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Editorial

Special Issue on “Sphingolipids: From Pathology to
Therapeutic Perspectives”

Gerhild van Echten-Deckert

Life & Medical Science (LIMES) Institute for Membrane Biology and Lipid, Biochemistry at the Kekulé-Institute,
University of Bonn, 53121 Bonn, Germany; g.echten.deckert@uni-bonn.de

Received: 29 October 2020; Accepted: 30 October 2020; Published: 3 November 2020

It is an honor for us to dedicate this Special Issue to our dearest friend Lina Obeid, who was not
only a pioneer in the field of sphingolipids, but also a remarkable personality. We lost her on November
19, 2019. There are no words to describe the deep pain we feel in losing Lina Obeid, an internationally
recognized scientist, a wonderful mentor, ardent mother, and last but not least an empathic and
cheerful friend. Among her numerous outstanding scientific achievements, I want to highlight her
study published in 1993 in Science, where she showed for the first time that ceramide is a bioactive
lipid that plays a role in apoptotic cell death [1]. This publication opened up a new era in sphingolipid
research. Lina was also one of the first to recognize the key role of sphingosine kinase 1 (5K1) in cancer
and to envision this enzyme as an anticancer target in p53-dependent tumors [2,3]. Last but not least,
I want to mention the numerous excellent and helpful reviews she wrote, often together with her
husband Yusuf Hannun, such as the one from 2018, which depicts and updates our knowledge on the
critical roles of sphingolipid metabolism in physiology and disease [4]. Thank you, Lina.

Sphingolipids are ubiquitous components of cellular membranes [5]. Following their discovery in
the brain and first description in 1884 by J.L.W. Thudichum [6], sphingolipids were largely overlooked
for almost a century, perhaps due to their complexity and enigmatic nature [7,8]. It was with
the discovery of sphingolipidoses, a series of inherited diseases caused by mutations of enzymes
involved in sphingolipid degradation that sphingolipids returned to the limelight [9-11]. The essential
breakthrough came decades later in the 1990s with the discovery that sphingolipids are notjust structural
elements of cellular membranes, but they are also intra- and extracellular signaling molecules [12].
It turned out that not only their complex carbohydrate head-groups, but especially their lipid backbones,
including ceramide [1,13] and sphingosine-1-phosphate (51P) [14] have selective physiological functions.
As a result of this new concept, sphingolipids emerged as essential players in many pathologies
including cancer [15,16], diabetes [17], neurodegenerative disorders [18], and autoimmune diseases [19].
The present issue reflects the evolvement of sphingolipids as bioactive signaling molecules that have
unexpectedly eclectic functions in health, disease, and therapy.

In cells, sphingolipids are generally lower in abundance than glycerolipids or cholesterol,
representing less than 20% of total lipid mass [20]. The mammalian brain contains the largest amounts
of sphingolipids in the body. Thus, it is not surprising that a rather large number of the contributions
to this Special Issue refer to the role of sphingolipids in brain health and disease.

The review by Lucaciu et al. highlights the role of S1P and its receptors in neurological disorders.
This contribution provides a detailed picture of S1P metabolism and function in different cellular
compartments. Most interestingly, the authors present an array of drugs targeting the S1P signaling
pathway, which are being tested in clinical trials.

Related to this review, the study of Alam et al. shows that S1P accumulation in neural cells exerts
pathological effects that are receptor-independent. This group of researchers have previously shown
that S1P is not always neuroprotective [21,22]. Interestingly, the harmful effects of S1P were also
shown in beta-cells of the pancreas [23]. Of note, neurons and pancreatic beta-cells share important
developmental transcriptional programs [24].

Cells 2020, 9, 2404; doi:10.3390/cells9112404 1 www.mdpi.com/journal/cells



Cells 2020, 9, 2404

Rose-Mary Boustany’s research group studied the impact of sphingolipid metabolism in juvenile
neuronal ceroid lipofuscinosis (now classified as CLN3 disease), which represents the most common
form of neuronal ceroid lipofuscinoses (NCLs), a family of fatal, inherited pediatric neurodegenerative
disorders [25]. The present contribution by Maloouf et al. proposes that flupirtine could be of use as a
therapy for CLN3 disease and represents a first approach to define the mechanisms through which it
may exert its actions.

Two other contributions focus on sphingolipid metabolism and its role in the central nervous
system. Zoicas et al. elucidate that in major depression and comorbid anxiety, the activity of enzymes
that catalyze both ceramide generation and degradation, including sphingomyelinases and ceramidases,
respectively, are elevated in particular brain regions. In a related context, Cosima Rhein’s research
group has presented a novel mouse model of depression. In this model, overexpression of acid
sphingomyelinase is restricted to the forebrain (see the contribution by Zoicas, Schumacher et al.).

However, the metabolism of ceramide is not only central to the brain, it has also been
shown to play a major role in cellular and physiological processes including apoptosis, senescence,
and inflammation [26]. The review by Duarte et al. focuses on ceramidases but also gives a detailed
picture of ceramide metabolism and its involvement in numerous pathologies. Last, but not least,
the authors discuss the usefulness of these enzymes as therapeutic tools.

As mentioned above, diabetes and the metabolic syndrome are other human pathologies in which
the role of sphingolipids is continuously being unraveled. Intriguingly, inhibition of ceramide synthesis
in models of metabolic diseases prevents insulin resistance and diabetes and hence complications
related to this disease [27]. In addition, C16-ceramide accumulation has been directly correlated with
insulin resistance [28]. Guitton et al. present a detailed overview of the role of SIP in obesity and type
2 diabetes, whereas the contribution of Gurgul-Convey discusses in depth what is known so far about
the involvement of sphingolipids in beta-cell physiology and pathophysiology, and their contribution
to type 1 diabetes development and progression.

Sphingolipids and cancer represent another important chapter with regard to the versatile
functions of these molecules. In this volume, the review by Carrié et al. provides a very useful
and important piece of information on the putative role of alterations of sphingolipid metabolism in
tumorigenesis, progression and therapy of malignant melanoma.

The key role of SK1 in cancer was a core area of Lina Obeid’s research [3]. Indeed, SK1 activity
directly impacts the level of 3 bioactive sphingolipids; on the one hand it drives the formation of
S1P while simultaneously clearing sphingosine, hence, impeding the generation of ceramide via the
salvage pathway. It is therefore important to understand the mechanism of its regulation. The present
Issue offers two contributions regarding this question. The contribution by Bonica et al. from Lina’s
group provides a comprehensive overview of the transcriptional regulation of SK1, indicating the role
of different transcriptions factors as well as of microRNAs in different systems in healthy and diseased
states. Post-transcriptional and post-translational control of SK1 by G-protein coupled receptors
(GPCRs) is one of the research topics examined by Meyer zu Heringdorf’s group. The latest findings of
Blankenbach et al. on the Gg/11-mediated plasma membrane translocation and the activation of SK1
are part of this Special Issue.

The study by Griéler’s group (Paul et al.) uncovers a new aspect of the role of SIP as an
effective endothelial cell barrier stabilizing signaling molecule, which involves its secretion via the
S1P-transporter Spinster homolog 2 (Spns2).

Studies on the role of S1P and its receptors in myocardial function are presented by Wafa et al.,
where it appears that S1P acts as a double-edged sword. As shown and discussed by the authors,
depending on the physiological conditions, S1P may exert a protective or a deleterious effect on
cardiac function.

Paola Signorelli’s research group has extensive experience regarding the role of sphingolipids in
cystic fibrosis. Here, Mingione etal. provide evidence on how the controlled modulation of sphingolipid
metabolism can function as a useful therapeutic strategy to overcome this inherited disease.
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The articles in this Special Issue are written by leading experts and cover many of the various

roles played by sphingolipids in pathologies that are driven by perturbed sphingolipid metabolism.
I'am convinced that this fascinating lipid class will continue to be the subject of up-and-coming future
discoveries, especially with regard to new therapeutic strategies.

