156–158] and may thus be especially beneficial in HD. 

The reported potential neuroprotective effects of GM1 include 
preservation of myelin integrity, maintenance of Ca2+ homeostasis 
[159], modulation of autophagy [160], “neurotrophin-like” benefits on 
neuronal plasticity and repair [161], membrane integrity [79,159] and 
anti-inflammatory effects, notably mediated by microglia [115]. 
Recently it has been shown that GM1 promotes glycolysis by stimulating 
the expression of various genes linked to glucose metabolism in primary 
astrocytes [77]. This study indicated that the resulting release of lactate 
enhanced mitochondrial activity and survival of co-cultured primary 
neurons [77]. 

It is important to highlight that despite these promising results on 
increasing GM1 levels in models of HD the efficiency of – particularly 
systemic – administration of GM1 in human patients remains unclear. 
The amphiphilic properties of GM1 limit its capacity to penetrate the 
blood-brain barrier and, whether demonstrated central benefits (sum-
marized in [114]) are due to GM1 itself of associated metabolites or 
other indirect effects has not been clarified in humans. Clinical trials of 
GM1 administration required high doses to elicit modest beneficial ef-
fects for Parkinson disease patients [162–165] and intraventricular 
administration for Alzheimer disease patients [166]. GM1 treatment in 
stroke commonly was associated with improved neurological outcomes 
but never with improved survival, as reviewed by Magistretti and col-
leagues [114]. Despite these limitations, GM1 remains an interesting 
pharmacological target for HD and the exploration of alternative routes 
of administration or use of modified molecules that are more stable and 
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more readily cross the blood-brain barrier (e.g., the hydrophilic GM1- 
oligosaccharide [167]) may render GM1 administration an even more 
promising treatment strategy for HD. 

Another point that requires unambiguous clarification are potential 
negative effects of gangliosides on neurons. Several gangliosides, 
including GM1, have been demonstrated to inhibit Ca2+ uptake via the 
sarco/endoplasmic reticulum Ca2+-ATPase [168–170]. This effect may 
contribute to neurodegnerative processes observed in lysosomal storage 
disorders that are characterized by a pathological accumulation of 
gangliosides [171]. Conversely, the unability to synthesize complex 
gangliosides is also associated with neuronal deficits, as has been 
described e.g. for a mutation leading to the premature termination of 
GM3 synthase (required for the biosynthesis of most complex ganglio-
sides) resulting in an infantile-onset epilepsy syndrome [172]. 

Distinct tissues, brain regions and brain cell types have differential 
glycosphingolipid profiles [70], with neurons being particularly 
enriched. The metabolism of gangliosides has been consistently shown 
to be perturbed in HD human post-mortem brain and experimental 
models of the disease but how these changes may contribute to disease 
progression remains to be elucidated. Differential enzymatic equipment 
of specific cells to generate and degrade gangliosides may determine 
selective vulnerabilities in neurodegenerative diseases and specifically 
of the striatum in HD, where an inhibition of ganglioside synthesis also 
occurs physiologically [126]. Taken together, sphingolipid metabolism 
defects are increasingly recognized as central - and drugable - factors in 
HD pathogenesis. Despite great potential, particularly in modulating 
S1P-related metabolism and ganglioside levels, the field is still in its 
infancy, and better understanding of the alterations of sphingolipid 
metabolism and consequences on cells and brain is necessary for the 
development of efficient and safe clinical strategies. We suggest that 
sphingolipid-related alterations in HD interfere with cellular stress re-
sponses and with adequate adaptive processes that usually allow cells to 
deal with potentially harmful stressors. The following sections are sub-
ject to how sphingolipid metabolism modulates cellular stress responses 
and how that may lead to impaired adaptive capacities in HD and drive 
disease progression. 

4. Proteotoxicity and mitochondrial dysfunction impair the 
hypoxic stress responses in HD 

Classical molecular hallmarks associated with neurodegeneration in 
HD are aggregation of mHtt and various mitochondrial dysfunctions. 
How these phenomena mechanistically contribute to neurodegeneration 
and disease progression remains elusive. However, both are stressors 
and harmful to vulnerable cells that fail to adapt adequately, for which 
sphingolipids are essential. This section will discuss these characteristic 
stressors in HD pathogenesis and explore the importance of the lipid 
environment - specifically sphingolipid metabolism (see following 
chapter) - to deal with them. We aim to discuss these aspects with a 
particular emphasis on the role of hypoxic stress and cellular adapta-
tions to overcome reduced oxygen availability, since sphingolipids are 
important modulators of corresponding stress responses. 

To maintain cellular homeostasis, the cellular capacity to respond 
and adapt to stressors is crucial [173]. Among the most important fac-
tors regulating cellular adaptations to hypoxic stress are the transcrip-
tion factors HIFs and nuclear factor (erythroid-derived 2)-like 2 (NRF2) 
[173]. Among key parameters of cellular health are the preservation of 
sufficient oxygen and nutrient supply and associated cellular energy 
levels, pH and ion-balance regulation, oxidative stress and inflamma-
tion, control of transcription and translation, proteostasis and cellular 
waste disposal, as well as cell death pathways. Perturbation of any of 
these factors can be detrimental for cells, particularly for vulnerable 
neurons that primarily rely on oxygen-dependent mitochondrial respi-
ration for energy generation. It is becoming increasingly evident that the 
lipid environment plays a key role in maintaining cellular homeostasis, 
and in the context of neurodegeneration, efficient energy metabolism 

and mechanisms to prevent protein aggregation toxicity. In HD, several 
mechanisms to regulate these balances have been reported to be 
impaired and a brief overview on this is provided in the subsequent 
chapters. 

4.1. Lipids and protein aggregation pathology in HD brain 

Despite the causal role of CAG-repeat extension in the Htt gene for 
HD, the associated misfolding, aggregation and the consecutive 
sequestration of mHtt into inclusion bodies, the contribution of mHtt 
aggregation pathology to neuronal cell death and HD symptoms is still 
not clear. 

On the one hand, reduced aggregation load has been shown to be 
beneficial in HD models [174], supporting the view of toxic gain of 
function by mHtt aggregation. On the other hand, the inclusion-load 
does not evidently correlate with cell death in HD models of striatal 
neurons [175]. Accordingly, it has been argued that the aggregation of 
mHtt and segregation into inclusion bodies may reduce mHtt toxicity 
[175–177]. In line with these observations, also soluble N-terminal mHtt 
fragments can be detrimental to cells, e.g, by impairing transcription 
after translocation into the nucleus (reviewed in [178]) and via stalling 
ribosomes [179]. Finally, the depletion of soluble and functional Htt 
could lead to toxicity due to the loss of physiological functions of Htt 
(see introduction). 

The interaction of mHtt with lipids and membranes is likely involved 
in HD pathogenesis in several ways, including through modulation of 
aggregation pathology [180,181] and a hazardous disruption of mem-
brane structures [182,183]. Lipids are major components of proteina-
ceous inclusions in different neurodegenerative diseases, including 
mHtt-containing inclusions in HD. [184,185]. In addition, mHtt via 
interaction with lipids can damage membranes, including nuclear 
membranes [182,186], the endoplasmic reticulum [187] or mitochon-
drial membranes [188] and thus interfere with cellular signaling, gene 
expression, proteostasis and energy metabolism. According to a recent 
study [189], lipids with anionic headgroups, POPS (1-palmitoyl-2- 
oleoyl-sn-glycero-3-phospho- L-serine) and POPG (1-palmitoyl-2-oleoyl- 
sn-glycero-3-phospho-(1′-rac-glycerol)) appear to be particularly suited 
to influence Htt aggregation, as compared to lipids with zwitterionic 
headgroups, POPC (1-palmitoyl-2-oleoyl- sn -glycero-3-phosphocho-
line) and POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine) [189]. The authors of this study concluded that increased 
membrane charge densities result in specific Htt-lipid interactions that 
facilitate fibrilization [189]. 

4.2. Energy metabolism, mitochondrial dysfunctions and hypoxic stress in 
HD brain 

Although energy metabolism is clearly impaired in HD, the place-
ment of specific energy-metabolic deficits in the sequence of events 
leading to neurodegeneration has been proven to be complicated. It 
appears that pathogenesis and disease progression in HD are charac-
terized by metabolic shifts, with changes between more glycolytic and 
oxidative energy metabolism and changes of substrate supply/avail-
ability for these processes [190]. 

It is likely that a high oxygen demand, e.g., for the clearance of ag-
gregates, is a crucial factor in HD progression [191]. In particular, 
combined with early deficiencies in glycolytic ATP-production 
[192,193], this may result in reduced ATP levels and an energetic 
crisis. Impaired homeostasis of ATP and phosphocreatine was observed 
during disease progression in R6/2 mice, where creatine and phospho-
creatine levels increased starting from presymptomatic stages but ATP 
levels dropped starting from about the onset of motor symptoms [194]. 
Importantly, it may be primarily a lack of adaptive changes to energetic 
stress, such as of the ratios of inorganic phosphate to phosphocreatine 
(Pi:PCr), in response to stimulation, which was observed in patient 
brains and could be reversed with the anaplerotic agent triheptanoin 
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[195]. 
In HD iPSCs mitochondrial fragmentation, an apparent shift to 

glycolysis and pyruvate dehydrogenase inactivation were reported 
[196]. The latter suggests a shunt of pyruvate away from mitochondria 
and thus downregulation of oxidative phosphorylation, which was 
confirmed by reduced mitochondrial respiration and ATP-levels, and 
which may partially explain glycolytic abnormalities in HD. The main 
consumers of oxygen and the main producers of ATP in neurons are 
mitochondria, which therefore are integral for brain energy metabolism. 
Several functions of mitochondria in HD patient brains are compromised 
and deficits in their morphology and physiology have been described 
early [45,197], particularly in the caudate nucleus [198]. Mitochondria 
are further important components in the regulation of cellular homeo-
stasis by disposing of specific molecular programs to protect from pro-
teotoxicity [199]. 

Treatment of mice with the mitochondrial electron transport system 
(complex II) inhibitor 3-nitropropionic acid (3-NP) results in a pathol-
ogy typical for HD; the degeneration of striatal medium spiny neurons 
[200]. This discovery sparked interest into mitochondrial dysfunctions 
as potential underlying mechanisms in HD pathogenesis. Indeed, in 
human postmortem HD striatum, the activity of the mitochondrial 
electron transport system components complex II, III and IV are mark-
edly reduced [197,198,201,202]. Dysregulation of components of the 
mitochondrial respiratory system has been reported on the RNA, pro-
tein, and enzyme activity level from peripheral patient tissues [203], in 
human post-mortem brain and mouse models of HD, such as the Q175 
model [204]. Recently, Gardiner and colleagues reported respirational 
deficits in HD patient fibroblasts that correlated with the age of disease 
onset [205]. 

In 3-NP HD rat models, mitochondrial dysfunction has been reported 
to be associated with an altered lipid composition of striatal mito-
chondria that could be rescued with the mitochondrial modulators 
alpha-lipoic acid and acetyl-l-carnitine [206]. Furthermore, preventing 
lipid peroxidation using the antioxidant nordihydroguaiaretic acid 
restored mitochondrial functions in male R6/2 mice [207]. These find-
ings show the importance of the lipid environment and the danger of 
oxidative damage of lipids in HD. 