Funding: Ongoing work in the van Echten-Deckert Lab is funded by the German Research Foundation (Deutsche
Forschungsgemeinschaft, grant EC 118/10-1).
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Abstract: Sphingosine 1-phosphate (S1P), derived from membrane sphingolipids, is a pleiotropic
bioactive lipid mediator capable of evoking complex immune phenomena. Studies have highlighted
its importance regarding intracellular signaling cascades as well as membrane-bound S1P receptor
(S1PR) engagement in various clinical conditions. In neurological disorders, the SIP-S1PR axis is
acknowledged in neurodegenerative, neuroinflammatory, and cerebrovascular disorders. Modulators
of S1P signaling have enabled an immense insight into fundamental pathological pathways,
which were pivotal in identifying and improving the treatment of human diseases. However,
its intricate molecular signaling pathways initiated upon receptor ligation are still poorly elucidated.
In this review, the authors highlight the current evidence for S1P signaling in neurodegenerative
and neuroinflammatory disorders as well as stroke and present an array of drugs targeting the S1P
signaling pathway, which are being tested in clinical trials. Further insights on how the SIP-S1PR axis
orchestrates disease initiation, progression, and recovery may hold a remarkable potential regarding
therapeutic options in these neurological disorders.

Keywords: sphingosine 1-phoshate; sphingosine 1-phosphate receptor; S1Pj_s; sphingosine
1-phosphate metabolism; sphingosine 1-phosphate antagonistst/inhibitors; sphingosine 1-phosphate
signaling; stroke; multiple sclerosis; neurodegeneration; fingolimod

1. Introduction—S1P Metabolism and Signaling

Three decades ago, sphingosine 1-phosphate (S1P) was identified as an intracellular signaling
agent in relation to calcium release from intracellular stores and metabolic adaptations [1]. The balance
between sphingosine and S1P, both metabolites of its precursor ceramide, and their subsequent
activation of effector kinases were shown to matter in imposing regulatory effects in the determination
of whether a cell is destined for cell death or proliferation [2]. The sphingolipid metabolism is almost
as complex as its protean intricacies to signaling pathways.

1.1. De Novo Sphingolipid Synthesis and Signaling at the Endoplasmic Reticulum

Denovo sphingolipid biosynthesis is initiated in the smooth endoplasmic reticulum (sER) (Figure 1).
Here, the a-aminocarbonic acid serine and the lipid palmitoyl-CoA (PalCoA) are enzymatically
processed by the key enzyme serine palmitoyltransferase (SPT)—which is negatively regulated
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by ORM1-like protein 3 (ORMDL3) [3]—to 3-ketosphinganine [4-6]. Subsequent conversion of
3-ketosphinganine to S1P is promoted by enzymatic reactions including a reduction to sphinganine,
a synthase reaction to dihydroceramide, and a desaturase reaction to ceramide followed by deacylation
by ceramidase (CDase) and a phosphorylation by sphingosine kinase (SphK), which exists in two
isoforms (SphK1 and SphK2) [6-8]. In general, the formation of the ceramide and the sphingoid
bases represents the backbone of the sphingolipid metabolic pathway, as they can be utilized for
the synthesis of complex glycosphingolipids. Glycosphingolipids are crucial components of cellular
membranes [4,9], such as glucosylceramide or sphingomyelin manufactured by glucosylceramide
synthase (GCS) or sphingomyelin synthase (SMS), respectively [10,11]. These various enzymatic
reactions are not irreversible per se, since ceramide can be generated by sphingomyelin hydrolysis
and/or recycling of complex sphingolipids [10,12,13]. Ultimately, S1P can irreversibly be degraded
by S1P lyase into phosphoethanolamine (PE) and hexadecenal, both of which are being further
processed [14,15]; PE is used for the synthesis of phosphatidylethanolamine and hexadecenal is used
to replenish the PalCoA pool [15-18]. This cycle of de novo sphingolipid synthesis is tightly controlled
by NOGO-B, a protein located within the membrane of the endoplasmic reticulum, which inhibits
SPT [19,20]. Alternatively, SIP can be converted back to ceramides by dephosphorylation through
sphingosine 1-phosphate phosphatase (SGPP) 1 or SGPP2 [21,22], both of which are members of the
lipid phosphate phosphohydrolase (LPP) family [23]. This pathway can substantially contribute to the
synthesis of complex sphingolipids within a cell subject to cell type and metabolic demand [24,25].
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Figure 1. Sphingolipid biosynthesis, sphingosine 1-phosphate (S1P) release, and signaling. SIP is
generated in different compartments within a cell. Nuclear SIP influences the balance between
chromosome density by histones and telomere length impacting on metabolic adaptations and cell
proliferation. De novo S1P synthesized at the smooth endoplasmic reticulum may be utilized for complex
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sphingolipid synthesis, crucial components of cellular membranes. Mitochondrial S1P influences
mitochondrial respiration by activating complex IV. SIP generated at the intracellular leaflet of
the plasma membrane (PM) is either used for intracellular signaling converging on the TNFx or
the PPARy pathways or is exported to induce autocrine or paracrine stimulation transported by
apolipoprotein (ApoM)-containing high-density lipoprotein (HDL) or albumin and signaling via
membrane-bound S1P receptor (S1PR). Intracellularly, S1PR recruit different heterotrimeric G proteins
to initiate different signaling pathways, which results in the down-regulation of SIPR via (3-arrestin
dependent recruitment of G protein receptor 3-arrestin-regulated kinase 2 (GRK2), allowing dynamin
and moesin-dependent endosome recruitment. Endosomal S1PR are either recruited to the PM or
polyubiquitinylated by NEDD4-like E3 ubiquitin ligase WWP2 (WWP2) targeting S1PR for proteasomal
degradation. Endosomal remnants are fused with the lysosome (the place where complex sphingolipids
are degraded) to fully degrade proteinaceous or lipid cargo, ultimately replenishing the S1P pool.
The figure is a modified version of Cartier and Hla [26] and Kunkel et al. [23].

1.2. Synthesis and Signaling of Sphingosine 1-Phosphate in Mitochondria and at the Plasma Membrane

Mitochondrial S1P (Figure 1), produced by SphK2, facilitates oxidative phosphorylation (OXPHOS).
This effect was shown to be mediated by stabilizing the scaffolding protein prohibitin-2 (PHB2), which,
in turn, eases the recruitment of cytochrome ¢ oxidase (CCO) and thus the assembly of complex IV of
the respiratory chain [23,27]. The most important site of SIP production is the plasma membrane (PM)
itself (Figure 1), which is composed of a lipid bilayer, predominantly consisting of an extracellular
(EC) and an intracellular (IC) phospholipid leaflet. Here, S1P is derived from sphingomyelin,
an integral component of cellular membranes [4]. Sphingomyelin is metabolized to S1P via the
enzymes sphingomyelinase (SMase), CDase, and sphingosine kinase 1 (SphK1) [28,29]. At this point,
S1P can either be exported using the multi-pass membrane proteins spinster homolog 2 (SPNS2) [30-33]
or major facilitator superfamily domain-containing protein 2B (MFSD2B) [30-32], respectively, or
employed for further immediate intracellular signaling cascades. In terms of intracellular signaling,
S1P can engage in tumor necrosis factor-o (TNF-x) receptor-associated factor 2 (TRAF2) [34] and
TRAF6-dependent TNF-« signaling [35]. S1P can either recruit the atypical protein kinase C (PKC)
subtypes ¢ (PKCC) or t (PKCL) to sites of distinct membrane microdomains using receptor for activated
C kinase (RACK) proteins [36-38] or associate with the TRAF2 complex [34]. This, in turn, allows
the activation of the interleukin-1 (IL-1) pathway via TRAF6, cell survival, and convergence on the
TNF-« pathway downstream of TRAF2 [28,34,39-41]. The association with the TRAF2 complex is
said to occur by engaging with the N-terminal adjacent really interesting new group (RING) domain,
which allows activation of the intramolecular E3 ligase domain of TRAF2 [28,34,41]. The activation
of TRAF2's E3 ligase lures receptor-interacting serine/threonine-protein kinase 1 (RIP1) in close
proximity, allowing polyubiquitination of its Lys® residue. Polyubiquitination of Lys® stimulates
RIP1’s kinase activity, which results in the phosphorylation of the inhibitor of nuclear factor k-B
kinase (IkB-k). As a consequence, the nuclear factor k-light-chain-enhancer of activated B cells (NF-«B)
signaling pathway is engaged, since IkB-k is now able to facilitate the down-regulation of the NF-«B
inhibitor & (IkBx). This culminates in the uncoupling of IkBex from NF-«B revoking its inhibitory effect
and allowing NF-«B’s nuclear translocation [28,34,35]. Crosstalk between TRAF2 and TRAF6 was
previously reported, as both can engage with atypical PKCs via protein p62 [39], are able to recruit
TGF-B-activated kinase 1 and MAP3K7-binding protein 3 (TAB3) [40,42], or can be polyubiquitinylated
given the presence of a RING domain in TRAF6 [43]. Moreover, a disruption of TRAF6 binding sites,
for example, only mildly impacts NF-«B signaling in the presence of TRAF2 and TRAF3 [44]. Beyond
the TNF-« signaling pathway, S1P signaling can vitalize adipogenesis, glucose (Glc) metabolism,
and p-oxidation via peroxisome proliferator activated receptor y (PPARYy) [15,45,46]. By binding to
its His®? residue, S1P activates PPARY, increasing the likelihood of an association with the PPARy
co-activator 13 (PGC1p), a necessary co-transcription factor for nuclear translocation [46,47].
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1.3. Sphingosine 1-Phosphate Signaling in the Nucleus

SphK2, the predominant isoform in the sER and mitochondria [27,48], is also predominant in the
nucleus (Figure 1) [49-53]. Nuclear S1P was shown to be critically involved in influencing the balance
between cellular quiescence and proliferation. Hait et al., showed that S1P produced in the nucleus
binds to the class I histone deacetylases (HDAC) 1 and 2, which results in their inhibition [53]. In general,
HDACI and HDAC2's function lies in removing acetyl residues coupled to the x-aminocarbonic
acid lysine close to the amino-terminal end of the histone protein H3 [54-56]. Therefore, the removal
of these negatively charged residues culminates in a net positive charge of H3, increasing its tight
association with the negatively charged deoxyribonucleic acid (DNA). Ultimately, the inhibition of
HDAC1/2 enhances transcription of cyclin-dependent kinase inhibitor 1 (p21) and the proto-oncogene
c-Fos (c-fos) [53]. Conversely, SIP may bind to human telomerase reverse transcriptase (W\TERT) [57],
which may allow makorin ring finger protein 1 (MKRNT1) to dissociate due to competitive binding
sites [57,58]. This signaling cascade results in telomere maintenance, cell proliferation, and tumor
growth [57].

1.4. Sphingosine 1-Phosphate in Autocrine and Paracrine Signaling

Detailed experimental evidence is available for the mechanisms of “inside-out” autocrine and
paracrine S1P signaling. After release into the extracellular compartment via SPNS2 [30-33] or
MFSD2B [30-32], S1P is swiftly bound by its chaperones due to its hydrophobic character. These
chaperones are apolipoprotein M (ApoM)-containing high-density lipoprotein (HDL)—to some extent
also to very low-density lipoprotein (VLDL) and low-density lipoprotein (LDL) [59,60]—or albumin,
respectively [61-63]. Subsequently, upon release and chaperoning by HDL or albumin, ligation of
the five known heptameric G protein-coupled S1P receptors (S1PR) 1-5 (S1P;_s5) (Figure 1) [64-69]
can result both in autocrine and paracrine signaling [70-72]. Signaling via S1PR is tightly regulated.
Fine tuning of S1P-S1PR signaling may occur via post-translational modifications, e.g., through
palmitoylation by the palmitoyltransferase DHHC5 (DHHCS5) [73] and, at some point, termination
of the signaling cascade may be achieved by (3-arrestin-dependent recruitment of G protein-coupled
receptor kinase 2 (GRK2), which phosphorylates SIPR, resulting in dynamin and moesin dependent
establishment of the endosome [74-79]. At this point, re-routing, i.e., recycling of the receptor to the
PM [80], polyubiquitination by the NEDD4-like E3 ubiquitin protein ligase WWP2 (WWP2) resulting
in proteasomal degradation [81], or fusion with the lysosome in order for complete proteinaceous and
lipid residue degradation can occur (Figure 1) [82-84]. The latter endolysosomal salvage pathway
is of particular importance for cellular homeostasis and disassembly of complex sphingolipids to
ceramides or allowing endolysosomal SphK1 to produce S1P, respectively [85-87]. The herein discussed
mechanisms are briefly summarized in Figure 1.

1.5. External Action of Sphingosine 1-Phosphate through S1PR

With respect to S1PR ligation, the de facto signal triggered is dependent upon the S1PR subtype,
the presence of co-regulatory agents, and the heterotrimeric G protein recruited. To date, five bona
fide cognate receptors for S1P are known, namely S1P;_s5 (Figure 2) [88]. S1P;, the most commonly
expressed S1P receptor in the brain [89], appears to be most selective as it binds only to Gexjo [66,90].
S1P,, also binding to Goyo, is capable of associating with Gog, G213, and Gos [66,88,90], however, it
couples most efficiently with G113, subsequently activating the small GTPase Rho [91-93]. S1Pj is said
to couple with Gy, Gag, and Gioy13, although a higher affinity/likelihood for association with Gog was
observed, ultimately resulting in intracellular Ca?* enrichment and activation of PKC [92,94]. S1P, and
S1P5 can couple to Gas, Gog, and Giys [88,95]. Regarding the intracellular signaling pathways
triggered, the interested reader is referred to reviews entirely dedicated to detailing molecular signaling
and transcriptional cascades triggered in appreciation of the heterotrimeric G protein recruited [96-99].
Regarding receptor activation or inhibition due to the presence of co-regulatory agents, S1P; can be
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activated by cluster of differentiation molecule (CD) 44 (CD44) (hyaluronic acid receptor) or activated
Protein C (aPC) [100,101], whilst inhibition by CD69, S1P, (in dermal v T cells), or LPA; was reported
previously [102-104]. Unlike NOGO-B, NOGO-A, a multi-pass PM and ER protein whose expression
is confined to the central nervous system (CNS), was shown to activate the S1P binding domain A20 of
S1P,, thereby restricting neurite outgrowth via engagement with the G;3-RhoA signaling pathway [105].
Moreover, conjugated bile acids (CBAs) and FAM19A5 were other activators of S1P, [106,107]. Figure 2
gives a synopsis signaling cascades upon S1P;_5 ligation.
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Figure 2. Sphingosine 1-phosphate receptors, canonical pathways, and functions triggered.
The currently discovered S1P receptors 1-5 (S1P;_s) are displayed. SIPR are naturally activated by S1P
and to some extent by dihydro-S1P (sphinganine 1-phosphate) and phyto-S1P (4-hydroxysphinganine
1-phosphate), but also competitive/allosteric activation and inhibition by other molecules are described.
Upon activation, SIPR can recruit various heterotrimeric G proteins, which, in turn, allow a finely tuned
intracellular signaling cascade to be evoked by means of both G and Gfy. Thus, differential SIPR
expression in response to varying environmental lipid contexts, i.e., S1P, dihydro-S1P, and phyto-S1P,
respectively, may result in a context- and cell type-dependent function triggered.

2. Implications of Sphingolipids in Neurological Disorders

2.1. The Sphingolipid Metabolism in Neurodegenerative Disorders

Neurodegenerative diseases are commonly characterized by intracellular or extracellular
aggregation of misfolded proteins. These diseases most commonly comprise Alzheimer’s disease
(AD), characterized by the proteins amyloid-f and tau, Parkinson’s disease (PD; a-synuclein),
and amyotrophic lateral sclerosis (ALS), in which TAR DNA-binding protein 43 deposition is
observed [108]. With respect to the accumulation of the ontogeny of the protein misfolded, different
classifications of neurodegenerative conditions were established, denoted as tauopathies [109],
synucleinopathies [110], or prion diseases [111] (Figure 3).

Regarding AD, increasing evidence supports the crosstalk between sphingolipids and aberrant
protein aggregation [112,113]. Amyloid-B-peptide (A) is cleaved from amyloid precursor protein
(APP) by the B- and the y-secretase enzymes, while x-secretase acts within the A sequence [114].
APP cleavage and the release of AP from the PM subsequent to its production in lipid rafts are
influenced by lipid composition [115,116]. Alterations in membrane lipid composition have a key role
in the subsequent subcellular transport and trafficking of these proteins [114,116,117].

Perturbations in the neurovascular unit (NVU) result in a compromised barrier function and
dysregulation and reduction in cerebral blood flow (CBF), which is implied to be involved in the
pathogenesis of AD [118-127]. Vascular tightness via tight junctions is influenced by the sphingolipid
metabolism. In that regard, acid SMase activity and ceramide production in endothelial cells were
linked to vascular permeability [128]. Conversely, the acid SMase inhibition maintained enhanced tight
junction regulation [128]. Similar mechanisms were observed to happen in astrocytes [129]. In brain
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tissue of AD patients’, studies showed increased ceramide levels and decreased sphingomyelin and
S1P levels [130-134]. A study on AD by Katsel et al., found a significant up-regulation of messenger
ribonucleic acid (mRNA) of phospholipid phosphatase 3 (PLPP3) and S1P lyase 1 (SGPL1) at early
stages after diagnosis, suggesting a lack of S1P as a spatiotemporal function may contribute to the
degeneration of neurons [135]. Besides, Ceccom et al., reported in an immunohistochemical study of
AD a reduction of SphK1 accompanied by enhanced S1P lyase expression in frontal and entorhinal
human cortices to be accountable for the perturbed S1P metabolism observed, contributing to the
deposition of amyloid and ultimately to neuronal damage [136]. More recently, Dominguez et al.,
described that the subcellular localization of S1P’s production, e.g., by a disrupted equilibrium between
cytosolic and nuclear SphK2, conferred pathogenic effects of S1P in AD [137].