Besides deficits in the electron transport system and associated 
oxidative stress, mitochondrial protein import is impaired in HD, 
contributing to proteotoxic stress. Most mitochondrial proteins are 
expressed by nuclear genes and thus have to be imported into mito-
chondria (for review see [208]) and mitochondrial transfer of proteins is 
essential for cellular stress response signaling via the mitochondrial 
unfolded protein response and thereby for cellular proteostasis [209]. 
Full-length and exon1 of wild-type Htt and mHtt have been reported to 
translocate into the mitochondrial inter-membrane space, bind the 
mitochondrial protein complex translocase of the inner mitochondrial 
membrane 23 (TIM23) and thereby inhibit mitochondrial import 
[210,211]. Furthermore, a dysregulation of mitochondrial protein 
expression in undifferentiated HD embryonic stem cells before observ-
able mHtt pathologies suggests mitochondrial dysfunctions to be a very 
early event in HD pathogenesis [212]. Similarly, early reports indicate 
reduced membrane potential and impaired mitochondrial Ca2+- 
handling in HD patient lymphoblast mitochondria and mHtt over-
expressing mice, an effect that could be reproduced by exposure of 
normal mitochondria with glutathione S-transferase fusion proteins 
containing up to 62 Q residues [213]. Lipid components of mitochon-
drial membranes further regulate mHtt aggregation. In particular, car-
diolipin binding of mHtt has been suggested to modify its aggregation 
kinetics, thus possibly representing an important pathological process in 
disease progression. Using mitochondrial membrane mimics with 
different concentrations of cardiolipins, Adegbuyiro and colleagues 
[214] showed that while molar ratios of <5% of cardiolipin slightly 
increased fibrillization propensity of mHtt, higher cardiolipin concen-
trations reduced it. Furthermore, the membrane composition affected 
the morphology of resulting mHtt aggregates, suggesting that 

mitochondrial membranes are involved in the formation of specific 
aggregate types. Specifically, inner mitochondrial membrane mimics 
(characterized by high cardiolipin content) not only inhibited aggrega-
tion of Htt but underwent a morphological transformation upon Htt 
exposure that was associated with perforation of the membranes. 

In addition, mHtt interferes with the normally highly dynamic nature 
of mitochondria. Soluble N-terminal mHtt fragments were shown to 
interact with mitochondria in Hdh(CAG)150 knock-in mouse brain, an 
effect that was exacerbated with increasing age, impaired intracellular 
trafficking of mitochondria, leading to mitochondrial mis-location 
within the cell and to reduced ATP availability [215]. Increased 
expression levels of mitochondrial-fission-related proteins (Drp1 and 
Fis1) and reduced levels of mitochondrial-fusion-related proteins (Mfn1, 
Mfn2, Opa1) are also characteristic for HD patient striatum and frontal 
cortex [216]. This suggests that mitochondrial shape changes, which are 
important for the adaptation to environmental conditions [217], are 
impaired in HD. 

mHtt has further been reported to repress transcription of the tran-
scriptional coactivator PGC-1α, a master regulator of mitochondrial 
biogenesis, in striatum of HD mouse models and patients [218]. Mito-
chondrial biogenesis is crucial to increase mitochondrial biomass in 
order to address for example elevated demand for mitochondria in 
altered environmental or cellular conditions. Reduced PGC-1α has been 
shown to impair mitochondrial biogenesis, respiration, and adaptive 
energy metabolism in mice; for example, PGC-1α-deficient hepatocytes 
lost their capacity to respond to hormone-regulated feeding controls 
[219]. In contrast, autophagic clearance of mitochondria (mitophagy) is 
essential to remove dysfunctional mitochondria from cells and thus to 
protect from harmful products of damaged mitochondria that include 
ROS and other damage-associated molecular patterns. Maintaining the 
balance between mitochondrial biogenesis and mitophagy is crucial in 
cellular stress responses. Impaired neuronal autophagy in HD may be 
due to impaired cargo recognition of autophagosomes, resulting in 
reduced cellular turnover and higher levels of lipid droplets and 
damaged mitochondria [220]. 

Despite the described mitochondrial deficits, changes in mitochon-
drial respiration during HD pathogenesis in preclinical models and pa-
tient brains have not been consistently observed, and temporal patterns, 
besides the extent of causal involvement in disease progression, are not 
well understood [221,222]. For example, Guidetti and colleagues [223] 
report no changes in electron transport system activity in the striatum of 
HD patients and model mice. Preclinical models often fail to reproduce 
overt functional mitochondrial deficits as well [221,222], or additional 
metabolic stress is required to elicit overt respirational deficits [224]. 
This may indicate that mitochondrial dysfunction is an outcome or 
epiphenomenon on HD pathology rather than a causal factor inducing 
neurodegeneration. Also, mitochondrial dysfunction in HD patients is 
relatively mild, which may be one reason for failures of clinical trials to 
improve early HD mitochondrial function, as, for example recently re-
ported in the mitochondrial enhancer SBT-020 [225]. Therefore, despite 
many reports on mitochondrial dysfunction associated with mHtt ag-
gregation in human HD brain and HD models, causal consequences of 
Htt on mitochondrial respiration, Ca2+-handling and other mitochon-
drial functions are still debated [222,226]. 

The energy-metabolism changes in HD are partially reminiscent of 
hypoxic insults [203], based on the switch to glycolysis and mitochon-
drial responses, as recently reviewed [191]. It is likely that the energy 
demand of brain cells has to reach a distinct threshold before it results in 
mitochondrial deficits in HD [227] or additional oxygen and substrate 
limitations or metabolic stress in vivo cause bioenergetics crises more 
easily in HD [222,224]. Hypoxic stress has various consequences on 
brain energy and lipid metabolism that may be relevant for HD pa-
thology [228], including an impaired oxygen-dependent fatty acid and 
sterol metabolism [229], with especially cholesterol synthesis requiring 
high levels of oxygen, as outlined in a recent review [230]. 

J. Burtscher et al.                                                                                                                                                                                                                               



Progress in Lipid Research 90 (2023) 101224

11

4.3. Impaired gene expression and waste disposal in HD brain affect 
cellular stress responses 

mHtt has been shown to disrupt 3D-chromatin structure and, thereby 
transcriptional regulation [231]. Recently, the induction of a tran-
scriptional proteotoxic stress response as a consequence of mHtt ag-
gregation has been characterized in detail in HEK293T cells transfected 
with GFP tagged mHtt with 134Q, leading to the authors’ conclusion 
that protein aggregation in HD likely results in maladaptative cellular 
stress responses [232]. 