Neurodegeneration Neuroinflammation Vascular insults I
1) Tauopathies: AD, PSP, CBD 1)Ms 1) Ischemic stroke
2) Synucleinopathies: PD, LBD, MSA 2) NMO spectrum disorders 2) Hemorrhagic stroke
3) Trinucleotide repeat disorders: HD, SCA, M. Friedreich 3) SLE, 3)
4) Prion diseases: CJD, GSSS chorea, Behget, Rasmussen, limbic 4) Other vascular inflictions
5) Motor neuron diseases: ALS, SMA

Figure 3. Clinical significance of distorted sphingosine 1-phosphate signaling in neurological
disorders. Perturbed S1P signaling has been reported in various clinical conditions ranging from
autoimmunity, infection, and cancer. S1P signaling was also shown to play a detrimental role in several
neurological diseases, including neurodegenerative and neuroinflammatory conditions, but equally in
cerebrovascular insults resulting in stroke or subarachnoid hemorrhage. The yellow patches refer to
demyelinated/inflamed areas in the white matter. The area of the grey matter (grey) highlighted in blue
denotes the infarcted region. This region is perfused by the middle cerebral artery (here blocked by an
embolus), a branch of the cerebral vessel system (red).

With respect to PD, a chronic progressive disorder characterized by the degeneration of
dopaminergic neurons in the pars compacta of the substantia nigra, emerging evidence has elucidated
the role of mitochondrial and endolysosomal pathways and their interplay with ceramides in its
pathogenesis. Xilouri et al., focused on x-synuclein degradation and suggested, in 2008, an impairment
of neural autophagy-lysosomal pathways to be responsible for x-synuclein accumulation, unraveling a
causal link between the pathogenic event and the initiation as well as the progression of the disease [138].
Later, further studies confirmed this hypothesis [139,140].

Glucocerebrosidase (GBA) mutations were found in subjects with parkinsonism [141,142],
which were previously reported to predispose to the development of Lewy body disorders (LBD) [143].
Concerning LBD, Bras et al., investigated the neuronal ceramide metabolism and reported that several
genes known to confer the risk of LBD development converge on the ceramide metabolism, although
this remains to be confirmed neurohistologically [144]. In addition, implications in the pathogenesis of
synucleinopathies were supported by descriptions of mutations in the GCase gene (GBAI) and altered
sphingolipid pathways [145,146].

Mazzulli et al., could delineate that glucosylceramidase (GlcCer), the GCase substrates, enhanced
the rate of a-synuclein oligomerization [147]. Recently, it was shown that the actual sphingolipid
subspecies carry various potentials to cause formation of oligomeric a-synuclein, particularly in
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reflection of comparing in vitro with in vivo data [148]. Here, glucosylceramide, glucosylsphingosine,
sphingosine, and S1P were shown to promote [3-sheeted (oligomerized) structures of «-synuclein [148].

Somewhat aside of the molecular establishment of the aforementioned classifications,
neurodegeneration is associated with the accumulation of most commonly CAG trinucleotide repeats,
which encode for multiple glutamine residues to be translated, inevitably causing a toxic gain of
function of the mutant protein [149]. The best-known condition for trinucleotide repeat disorders is
Huntington’s disease (HD) [150]. In HD, Di Pardo et al., showed an increase in SGPL1 in the striatum
and the cortex and a decrease of SphK1 in the striatum of human post-mortem tissues, which were
reflected by similar changes in mouse models of HD [151]. Moreover, the R6/2 mouse model revealed
reduced levels of S1P [151,152] despite an up-regulation of SphK2. In contrast, no change was seen in
either SphK2 in the YAC128 model or in humans [151]. Unfortunately, no data are currently available
regarding S1P levels in YAC128 mice nor in human post-mortem tissues [153]. These findings warrant
further investigations into the usability of druggable targets within the sphingolipid metabolism in HD.

Regarding ALS, a study by Henriquez et al., demonstrated a link between ALS severity and
gene expressions or metabolite levels for sphingosine, ceramide (d18:1/26:0), SGPP2, SphK1, and UDP
galactosyltransferase 8A (UGT8A) [154]. Shedding light on the therapeutic potential of the sphingolipid
metabolism in ALS, Potenza et al., reported an improved neurological phenotype and an extended
survival after fingolimod, a prodrug that becomes phosphorylated after application in vivo and acts as
a receptor agonist against almost unanimously all SIPR—except for S1P; [155,156], administration in
mSOD15%A mice [157].

2.2. The Sphingolipid Metabolism in Neuroinflammatory Disorders

Multiple sclerosis (MS) represents an inflammatory disorder of the brain and the spinal cord
featuring inflammation, demyelination, and neurodegeneration [158] (Figure 3). Over the last decades,
murine experimental autoimmune encephalomyelitis (EAE) models have been used to decipher the
mechanisms responsible for disease pathogenesis and progression and to identify druggable targets in
order to develop therapeutics for multiple sclerosis [159-161]. It has been known for some time that
the S1P metabolism can be exploited to slow disease progression in MS, e.g., by fingolimod, causing
lymphocyte sequestration and ultimately preventing auto-reactive immune cell infiltration into the
CNS [162]. The potency of exploiting the SIP-S1PR axis by fingolimod in EAE was first shown in rats
by Brinkmann et al. [155], implicating the feasibility to exploit SIPRs to influence lymphocyte egress.
Subsequently, other studies have added to this observation [163-165]. Another report unveiled that
prophylactic and therapeutic treatment with fingolimod resulted in suppression of EAE [166]. Choi et
al., reported, in 2011, that a decline in disease severity of EAE by fingolimod involved astrocytic S1P;
modulation as well, thus a loss of S1P; in astrocytes reduced disease severity, demyelination, axonal
loss, and astrogliosis [167], arguing for additional CNS-specific effects of fingolimod in addition to
lymphocyte redistribution. A recent study identified potential long-term effects caused by S1IPR ligation.
These long-term effects, according to Eken et al., confer an impact not only on lymphoid sequestration
but similarly on non-lymphoid tissue regulatory T cell (Trgg) distribution, and, more importantly,
on reducing the memory Trgg pool in favor of effector Trgg [168]. This could have implications
for appropriate T cell zone access in lymph nodes via C-C chemokine receptor type 7 (CCR7) and
subsequently their ability to control auto-reactive T cells in vivo [168,169]. These findings warrant
further investigation into the precise mechanisms by which enzymes and lipids involved in the
generation of S1P and their effects were linked to disease progression and treatment.

Cruz-Orengo et al., identified S1P; in the inbred SJL mouse strain as a sex- and strain-specific,
disease-modifying molecule promoting the breakdown of adherens junctions, thus leading to
blood-brain barrier (BBB) leakage, while antagonism of S1P; signaling led to an amelioration of
disease severity in female mice [170]. BBB disruption could also be induced by ceramides, resulting
in an increased migration of monocytes [129]. Moreover, Lopes et al., demonstrated that acid
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SMase-derived ceramide regulates intracellular adhesion molecule 1 (ICAM-1) function during T cell
transmigration across brain endothelial cells [171].

Concerning S1P receptor expression profiles in the disease model of EAE, mRNA for S1P; and
S1Ps in the spinal cord was down-regulated, and an up-regulation of S1P3 and S1P4 mRNAs occurred
in the EAE model, which was reversable by fingolimod in accordance with structural restoration of the
CNS parenchyma given a restriction to autoimmune T cell infiltration [166]. S1P3 was shown to be
involved in promoting systemic inflammation via activation of dendritic cells [172]. Concerning S1P3
signaling in MS, Fischer et al., suggested that an increased expression of S1P3 in EAE was likely due to
astrocyte activation; however, its actual sequelae regarding detrimental effects (e.g., astrogliosis) and
beneficial effects (e.g., remyelination) could not be established [173]. Apart from astrocytes, the same
group reported enhanced SphK1 expression in macrophages of MS lesions [173]. A more definitive
proof of S1P3’s importance regarding an inflammatory cascade triggered in astrocytes was reported
by Dusaban et al. [174]. The authors demonstrated S1P3 to be up-regulated in astrocytes and to be
able to engage with transforming protein RhoA (RhoA), and S1P; ligation was shown to promote IL-6,
vascular endothelial growth factor A (VEGFa), and cyclooxygenase-2 (COX-2), which was accompanied
by an increase of SphK1 and S1P3 in vitro [174].