In HD knock-in mice expressing Htt with different numbers of CAG- 
repeats, it was observed that striatal transcriptional deficits are pro-
gressive and depend on the length of the CAG repeats [233]. Conse-
quently, cells, particularly vulnerable medium spiny neurons [234], in 
the striatum of HD patients [235–237] or HD model mice 
[233,234,236,238,239] have been reported to downregulate expression 
of their cellular identity genes and exhibit epigenetic abnormalities. 
Gene expression studies further identified pathways related to meta-
bolism, inflammation and cellular stress responses to be upregulated in 
HD striatum [235] and the striatum of HD model mice [233,234,238]. 
These patterns of upregulated genes have recently been attributed pri-
marily to astroglial and microglial cells [234]. The authors of that study 
suggest that the transcriptional changes may reflect an adaptation of 
glial metabolism as a response to mHtt in order to improve resilience of 
the HD cellular environment. 

Evidence implicating physiological Htt in the regulation of selected 
macroautophagy (aggregophagy, lipophagy and mitophagy) in response 
to cellular stress [26] supports the notion of impaired cellular stress 
responses in HD. Htt was shown to directly interact with the autophagy 
cargo receptor p62 to facilitate cargo recognition and to increase auto-
phagy levels by binding the autophagy-initiating kinase ULK1, pro-
moting ULK1 activation by dissociating the mTOR-ULK1 complex [26]. 

In line with this observation, strengthening the cellular stress 
response, for example by allosteric activation of heatshock protein 70 
(Hsp70) with the compound YM-1 improved mHtt clearance and 
reduced accumulation of mHtt in the nucleus [240]. 

5. Sphingolipid metabolism at the crossroads between hypoxic 
stress adaptation and HD 

Since cellular stress responses especially to hypoxia are impaired in 
HD and HD models with profound consequences on metabolic and 
cellular homeostasis, the question arises, which molecular changes are 
responsible and are potential targets for therapeutic strategies to 
modulate cellular resilience. In this chapter we argue that early changes 
in spingolipid metabolism during HD progression are central for dis-
rupted or maladaptive cellular responses to stress in HD and associated 
with aggregation pathology and neurodegeneration. 

5.1. Sphingolipids regulate lipid transport and proteostasis 

Sphingolipids indirectly influence Htt aggregation in various ways, 
including due to modulating lipid transport and availability, as well as 
energy metabolism that is crucial for correct protein folding and disposal 
of misfolded and aggregated proteins. It also influences Htt aggregation 
by regulating its posttranscriptional modifications. The N-terminal 17 
amino acids of Htt (Nt17) can form an amphipathic alpha-helix, they are 
major interactors with membranes, responsible for retention of the 
protein in the endoplasmic reticulum and function as a nuclear export 
signal [241]. Aggregation of mHtt is likely amplified by its proteolytic 
cleavage that yields aggregation-prone N-terminal mHtt fragments 
[242], which translocate to the nucleus, where they interfere with DNA 
transcription and induce cell-death [178]. Phosphorylation of the Nt17 
residues, Thr3, Ser13, and/or Ser16, reduces mHtt fibrillization and 
phenotypes in HD models. Using phosphomimetic mutations, it has 
further been demonstrated that these posttranscriptional modifications 

modulate Htt’s interaction with membranes and its aggregation, 
depending on membrane compositions [243]. Gangliosides (specifically 
GM1) increase Htt phosphorylation at Ser13 and Ser16 [155], which 
may be one mechanism by which increasing ganglioside levels is bene-
ficial in HD models. 

In addition, the regulation of lipid transport via membrane contact 
sites by components of the sphingolipid metabolism may affect choles-
terol availability. Specifically, the downregulation of sphingosine ki-
nases in HeLA cells was associated with expected low S1P and elevated 
ceramide and sphingosine levels (alterations similar to sphingolipid 
level changes in HD models, see Table 2), which resulted in reduced 
membrane contact sites and cholesterol accumulation. In this model, 
however, a compensatory mechanism involving enhanced recruitment 
of the cholesterol transfer protein Aster-B to the plasma membrane 
preserved cellular cholesterol availability [244]. It is noteworthy that 
the interaction of poly-Q with organelle membranes has been shown to 
lead to their disruption, possibly contributing to neuronal death in HD 
[187]. Thus, the impairment of membrane contact sites and therefore of 
intracellular lipid transport in HD may be induced and aggravated by 
parallel mechanisms, including protein aggregation pathology and 
dysregulation of sphingolipid levels. Cholesterol content, in addition, 
influences Htt interaction with membranes as well as Htt aggregation. 
Gao and colleagues [245] used synthetic Htt peptides and a full-length 
Htt-exon1 recombinant protein to study interactions with model mem-
branes in dependence of exogenously added cholesterol. Higher 
cholesterol content of membranes reduced the interaction of Htt and 
prevented Htt-induced membrane permeabilization [245]. 

Taken together, sphingolipid metabolism is essential in maintaining 
favorable lipid environments and regulation of cellular proteostasis, 
including the determination of mHtt toxicity. 

5.2. Sphingolipids and mitochondrial functions in HD brain 

While mitochondria are able to synthesize several lipids autono-
mously (phosphatidylglycerol, cardiolipin and in part phosphatidyl-
ethanolamine, phosphatidic acid and CDP-diacylglycerol), they have to 
import other lipids, including sphingolipids [246]. Although sphingoli-
pids make up only a small portion of the mitochondrial liposome [247], 
they are crucial for cellular metabolism, including mitochondrial func-
tions [248]. Many sphingolipids and their associated enzymes appear to 
be located in mitochondria and functionally interact with them. 
Ceramides and sphingomyelins were found to be components of mito-
chondrial membranes and with advancing age their concentrations in 
mitochondrial membranes increased in mice [247]. A differential dis-
tribution within mitochondrial membranes has been described for 
ceramides, with a 3-fold higher concentration in outer than in inner 
mitochondrial membranes [249]. Several ceramide-producing enzymes, 
such as ceramide synthases [250,251], neutral sphingomyelinases 
[252–254] and neutral ceramidases [255] have also been suggested to 
be located within mitochondria. 

The best understood effects of sphingolipids on mitochondria are 
those of ceramides. While very long-chain ceramide species are 
considered benign in most cases [256], long-chain ceramides can have 
detrimental effects on mitochondria. This has been demonstrated for 
ceramide synthase 6-generated C16:0 ceramide that, via binding mito-
chondrial fission factor, triggered mitochondrial fission in liver, specif-
ically in high-fat diet-fed mice [257]. Knockout of ceramide synthase 6 
protected from hepatic mitochondrial fragmentation, systemic insulin 
resistance, non-alcoholic liver steatosis and obesity in those mice [257]. 
High levels of ceramides disrupt the electron transport system, causing 
an increase of ROS [248] and may promote mitochondrial cell-death 
pathways, particularly if associated with mitochondrial membranes 
[258]. Ceramides also importantly control cellular metabolism by 
enhancing fatty acid uptake and storage and inhibition of glucose and 
amino acid uptake, thereby favoring fatty acid utilization for energy 
metabolism [71]. Concomitantly, ceramide reduces mitochondrial 
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membrane potential and inhibits oxygen consumption via oxidative 
phosphorylation [63]. The resulting lower efficiency of mitochondria to 
utilize fatty acids leads to reduced ATP production, despite an increased 
break-down of fatty acids [71]. Thus HD-associated elevated ceramide 
levels may partially explain impaired energy metabolism and increased 
resting energy expenditure [259], despite characteristically increased 
calorie-intake and paradoxical concomitant weight loss in HD [260]. 

In summary, cellular-stress-related changes in ceramide levels exert 
pronounced effects on cellular energy metabolism, substrate utilization 
and survival, and affect oxygen utilization and dependence of cells. 
While these changes might likely be harnessed for protective adapta-
tions in healthy cells against hypoxic stress, it is possible that the com-
bination with additional stressors, such as proteotoxic stress in cells 
expressing mHtt, leads to metabolic maladaptations that promote dis-
ease progression. While presently mainly the detrimental effects of long 
ceramides on mitochondrial functions have been investigated, research 
on shifting “sphingometabolism” towards higher levels of more favor-
able sphingolipids (e.g., very long ceramides and especially S1P and 
gangliosides) may aid the development of novel strategies to improve 
cellular stress responses and therefore brain resilience in HD. 

5.3. Sphingolipids in the cellular stress response with a focus on hypoxic 
stress 

As outlined above, hypoxic stress is a dangerous condition for neu-
rons and is likely involved in HD pathogenesis. Hypoxia induces pro-
found adaptations in cells, including of mitochondria [261] and also 
substantially alters lipid metabolism. Acute hypoxia for example in-
creases circulating triglycerides [262] and oxidative stress related both 
to hypoxia and reperfusion [261] increases lipid peroxidation, mediated 
partly by increased 12/15-Lipoxygenase, which is associated with 
reduced mitochondrial integrity [263]. Among the mediators of cellular 
stress responses, sphingolipids are of particular importance 
[57,264–266] and alterations in enzyme activities and levels of different 
species contribute to cellular adaptations to overcome challenging 
conditions, including hypoxia. In response to many cellular stressors, 
sphingolipid compositions in cells change dynamically, rendering them 
interesting biomarkers for many diseases [9]. Sphingolipid homeostasis 
is a balance of sphingosine de novo biosynthesis, recycling and degra-
dation [62] and is crucial for cellular homeostasis in the brain [9]. 
Deficits in sphingolipid metabolism cause sphingolipidoses leading to 
lysosomal storage disorders [56]. Changes in sphingolipid levels in the 
brain profoundly affect cell physiology and have been suggested to be 
involved in the pathogenesis of various neurological diseases [68,70], 
besides HD, including ischemic injuries in the central nervous system 
[67] and Alzheimer disease [62]. Alterations of sphingolipid meta-
bolism during aging [68,70] suggest a prominent role specifically in age- 
related diseases. The homeostasis of sphingolipids and interconversion 
rates of sphingolipid subtypes has direct consequences on membrane 
dynamics and trafficking [267] and affects both aging and neurode-
generative processes [62]. The regulation of sphingosine subtypes by a 
specific stress stimulus often modulates the activity of more than one 
sphingolipid metabolism-associated enzyme [56]; overall about 40 en-
zymes and fluxes of substrates/metabolites are involved in the regula-
tion of sphingolipid levels [54,56]. 

Stressors, to which the sphingolipid system has been shown to be 
sensitive, include hypoxic/ischemic and oxidative stress, nutritional 
stress and free fatty acid excess, heat, pathogens and various cytokines 
and inflammatory mediators [106,256,268]. Resultant sphingolipid 
level changes modulate nutrient uptake, metabolic and epigenetic 
remodeling and exert reciprocal effects on the immune system. The 
modulating effects of the DNA damage response on ceramides is one of 
the earliest recognized inducers of sphingosines’ bioactive functions 
[56]. Sphingomyelinases have been shown to be receptive to many 
receptor-mediated and extracellular stress cues, with neutral sphingo-
myelinase upregulation having been linked robustly to the extracellular 

signal regulated kinase (ERK) cascade and pro-inflammatory responses, 
while acid sphingomyelinases seem to be particularly responsive to the 
stress-activated protein kinase/c-jun kinase (SAPK/JNK) cascade 
[269,270]. Similarly, the salvage pathway (catabolism of complex 
sphingolipids via sphingosine to ceramide) is activated by cellular stress, 
including due to TNF, radiation, and oxidative stress [63]. 

Neutral sphingomyelinase 2 is prominently regulated by DNA dam-
age responses [271], by epigenetic mechanisms [272] and by serine 
phosphorylation via ROS and tumor necrosis factor (TNF) signaling 
[273]. Alkaline ceramidase 2 is also induced by DNA damage responses 
and the resultant increased sphingosine levels were associated with 
increased oxidative stress, autophagy and apoptosis [274]. Acid sphin-
gomyelinase secretion is stimulated by various cytokines, such as TNF 
and interleukin-1 [275] but the function of secreted acid sphingomye-
linase is not well understood yet. Cellular stress increases ceramide 
levels in a dose-dependent manner [269] by sphingomyelinase upre-
gulation (leading to sphingomyelin hydrolysis) [106] and increased de 
novo synthesis or ceramide production via the salvage pathway [276]. In 
complex interdependence with other second messenger systems, cer-
amide then functions as intercellular second messenger, acts as stress 
signal and mediates responses such as growth arrest and survival [265], 
ultimately regulating whether a stressed cell undergoes programmed 
cell death or not [268]. 