Neuromyelitis optica (NMO) spectrum disorders can also be classified as pertaining to the
group of inflammatory brain disorders. Their hallmark feature was initially introduced by Devic
and Gault [175,176] and characteristically consisted of a severe complement-mediated damage to
the optic nerves and the spinal cord [177]. The discovery of highly specific serum autoantibody
marker (NMO-IgG) eventually helped to differentiate this spectrum of disorders from MS and the prior
interpretation as one entity [178,179]. Several reports have suggested that treatment with fingolimod
in NMO may be contraindicated due to adverse events and worsening of disease severity [180-183].
However, exploitation of the sphingolipid metabolism to treat patients with NMO should not be
excluded prematurely. Matsushita et al., demonstrated significantly higher levels of Ti1-related,
i.e., C-C motif chemokine 4-like (CCL4) and C-X-C motif chemokine (CXC) 10 (CXCL10), and the
Ty-17-related (and neutrophil-related) chemokine CXCLS8 (IL-8) in NMO patients [184]. STAT3,
which was recently shown to be linked to S1P signaling [185-187], is known to control the expression
of chemokines and chemokine receptors in the recruitment of neutrophils [188] and T cells [189].
With respect to the mechanisms by which S1P signaling is tied to chemokine production and immune
cell migration, studies revealed an interplay between S1IPR and chemokine-driven migration of
non-activated and naive T cells [190]. In addition, binding of S1P produced by SphK1 to TRAF2 and
cellular inhibitor of apoptosis 2 (cLAP2) in response to IL-1 signaling results in NF-«B activation [34].
This represents a relevant step in the recruitment of mononuclear cells to sites of sterile inflammation
by means of interferon regulatory factor 1 (IRF1) expression and the resultant availability of the
chemokines CXCL10 and CCL5 [191]. Therefore, mediation of the complex pathways of immune cell
recruitment/trafficking, potentially resulting in favorable Trgg recruitment without disrupting Tyy-17 or
follicular T-helper cell (Tgy;) sequestration, may hold the potential for future SIP metabolism-associated
therapeutic perspectives in NMO [192].

Autoimmune conditions, such as systemic lupus erythematosus (SLE) or Hashimoto’s disease,
may present themselves with neurological pathology [193—-195]. Therefore, due to their clinical
heterogeneity, affecting potentially any organ of the body such as renal involvement may advise future
neurological therapeutic perspectives. In that regard, studies have shown elevated S1P serum levels
in patients with juvenile onset SLE [196] as well as in MRL-Ipr/lpr mice [197]. In light of therapeutic
targets for SLE, previous studies have concentrated on lupus nephritis. Here, fingolimod showed
positive effects on survival, suppressing the continuation of autoimmunity [197]. In the context of
murine lupus nephritis, in the NZB/W mouse model as well as in BXSB mice, fingolimod also proved
to be beneficial [198-200]. However, inhibition of SphK2 in the MRL-Ipr/lpr model could not convey
protection from SLE [196]. These promising results prompted testing of cenerimod, a selective S1P;
modulator (NCT02472795).
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Other conditions denoted by aberrant inflammatory immune cell activation with a potential to
cause immune encephalitis have been reported recently. For example, in autoimmune thyroiditis
an enhanced expression of SphK1, S1P, and S1P; converging on STAT3 activation in CD4* T cells
was demonstrated in mice by Han et al. [201]. Conversely, administration of fingolimod to these
NOD.H-2"* mice conferred the potential to reduce disease severity accompanied by a reduction of
STAT3-related cell types, i.e., Tyy1, Tyy17, and Ty cells [201].

2.3. The Sphingolipid Metabolism in Cerebrovascular Diseases

Lipid signaling plays pleiotropic roles in cerebral ischemia. In recent years, mounting evidence
has emerged depicting the relationship between the sphingolipid metabolism and stroke (Figure 3).
Studies have demonstrated that the driving force of neuroinflammation following cerebral ischemia are
T cells. They migrate into the brain and amplify the initial detrimental damage [202-205]. Conversely,
lymphocyte-deficient mice were shown to be protected from ischemic damage [206,207].

The S1P analogue and the S1P; functional antagonist fingolimod, originally derived from the
fungal natural product ISP-1, was first synthesized in 1992 [208]. It impairs the egress of lymphocytes
from primary and secondary lymphoid organs [155] and exerts immunomodulatory effects and
non-immunological mechanisms [65,167,209-211]. Fingolimod was shown to provide protection from
ischemic stroke and intracerebral hemorrhage [89,204,211-217], leading to the initiation of clinical
studies demonstrating the efficacy of fingolimod for patients with acute ischemic stroke and improving
clinical outcomes in patients with intracerebral hemorrhage [218]. In addition to reduced infarct
volumes and improved neurological scores at 24 and 72 h after middle cerebral artery occlusion (MCAO;
a commonly used animal model for ischemic stroke), fingolimod showed a deactivation of caspase-3,
a reduction of terminal deoxynucleotidyl transferase-mediated uridine 5’-triphosphate-biotin nick
end-labeling (TUNEL-) positive neurons, an activation of RAC-alpha serine/threonine-protein kinase
(Akt) and extracellular-regulated kinase (ERK), and a Bcl-2 up-regulation, delineating an anti-apoptotic
effect in neurons [211].

Moreover, studies have reported a role of SIPR in the preservation of endothelial barrier
integrity [64,219], and phosphorylated fingolimod promotes the establishment of adherens junction in
endothelial cells, i.e., an enhanced endothelial barrier function [65,209].

In contrast, Liesz et al., investigated the effect of fingolimod in permanent murine cerebral
ischemia without achieving a significant reduction of infarct volumes and behavioral dysfunction
despite effective lymphopenia [220]. In addition, Cai et al., unveiled no improvement in functional
outcome and BBB integrity in large hemispheric infarctions and administration of fingolimod, either
alone or in conjunction with recombinant-tissue plasminogen activator (rt-PA) [221]. Sanchez suggested
that S1P; desensitization and/or degradation would potentially evoke detrimental effects on neurons
and/or endothelial cells in the context of stroke. Therefore, the dosing and the timing of fingolimod
administration seemed to be pivotal for its protective effects [222]. This is in accordance with a previous
study by Brait et al., who showed that S1P; fosters protective effects regarding infarct volume after
MCAO, however, only if the associated lymphopenia persists for at least 24 h [223].

SphK2 appears to wield an ambiguous nature in various disorders. SphK2 is the predominant
S1P-synthesizing isoform in normal brain parenchyma [224] and particularly in cerebral microvascular
endothelial cells [225]. SphK2 was recently shown to induce ischemic tolerance to stroke in C57BL/6
mice [226]. SphK?2 is preferentially utilized to confer the neuroprotective effects of fingolimod, as it has
a 30-fold higher affinity to the prodrug compared to SphK1 [225]. Mice lacking the SphK2 show larger
ischemic lesions 24 h after 2 h of MCAO in comparison with wild-type animals [216], thus reinforcing
the importance of extracellular signaling of SIPR. Moreover, studies have demonstrated that SphK2
predominates SphK1 in the phosphorylation of fingolimod in vitro [225] and in vivo [227]. In addition,
hypoxia increases the expression and the activity levels of the SphK2 isoform in brain microvasculature,
subsequently promoting ischemic tolerance [228]. In contrast to SphK2, S1P; is characterized as a key
regulator of the pro-inflammatory phenotype of the endothelium [229] and promotes ischemia-induced
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vascular dysfunction [230]. Conversely, S1P generated by SphK1 potently facilitates the expression
of IL-17A in activated microglia, thereby supporting neuronal apoptosis in cerebral ischemia [231].
This is in support of a study by Zheng et al., who found an enhanced expression of SphK1 in microglia
96 h after MCAO [232]. Subsequently, a cortical knockdown of SphK1 resulted in reduced infarct areas
and less severe neurological deficits were observed [232].