Cerebral ischemia/reperfusion injury is robustly associated with 
increased ceramide biosynthesis, leading to elevated ceramide levels 
and deficits in mitochondrial respiration [250]. These effects required c- 
Jun N-terminal kinase 3 (JNK3), a regulator of neuronal apoptosis 
[250]. The role of ceramide synthases in mitochondrial Ca2+ homeo-
stasis and mitochondrial pathways involved in cell death regulation 
[250,251,277] is additional evidence for the important involvement of 
ceramide level regulation in apoptotic and necrotic cell death modula-
tion via mitochondrial pathways, as occurs in stroke and ischemia/ 
reperfusion injuries in the brain [278–280]. In contrast, administration 
of exogenous GM1 protected lipid rafts and rat brain myelin structure 
from hypoxia/ischemia-induced damage [281]. The role of ceramide 
metabolism in severity and progression of ischemic stroke has recently 
been reviewed [278]. These authors highlight the technical limitations 
of investigation of the role of ceramides in stroke, including the 
complexity of the system, owed to the interconnected and cell-type 
specific networks and interactions of different components of sphingo-
lipid metabolism and the technically challenging analysis. 

The ratio of ceramide and S1P levels functions as a crucial cellular 
rheostat, with higher ceramide favoring cell-death pathways while 
higher S1P levels promote survival and growth [83]. Like ceramide, S1P 
is an important signaling molecule of stress responses [191], but in 
contrast to elevated ceramide, increased S1P levels have been linked to 
protective outcomes related to vessel formation, inflammatory pro-
cesses, and neuronal survival. The balance of ceramide and S1P regu-
lates cell-death pathways, with the pro-apoptotic effects of ceramide 
being opposed by anti-apoptotic actions of S1P [282]. Ceramide and S1P 
levels further control tissue perfusion, which is essential to counteract 
hypoxic threats. In endothelial cells of blood vessels, ceramide is 
involved in the regulation of vasoconstriction and vasodilation. Rising 
lipid levels in vessels lead to ectopic ceramide formation in endothelial 
cells. This ceramide, via breaking the interaction of protein phosphatase 
2A (PP2A) with inhibitor 2 of PP2A (I2PP2A), induces increased 
dephosphorylation of endothelial nitric oxid synthase (eNOS), which 
reduces NO production and leads to endothelial cell dysfunction 
[283,284]. In addition, ceramide increased ROS in endothelial cells 
(possibly via inducing NADPH oxidase), which resulted in lower NO- 
levels too [256]. This process is implicated in hypertension and 
atherosclerosis [256] and potentially plays a role in hypoxic insults in 
neurodegenerative diseases as well. 

S1P-producing Sphingosine kinases 1 and 2 are highly sensitive to 
hypoxic stress and are involved in the coordination of related adaptive 
responses. Sphingosine kinase 1 expression and activity have been 
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demonstrated to be stimulated by reduced oxygen availability in endo-
thelial and smooth muscle cells via promoters that contain putative 
hypoxia-inducible factor-responsive-elements [285,286]. Sphingosine 
kinase 1 was further required for migration effects of endothelial cells in 
response to hypoxia [285]. Conversely, Sphingosine kinase 1 and S1P 
are important modulators of HIF-1, an effect depending on Akt/ 
GSK3beta signaling, [287–289] and HIF-target genes, such as vascular 
endothelial growth factor (VEGF) [290]. Conversely, both HIF-1 and 
HIF-2 regulate sphingosine kinase 1 [285,291], HIF-2 possibly by direct 
binding to the sphingosine kinase 1 promoter, as shown in cobalt 
chloride (CoCl2) – mediated chemically mimicked hypoxia in glioma- 
derived U87 cells [291]. Sphingosine kinase 1 activation further seems 
to depend on ROS, the levels of which are increased as a consequence of 
both hypoxia and reperfusion [261], as ROS scavenging prevented its 
upregulation in cancer cells [292]. The protective effects of sphingosine 
kinase 1 stimulation in ischemic/hypoxic insults have been extensively 
demonstrated in cardiomyocytes [293–296] but lack investigation in HD 
models. 

Also, sphingosine kinase 2 has been shown to be activated by hyp-
oxia both in lung cancer cells [297] and in brain [298,299]. Extracel-
lular signal regulated kinase 1/2 (ERK1/2) usually phosphorylates and 
thereby activates sphingosine kinase 1 and 2 [300,301]. Since ERK1/2 
pathways are impaired in HD [302], this may further deregulate 
sphingosine signaling and contribute to a shift towards a higher cer-
amide: S1P ratio. 

Another requirement of efficient adaptations to hypoxia is a flexible 
switch to alternative energy metabolism substrates. S1P-generating en-
zymes may also be involved in related metabolic switches. Such a 
function could be assumed from recent findings suggesting that sphin-
gosine kinase 1 is required for adaptations to low serine levels in human 
colon carcinoma cells [303]. In response to serine starvation, sphingo-
sine kinase 1 was down-regulated, which resulted in increased sphin-
gosine levels, led to reduced mitochondrial respiration and increased 
ROS production, although it also improved cell survival [303]. Whether 
similar adaptations to decreased substrate availability are relevant for 
HD pathogenesis remains to be elucidated. 

Sphingosine kinase 1 can be activated by a broad array of molecules, 

including cytokines, hormones, growth-factors, and many G-protein 
coupled receptor ligands. Such activation often results in the induction 
of ERK, which in turn phosphorylates serine 225 of sphingosine kinase 1, 
effectuating its translocation to the plasma membrane and S1P genera-
tion by the phosphorylation of sphingosine [304]. These pathways or the 
stimulation of S1P receptors include suitable targets to modulate cer-
amide: S1P balances with beneficial outcomes in HD 
[8,104,127,130,143,144]. Whether rescuing S1P levels is capable of 
restoring cellular stress responses and thereby renders cells more resil-
ient to hypoxic insults in HD, which in turn may modify disease pro-
gression, remains to be established. 

Taken together, sphingolipids are crucial players in the maintenance 
of cellular energy metabolism and proteostasis. The dysregulation of 
sphingolipid levels contributes to a reduced efficiency of cells to deal 
with cellular stress, particularly stress caused by impaired oxygen or 
nutrient supply to vulnerable brain regions, such as the striatum. 
Consequently, alterations in sphingolipid levels are likely involved in 
the development of neuroinflammation and neurodegeneration and 
therefore in the disease progression of HD (see fig. 2). 

6. Hormesis and conditioning in HD 

Hormesis describes a biphasic response of a stressor, with high levels 
of this stressor being detrimental, while levels that can be dealt with by 
the cellular environment and the entire organism through adequate 
adaptations, even render cells and organism more resilient to subse-
quent injuries of similar quality, a process termed “conditioning” [173]. 

The possibility that hormetic processes are at work during HD dis-
ease progression or that the adaptive capacities are impaired in HD, 
thereby attenuating beneficial molecular and systemic responses, has 
been previously suggested [191,305,306]. Zuchner and Brundin [305] 
argued that acquired higher resilience to excitotoxicity in several HD 
mouse models may be due to reduced cellular vulnerability due to al-
terations of unknown features of N-terminal Htt. Extracting common-
alities between the resilience-inducing models, Zuchner and Brundin 
[305] identified the expression of exon 1 human Htt with poly-Q 
stretches in the pathological range, which however does not lead to 

Fig. 2. The central role of sphingolipids in the impaired cellular stress response and neuro-degeneration in HD. Htt – Huntingtin protein.  
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neuronal protection in all models. Especially the expression of long Htt 
forms was not associated with protection from excitotoxicity. 

The increasing resilience to quinolinic acid in the murine HD models 
R6/1 and R6/2 had been described by the same group around Patrick 
Brundin [307,308]. This and other groups later demonstrated similar 
effects in other HD model mice and increased resistance also to other 
neurotoxic compounds, as reviewed by Zuchner and Brundin [305], and 
also to global cerebral ischemia [309]. Hansson et al. [308] further 
demonstrated that mHtt conferred age- and CAG-repeat-dependent 
protection of striatal cells in R6/1 and R6/2 mouse models of HD and 
they proposed that mild metabolic stress due to mHtt increased cellular 
resistance to excitotoxicity in a hormetic-like manner. 

Zuchner and Brundin [305] consider the possibility that toxic poly-Q 
stretches generally induce resilience by adaptative mechanisms but 
deem it unlikely based on the fact that other, similar HD models do not 
exhibit the same neuroprotective features and models without toxic Htt- 
fragments can also develop comparable neuronal resilience. They reason 
that rather modifications of Htt, such as conformational changes, ag-
gregation or Htt location within the cells, determine the development of 
resilience. Another possibility, however, could be the efficiency of 
cellular stress responses in the respective animal models that likely are 
associated with characteristic sphingolipid metabolism patterns. We 
hypothesize that low cellular stress response capacities are associated 
with faster disease progression. 

The appearance of intranuclear Htt aggregates in the cortex and 
striatum of R6/1 and R6/2 mice that correlates with the onset of pro-
tection from quinolinic acid [308] is an indication for a role of Htt- 
aggregation localization in hormetic resilience development. 

Intriguingly, 3-NP, which at higher doses results in HD-like pheno-
types, promoted health and extended survival if administered at sub- 
harmful doses to R6/2 mice with 400 CAG repeats [310]. The out-
comes were less consistent for R6/2 mice with 250 CAG repeats, where 
female mice benefited substantially, while in male mice survival was 
even reduced [310]. The conditioning effects of 3-NP at lower doses and 
their detrimental neurodegenerative consequences at higher doses are 
reminiscent of hormetic effects, i.e. the characteristic biphasic response 
with beneficial outcomes at lower doses (that cells or the organisms can 
tolerate and adapt to) and detrimental outcomes at higher doses. 
Various compounds that showed benefits in rodent models of HD have 
been suggested to exhibit hormetic-like biphasic responses [306]. This 
suggests that HD progression is amenable to conditioning-like in-
terventions. In line with this assumption, the induction of a cellular heat 
shock stress response in the R6/2 mouse HD model by 15 doses of 
Withaferin A over a month in adult mice ameliorated HD-related 
symptoms and increased life-span [311]. 

In HD cybrids (cytoplasmic hybrid systems) cells derived from HD 
patients with 42-44 CAG repeats in Htt slightly decreased mitochondrial 
membrane potential and slightly increased reactive oxygen levels were 
observed at baseline [312]. These cells also were characterized by 
different cell death mechanisms as compared to control cybrids in 
response to 3-NP or staurosporine, involving higher cytochrome c 
release and thus suggesting higher susceptibility to reduced membrane 
integrity [312]. These differences indicate chronically elevated cellular 
stress levels that may interfere with beneficial conditioning effects, 
rendering otherwise mild challenges (e.g., oxidative stress or ischemic/ 
hypoxic episodes) hazardous for these cells. In support of this hypoth-
esis, striatal neurons of young adult Hdh150 knock-in mice displayed no 
impairments in mitochondrial Ca2+ buffer capacity, but in energy- 
demanding conditions (NMDA receptor activation) they were more 
vulnerable to excessive Ca2+ [227]. 

Furthermore, impaired mitochondrial respiration in vivo in a HD 
mouse model was absent unless induction of additional metabolic stress 
[224]. In YAC128 mice, increased mitochondrial Ca2+ uptake capacities 
were observed, possibly a consequence of fatty acids sequestered by 
mHtt, which was associated with mitochondria [313]. While this might 
indicate increased resilience against Ca2+ mediated cellular damage, it 

could also be indicative for a reduced sensitivity of the mitochondria in 
response to variation in Ca2+ level changes, which in turn may result in 
reduced adaptations to associated cellular stress. Subtle and age- 
dependent reductions in Ca2+ sensitivity to induce mitochondrial 
permeability transition in mice expressing mHtt with more than 92 Q 
have indeed been reported by Brustovetsky and colleagues [314]. 
Although results from different HD models on mitochondrial Ca2+

handling vary [226], a dysregulation in HD is likely and, therefore, 
probably impairs homeostatic processes that are required for successful 
adaptation to cellular stress and protective hormesis responses. 