Studies have highlighted the critical role of S1P; in ischemia-reperfusion injury, confirming that
genetic deletion or inhibition of S1P; could block the development of hemorrhagic transformation
and cerebral edema by inhibiting the matrix metalloproteinase-9 (MMP-9) activation in endothelial
cells [230]. It was shown previously that the use of fingolimod conveyed a reduced risk of hemorrhagic
transformation after thromboembolic occlusion [233]. In regard to these findings, the benefit of
fingolimod in relation to hemorrhagic transformation was tested in randomized open-label multi-center
trials [234,235]. Wan et al., focused on microRNA-149-5p and demonstrated its regulatory function on
the permeability of the BBB after transient MCAO in rats by targeting S1P; of pericytes [236]. In their
study, the expression of S1P; in pericytes increased at an early stage during ischemia/reperfusion,
which was associated with an aggravation of BBB permeability in vivo and in vitro [236]. An engineered
S1P chaperone, ApoM-Fc, maintained sustained S1P-S1PR signaling, resulting in a promoted function
of the BBB after MCAO [237]. Another study puts emphasis on the importance of S1P in ameliorating
the effects of stroke, as they reported reduced S1P lyase activity and a preferential synthesis of SIP and
other sphingolipids in response to hypoxia [238].

In opposition to S1P,, pathogenic mechanisms of S1P; and S1P;3 in cerebral ischemia rely on
microglial activation [239,240]. Moreover, the same group elucidated the importance of S1P;-regulation
in promoting a pro-inflammatory M1 polarization of astrocytes, which was brought about by the
intracellular signal transducers ERK1/2, p38, and JNK MAPK favoring brain damage after cerebral
ischemia [241]. Furthermore, Zamanian etal., examined reactive astrogliosis in response to either MCAO
or LPS and showed Pentraxin-related protein PTX3 (PTX3), tumor necrosis factor receptor superfamily
member 12A (TNFRSF12A), and S1P3 to be markers of reactive astrocytes after MCAO [242]. Liddelow
et al,, termed them “Al1” and “A2” in analogy to the macrophage nomenclature [243]. Interestingly,
S1P3 was induced 46-fold after MCAO but only 6.4-fold by LPS. Under physiological circumstances,
astrocytes were reported to express mainly S1P; and S1P3, contrasting with very low levels for S1P,
and S1P5 [244-246]. However, in a recent study by Karunakaran et al., the authors demonstrated
the importance of S1P; in microglial activation conferring impaired autophagy and propagating the
inflammatory response in the BV2 microglial cell line [247]. Interestingly, similar effects were observed
by the group after exogenous S1P administration or genetic knock out of SGPL1 [247].

S1P signaling is also functionally linked to influencing the pathophysiology during subarachnoid
hemorrhage (SAH). In accordance with the detrimental effects caused by S1P, ligation in
ischemia-reperfusion mentioned before, Yagi et al., demonstrated that S1P signaling increases vascular
tone in the context of SAH, thus worsening neurological scores [248]. By employing a selective
S1P; antagonistic treatment systemically using JTE013, they were able to set bounds to the extent of
myogenic reactivity and to restore neurological scores to sham levels when administered instantly
after SAH induction [248].

The various conditions that perturbed S1P signaling has been linked with are summed up in
Figure 3.

3. Insights into Current and Future Therapeutic Perspectives

Almost a decade ago, the FDA approved the first drug aimed to interfere with the S1IP-SIPR
signaling cascade, fingolimod, in 2010 [162]. Due to fingolimod’s preference for S1P; and the strong
activation of this receptor subtype, S1P; eventually becomes down-regulated, resulting in a long-lasting
functional antagonism that accounts for fingolimod-induced lymphocyte trapping in primary and
secondary lymphoid organs. Consequently, this lymphocyte sequestration prevents auto-reactive T
cells to migrate to the brain and therefore reduces the ferocious neurotoxic damage to myelin-associated
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proteins in patients with multiple sclerosis [158,249]. Nevertheless, due to its lack of specificity, a range
of adverse effects (e.g., first-dose bradycardia [250], macular edema [251], elevated liver enzymes [252],
and lymphopenia warranting vigilance regarding occurrence of infections [253-255]) is inevitable [256].
The endeavor to circumvent these unwanted drug effects led to the development of more tailored
drugs aimed at selectively activating or inhibiting checkpoints within the sphingolipid metabolism
on demand. To date, there is a huge number of clinical trials either completed (C), terminated
(T), or momentarily being conducted in various clinical conditions examining the pharmacological
exploitability of drugs designed to beneficially influence targets within the sphingolipid metabolism.
A selection of these studies is presented below (Table 1). It is advisable to conceive that potentially all
molecules/agents addressed in Figures 1 and 2 may represent future therapeutic targets.

Safingol, which targets PKC and non-selectively sphingosine kinases (SphK) [257], was identified
in 1995 [258]. Safingol is now being tested in various cancer settings, since it is safe to co-administer with
cisplatin and exerts tumoricidal effects [259,260]. Similarly, another drug targets SphK. The compound
3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridine-4-ylmethyl)amide (ABC294-640) selectively
inhibits SphK2. ABC294640 was identified in 2010 [261] and mechanistically competes with sphingosine
for binding sites at SphK2. This, in turn, allows sphingosine and ceramides levels to increase
(due to inability/slower rate of enzymatical conversion to SIP), facilitating apoptosis-inducing
pathways [2,6,262]—a mechanism that was recently studied in various cancer therapies [263-266].
In that regard, conceivably, the exploitation of PKC and SphK subtypes in neurological conditions
where their homeostasis of molecular activation, proliferation, and apoptosis is perturbed by crucially
diminishing the S1P level within a cell and its immediate effects via PKC appears intuitive. This remains
apprehensible, since S1P levels were previously shown to be enhanced to the disadvantage of its
pro-differentiative and pro-apoptotic precursor ceramide [267,268].

Previously, a S1P-directed therapeutic agent was introduced [269]. The S1P-specific monoclonal
antibody sonepcizumab (LT1009) is being tested in conditions where pathologies of the vasculature
system occur [270-272].
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Conversely to the aforementioned mechanisms inevitably reducing the amount of S1P available,
drugs either mimicking S1P effects at the receptor site or actually increasing S1P levels have been
designed. The SIP lyase inhibitor LX3305 is currently being investigated in rheumatoid arthritis
as an alternative to therapies with biologicals [273]. Conceptually, LX3305’s tentative application
in neurological conditions where S1P is reduced/disturbed appears undoubtedly apprehensible,
e.g., in neurodegenerative disorders such as Alzheimer’s disease [134], Parkinson’s disease [274],
Huntington’s disease [151,153], or amyotrophic lateral sclerosis [154]. Several diseases have been
implicated in aberrant S1IPR-specific signaling pathways. In that regard, several drugs specifically
designed to interact with S1P; are available to date. AKP11, for example, was compared against
fingolimod in a rodent model of multiple sclerosis and was associated with a higher degree of
endosomal receptor recycling upon withdrawal, lesser extent of proteasomal degradation, and milder
and more easily reversible lymphopenia [275]. Despite similar therapeutic effects, an almost complete
absence of adverse events was observed [275]. Similarly, but more recently, BMS-986104 was shown to
act equivalently efficient to fingolimod in a T cell transfer colitis model, although not conveying as
many cardiovascular and pulmonary adverse events in in vitro settings [276]. Moreover, cenerimod
(ACT-334441) could also be confirmed as a potent and selective S1P; agonistic signaling properties,
whilst broncho- and vasoconstrictive effects were not clinically relevant [277]. In humans, cenerimod
showed an improvement in disease activity scores for systemic lupus without constraining an
acceptable safety profile [278]. In contrast to these specific and well-tolerable agents, GSK2018682,
another S1P; agonist, did bring about bradycardia and subsequent AV-block [279]. In contrast,
BMS-986104 and cenerimod seem to have a favorable risk profile in comparison to fingolimod, which,
of course, warrants further investigation in in vivo studies to determine its safety and efficacy in other
conditions. Interestingly, in pancreatic islet transplantation, which at least in humans is a definitive
treatment for type 1 diabetes mellitus denoted by high mortality and morbidity in the early phase
after transplantation [280], KRP203 was shown to cause a marked increase in viable pancreatic islet
transplants in C57BL/10 mice [281]. Nevertheless, KRP203 is not an entirely selective S1P; agonist, as it
does bind to S1P3 with 5-fold and to S1P; and S1P5 100-fold lesser selectivity [281]. Thus, concerns
regarding adverse effects, particularly with potentially increased doses necessary and depending
on pharmacogenetics, should govern careful investigations in humans. Lastly with respect to S1P;
specific compounds, ponesimod (ACT-128800) was previously reported to display therapeutic efficacy
in psoriasis whilst also distinguishing itself by swift reversibility upon discontinuation; however,
some degree of cardiac effects was detected in clinical trials [282].

It may be advised, under some conditions, to exploit multiple SIPR pathways. S1Ps, for example,
is implicated in having pro-fibrotic effects to act on proliferation and its involvement in early
transforming-growth-factor-3 (TGF-p)-signaling [283]. Therefore, fibrotic conditions or tissue scarring
might be well-suited for treatment with an agent synthesized to evoke agonistic effects both against
S1P; and S1Ps. Three compounds are currently being tested, which act in this pharmacological manner,
namely: ceralifimod (ONO-4641), ozanimod (RPC1063), and siponimod (BAF312).

Ceralifimod (ONO-4641), 1-((6-(2-methoxy-4-propylbenzyl)oxy)-1-methyl-3,4-dihydronaphthalen
-2-yl)methyl)azetidine-3-carboxylic acid 13n was recently synthesized in 2017 [284]. Beside ceralifimod,
ozanimod (RPC1063), which acts similarly, was shown to cause beneficial effects in patients with
multiple sclerosis and ulcerative colitis alike [285]. In addition, the authors found that ozanimod
wielded strong influence on the innate immune cells. Here, plasmacytoid dendritic cells were lowered
(potentially by means of sequestration), which, in turn, reduced interferon alpha (IFN-«) in lupus
patients in addition to reducing the entirety of B cell and T cell subsets in the spleen [285].

Lastly, agents that not only depicted S1P; and S1Ps5 agonistic features but that also were partially
able to engage with S1P4 were identified. This cohort of compounds currently comprises amiselimod
(MT-1303) and etrasimod (APD334). The potential of being able to engage with S1P4 may hold promising
therapeutic benefits. In this regard, S1P,, as discussed previously in this review, is predominantly
expressed in lymphoid tissues [88,95], and ligation and its subsequent signaling are involved in
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marking time regarding proliferation [286,287], a reduction of effector cytokines secreted [286,287],
and migration of lymphocytes [288,289]. It is worth noting that amiselimod displays a very safe risk
profile [290-292], while it is too early to consistently assess this for etrasimod [293]. Their application
and/or investigation regarding their future therapeutic exploitability in neurological conditions should
find due consideration soon.

4. Conclusions

In this review, we described the complexities of the sphingosine 1-phosphate (S1P) signaling
in neurological conditions in reflection of currently available S1P signaling targeted drugs. Starting
with the de novo synthesis of S1P either at the smooth endoplasmic reticulum or other subcellular
microdomains, we highlighted the currently established signaling pathways. However, S1P signaling
also occurs after secretion and transportation by its chaperones HDL or albumin in the extracellular
compartment, allowing either autocrine or paracrine signaling upon ligation to S1P;_5. It was
highlighted that each S1PR subtype is capable of coupling to a variety of heterotrimeric G proteins,
subsequently allowing a tailored intracellular signaling cascade to be incited. However, under perturbed
circumstances, the presence of co-activators, inhibitors of S1PR, or simply skewed S1PR patterns may
predispose for disease onset and progression. Despite remarkable advances in understanding the
contribution of sphingolipid signaling to neurological disorders, the field has yet a lot to learn. In this
review, we highlighted the currently available literature regarding perturbations of the sphingolipid
metabolism in the context of neurodegenerative, neuroinflammatory, and cerebrovascular diseases.
A considerable number of clinical trials are being carried out testing S1P signaling targeted drugs in
conditions linked to activation of the immune system. These trials may enhance our understanding
of the importance of the SIP-S1PR axis and ultimately help to inform us about future therapeutic
usability of these compounds in various neurological disorders. We reported on the importance of
S1P; for vascular and other barrier functions. Activation of S1P; causes a significant improvement of
vascular barrier properties and prevents microvascular leakage. Currently available drugs interacting
with S1P; initially act as agonists but then may cause a profound and long-lasting desensitization
and degradation of S1P;. As outlined above, they finally act as functional antagonists with, in the
long term, negative impact on vascular integrity. Currently, there is no pure S1P; receptor agonist
available that does not desensitize the receptor. The compounds described thus far may indeed have a
varying degree of agonistic and antagonistic properties. However, such a “true agonist” would be
highly desirable and unique in order to protect from vascular leakage.
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AD Alzheimer’s disease

Akt RAC-alpha serine/threonine-protein kinase
ALS Amyotrophic lateral sclerosis

aPC Activated protein C

ApoM Apolipoprotein M
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APP
Ap
BBB
CBAs
CBF
CCL4
CCL5
CCO
CCR7
CD
CDase
c-fos
cIAP2
CNS
COX-2
CXCL8
CXCL10
DHHC5
DNA
EAE
EC
ERK
GBA
GCS
Glc
GlcCer
GRK2
Gatijo
Gag
Gog
Gz
HD
HDAC1/2
HDL
hTERT
(@
ICAM1
TFN-«
IL-1
IL-6
IL-17A
IRF1
IkB
IkBo
LBD
LDL
LPP
MCAO
MFSD2B
MKRN1
MMP-9
mRNA
MS
NF-«B
NMO

Amyloid precursor protein
Amyloid-p-peptide

Blood brain barrier

Conjugated bile acids

Cerebral blood flow

C-C motif chemokine 4-like

C-C motif chemokine 5-like
Cytochrome c oxidase

C-C chemokine receptor type 7
Cluster of differentiation molecule
Ceramidase

Proto-oncogene c-Fos

Cellular inhibitor of apoptosis 2
Central nervous system
Cyclooxygenase-2

C-X-C motif chemokine 8, IL-8
C-X-C motif chemokine 10
Palmitoyltransferase DHHC5
Desoxyribonucleic acid
Experimental autoimmune encephalomyelitis
Extracellular
Extracellular-regulated kinase
Glucocerebrosidase
Glucosylceramide synthase
Glucose

Glucosylceramidase

G protein-coupled receptor kinase 2
Inhibitory Ge subunit

q subtype of Ga proteins
Stimulatory Goc subunit

12/13 subtype of Go proteins
Huntigton’s disease

Histone deacetylases 1/2
High-density lipoprotein

Human telomerase reverse transcriptase
Intracellular

Intracellular adhesion molecule 1
Interferon o

Interleukin-1

Interleukin-6

Interleukin-17A

Interferon regulatory factor 1
Inhibitor of nuclear factor k-B kinase
NF-«B inhibitor o

Lewy body disorders

Low-density lipoprotein

Lipid phosphate phosphohydrolase
Middle cerebral artery occlusion
Major facilitator superfamily domain-containing protein 2B
Makorin ring finger protein 1
Matrix metalloproteinase-9
Messenger ribonucleic acid
Multiple slerosis

Nuclear factor k-light-chain-enhancer of activated B cells
Neuromyelitis optica
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NVU Neurovascular unit
ORMDL3  ORMI-like protein 3
OXPHOS  Oxidative phosphorylation
PalCoA Palmitoyl-CoA

PD Parkinson’s disease

PE Phosphoethanolamine

PGC1pB PPARY co-activator 13

PHB2 Prohibitin-2

PKC Protein kinase C

PKC( Atypical PKC subtype ¢

PKCt Atypical PKC subtype t

PLPP3 Phospholipid phosphatase 3

PM Plasma membrane

PPARy Peroxisome proliferator activated receptor y
PTX3 Pentraxin-related protein 3

p21 Cyclin-dependent kinase inhibitor 1

RACK Receptor for activated C kinase proteins
RhoA Transforming protein RhoA

RING Really interesting new group

RIP1 Receptor-interacting serine/threonine-protein kinase 1
rt-PA Recombinant-tissue plasminogen activator
SAH Subarachnoid hemorrhage

sER Smooth endoplasmic reticulum

SGPL1 S1P lyase 1
SGPP1/2  Sphingosine 1-phosphate phosphohydrolase 1/2

SLE Systemic lupus erythematosus
SMase Sphingomyelinase
SMS Sphingomyelin synthase

SphK1 Sphingosine kinase 1
SphK2 Sphingosine kinase 2
SPNS2 Spinster homolog 2

SPT Serine palmitoyltransferase

STAT3 Signal transducer and activator of transcription 3

S1P Sphingosine 1-phosphate

SIPR Sphingosine 1-phosphate receptor

S1P;_5 S1PR subtype 1-5

TAB3 TGF-B-activated kinase 1 and MAP3K7-binding protein3
Try Follicular Ty cell

TGF-B Transforming-growth-factor-3

Ty-17 Ty-17 type cell

TNFRSF12A Tumor necrosis factor receptor superfamily member 12A
TNF-a Tumor necrosis factor-o