We hypothesize that increased basal metabolic and proteotoxic stress 
associated with HD progression and mHtt pathology elicits continuous 
cellular stress responses in HD. This chronic activation of adaptive 
mechanisms and the associated changes in sphingolipid metabolism 
potentially contribute to a delay of symptomatic manifestations in early 
disease stages and some HD models. This may mask mitochondrial 
dysfunction but also renders the chronically stressed environment 
vulnerable to additional stressors. Among the most common cellular 
stressors is hypoxia and related oxidative stress that can result from 
reduced oxygen inspiration, for example, due to environmental condi-
tions, such as at high altitude or due to pathological systemic (e.g., sleep 
apnea, respiratory or cardiovascular diseases) or tissue (e.g., inflam-
mation, stroke, cancer) hypoxia. In addition, motor-cognitive challenges 
can result in “functional” hypoxia in specific brain regions [315,316] 
that in HD might be sufficient to exceed specific cell populations’ 
adaptive capacities, which in turn rely on sphingolipid metabolism. 
Therefore, protocols to improve the adaptive responses to hypoxic stress 
in controlled settings may be suitable to re-calibrate sphingolipid ho-
meostasis and improve cellular resilience to insults related to compro-
mised oxygen supply. Although direct evidence for this hypothesis is 
currently lacking, a few reports suggest benefits of targeting pathways 
related to hypoxia adaptations, namely HIF and NRF2 pathways. Acti-
vation of HIF-1 signaling using betulinic acid hydroxamate (which de-
activates prolyl hydroxylase 2 that otherwise would hydroxylate HIF-1α 
to label it for degradation) for example was shown in striatal HD cells 
(STHdhQ111/Q111) to induce expression of the HIF-1 regulated Vegf and 
Bnip3 genes (the gene products of which are involved in angiogenesis 
and mitophagy/apoptosis, respectively) and to reduce cell toxicity 
[317]. In a mouse 3-NP model of HD, daily i.p. injections of betulinic 
acid hydroxamate (30 mg/kg) improved motor symptoms, attenuated 
neuronal loss, [318] mitigated reactive astrogliosis and microglial 
activation and improved antioxidant defenses and inflammation 
markers in the brain [317]. The pharmacological induction of an anti-
oxidative stress response by inducing the hypoxia-regulated transcrip-
tion factor NRF2, a key transcription factor in antioxidative cellular 
responses, has been reported to be beneficial in primary astrocytes 
derived from zQ175 knockin or wild-type mice [319]. In conditions of 
additional oxidative stress, elevating NRF2 partially rescued mito-
chondrial membrane potential and ATP-levels in both genotypes [319], 
while astrocytic mitochondria were not substantially impaired in the HD 
condition alone. 

In summary, sphingolipid metabolism and associated cellular stress 
response capacities in HD are impaired and results from numerous HD 
models suggest that HD progression is amenable to conditioning effects 
and modulation of hypoxia adaptations. It is thus conceivable that 
specific conditioning approaches improve sphingolipid metabolism or – 
conversely – that restoring sphingolipid homeostasis ameliorates 
cellular stress responses, allowing more efficient adaptations, and both 
could lead to a beneficial modification of HD disease progression. 

7. Conclusion 

HD is caused by mutation of Htt. Despite this clear causality, hitherto 
poorly understood factors modulate disease onset and progression, 
development and severity of symptoms. Herein, we reasoned that dys-
regulation of the sphingolipid metabolism is a crucial factor in HD 
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progression and closely associated with cellular stress tolerance in the 
brain, especially to low oxygen availabilities, regulation of proteostasis 
and neurodegenerative processes. Among the main consequences of 
impaired sphingolipid metabolism are various mitochondrial dysfunc-
tions, such as impaired mitochondrial dynamics, quality control and 
ATP-production capacity, as well as protein aggregation pathology. We 
summarized the pronounced alterations of sphingolipid-levels in HD 
brain and in tissues and cells of HD models that reveal a characteristic 
sphingolipid pattern change in HD, including increased levels of long 
ceramides and reduced levels of S1P and various gangliosides, notably 
GM1. Detrimental effects of long ceramides on cellular resilience by 
compromising mitochondrial functions and cellular oxygen consump-
tion are relatively well acknowledged. The potential to rescue cellular 
resilience by enhancing levels of more favorable sphingolipids (e.g., 
very long ceramides and especially S1P and gangliosides) to improve HD 
remains a future challenge. 

Although much research in HD is still neurocentric, the important 
roles of other brain cell types in HD progression is increasingly recog-
nized. This is also relevant for changes in sphingolipid metabolism in HD 
that have been recently shown to be specific for different cell types. 
Unsurprisingly, glial cell types such as astrocytes and microglia, are also 
crucial players in hypoxic stress responses, also due to the metabolic 
support they can provide to neurons and their involvement in clearance 
of HD-associated waste products. Therefore, the characterization of 
sphingolipid levels and specific effects of sphingolipid-imbalances in 
specific cell-types and cell populations in HD will help to better under-
stand the “sphingolipid factor” in HD and possibly enable highly specific 
treatment approaches targeting only the mainly affected cells to rescue 
favorable sphingolipid patterns. 

In conclusion, lipids are emerging as major players in HD, shaping 
pathologies and modulating symptom onset and severity. Sphingolipids 
play a key role in cellular resilience to stress and their alterations in HD 
are probably linked to the compromised beneficial adaptations to stress 
in HD. This affects responses to endogenous cellular stress, arising for 
example from proteotoxicity but also from impaired mitochondrial 
functions. In addition, reduced oxygen and/or nutrient supply following 
exogenous insults, such as immune reactions, trauma or reduced blood 
flow (e.g. due to cardiovascular events) pose greater risk factors than 
usual in absence of efficient cellular adaptations. Pharmacological tar-
geting of sphingolipids (ideally cell type/population specific), “condi-
tioning” or modulating the hypoxic stress responses of the brain 
represent potential interventions to optimize the sphingolipid balance 
and improve the cellular stress response. 
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