TRAF2 TNEF-« receptor-associated factor 2

TRAF6 TNEF-« receptor-associated factor 6

TreG Regulatory T cell

Terminal deoxynucleotidyl transferase-mediated, uridine 5’ triphosphate-biotin nick
end-labeling

UGTSA UDP galactosyltransferase 8A

VEGFa Vascular endothelial growth factor A

VLDL Very low-density lipoprotein

WWP2 NEDD#4-like E3 ubiquitin ligase WWP2

TUNEL
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Abstract: We have shown that sphingosine 1-phosphate (S1P) generated by sphingosine kinase 2
(SK2) is toxic in neurons lacking S1P-lyase (SGPL1), the enzyme that catalyzes its irreversible cleavage.
Interestingly, patients harboring mutations in the gene encoding this enzyme (SGPLI) often present
with neurological pathologies. Studies in a mouse model with a developmental neural-specific
ablation of SGPL1 (SGPL1¥f/Nes) confirmed the importance of S1P metabolism for the presynaptic
architecture and neuronal autophagy, known to be essential for brain health. We now investigated in
SGPL1-deficient murine brains two other factors involved in neurodegenerative processes, namely
tau phosphorylation and histone acetylation. In hippocampal and cortical slices SGPL1 deficiency
and hence S1P accumulation are accompanied by hyperphosphorylation of tau and an elevated
acetylation of histone3 (H3) and histone4 (H4). Calcium chelation with BAPTA-AM rescued both tau
hyperphosphorylation and histone acetylation, designating calcium as an essential mediator of these
(patho)physiological functions of S1P in the brain. Studies in primary cultured neurons and astrocytes
derived from SGPL1V/Nes mice revealed hyperphosphorylated tau only in SGPL1-deficient neurons
and increased histone acetylation only in SGPL1-deficient astrocytes. Both could be reversed to
control values with BAPTA-AM, indicating the close interdependence of S1P metabolism, calcium
homeostasis, and brain health.

Keywords: Sphingosine 1-phosphate (S1P); S1P-lyase (SGPL1); tau; calcium; histone acetylation;
hippocampus; cortex; astrocytes; neurons

1. Introduction

Sphingosine 1-phosphate (S1P), an evolutionarily conserved catabolic intermediate of sphingolipid
metabolism, regulates diverse biological processes in the brain including neural development,
differentiation, and survival [1,2]. S1P exerts its functions either as a ligand of five specific G-protein
coupled receptors (S1PR1-5) or alternatively as an intracellular second messenger [3,4]. Notably, one
of the first described intracellular, receptor-independent effects of S1P is its involvement in calcium
homeostasis [5,6].

S1P-lyase (SGPL1) irreversibly cleaves S1P in the final step of sphingolipid catabolism, generating
ethanolamine phosphate and a long-chain aldehyde [7]. Of interest, in 2017 different research groups
reported patients and their relatives harboring autosomal recessive mutations in SGPLI and exhibiting
a variety of pathologies including congenital steroid-resistant nephrotic syndrome, primary adrenal
insufficiency, and last but not least central and peripheral neurological defects [8].

Cells 2020, 9, 2189; d0i:10.3390/cells9102189 43 www.mdpi.com/journal/cells
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The essential role of S1P in brain development became clear years ago, when elimination of
S1P production was shown to severely disturb neurogenesis including neural tube closure, and
angiogenesis leading to embryonic death [9]. Yet, reports on the involvement of S1P in the pathology
of neurodegenerative diseases including Alzheimer’s disease (AD) are rather conflicting [10]. On the
one hand, it is assumed that loss of the neuroprotective factor S1P occurs early in AD pathogenesis [11].
Indeed reduced expression of sphingosine kinase 1, one of the two sphingosine kinases known to
generate S1P, and a simultaneous augmented expression of SGPL1 were detected in AD brains [12].
On the other hand, S1P was shown to stimulate neuronal beta-site amyloid precursor protein (APP)
cleaving enzyme (BACE1) that catalyzes the rate-limiting step of the formation of amyloid beta peptide
(AP), the major component of senile plaques in AD [13]. In addition, increased S1P levels were shown
to induce death of terminally differentiated post-mitotic neurons [14,15]. Moreover, S1P was found to
be increased in cerebrospinal fluid during early stages of AD [16].

In an attempt to clarify the function of S1P in the brain, we generated a mouse model in which
SGPL1 was inactivated specifically in neural cells (SGPL1//Nes) As expected, SGPL1 ablation leads
to S1P accumulation in the brain which was found to affect presynaptic architecture and function [17].
In addition, we demonstrated that SGPL1 deficiency blocks neuronal autophagy at its early stages
because of reduced phosphatidylethanolamine (PE) production [18]. Consequently, an accumulation
of aggregate-prone proteins such as APP and x-synuclein (SNCA) was detected. All these molecular
changes in neurons were accompanied by deficits in motor coordination as well as in spatial and
associative learning and memory [17,18].

We have also shown that S1P promotes excessive phosphorylation of tau in neurons generated
from SGPL1 systemic knockout mice [14]. Note that tau is the major neuronal microtubule
assembly activator protein and there is no doubt regarding its essential involvement in the
etiopathogenesis of AD and a family of related neurodegenerative disorders known as tauopathies [19].
Tau neurotoxicity has been linked to heterochromatin relaxation and hence to aberrant gene expression
in tauopathies [20]. Studies in primary cultured neurons revealed that nuclear tau directly regulates
pericentromericheterochtomatin integrity that appears disrupted in AD neurons [21]. Recently, an
epigenome-wide study in which acetylation of lysine 9 of histone3 (H3K9ac) was used as a marker for
transcriptionally active open chromatin, also led to the conclusion that in aging and AD brains tau
pathology drives chromatin rearrangement [22]. Furthermore, in post-mortem AD brains, increased
levels of acetylated H3 and H4 were detected and correlated with the load of hyperphosphorylated
tau [23].

Remarkably, in a tumorigenic cell line, S1P generated by sphingosine kinase 2 (SK2) was reported
to specifically enhance acetylation of H3 and H4 at K9 and K5, respectively, by directly inhibiting
histone deacetylases 1 and 2 (HDACs 1, 2) [24]. In the present study, we demonstrate that accumulation
of S1P as a result of SGPL1 deficiency increases tau phosphorylation and histone acetylation also in
brain slices. Furthermore, we found that both effects can be rescued in the presence of the calcium
chelator BAPTA-AM, indicating that this process is calcium-dependent. Notably, these effects were
cell-type specific, with increases in tau phosphorylation and histone acetylation found in neurons
and astrocytes, respectively. Taken together, our results further elucidate the extensive and complex
interrelation of SIP metabolism and brain health.

2. Materials and Methods

2.1. List of Abbreviations

AD: Alzheimer’s disease; APP: amyloid precursor protein; ac: acetylated; H3: histone3;
H4: histone4; H2B, histone2B; K5, lysine residue 5; K9, lysine residue 9; K12, lysine residue 12;
HDAC: histone deacetylase; S1P: sphingosine 1-phosphate; SGPL1: S1P-lyase; SK: sphingosine kinase;
S1PR: S1P receptor; S396/404, serine residue 396 and serine residue 404; S262/356, serine residue 262
and serine residue 356.
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2.2. Antibodies and Chemicals

Monoclonal antibody against phosphorylated tau PHF1 (S396/404), 12E8(5262/356) and against
total tau (K9JA) was a kind gift from Prof. Dr. Eckhard Mandelkow and Prof. Dr. Eva-Maria Mandelkow
(DZNE, University of Bonn, Germany). Acetyl-Histone H3 antibody sampler kit comprising acetylation
of K9, K14, K18, K27, and K56, anti-H4K5ac, and anti-H2BK12ac antibody were from Cell Signaling
Technology Danvers, MA, USA (9927, 8647 and 5410). Anti-HDAC1, -HDAC2, -HDACS3, and -HDAC6
antibodies were from Cell Signaling Technology (antibody Sampler Kit #9928). Anti-SGPL1 antibody
was from abcam (Cambridge, UK; ab56183) and Anti-glial fibrillary acidic protein (GFAP) antibody from
Cell Signaling Technology (12389).Secondary antibodies were HRP linked anti-rabbit and anti-mouse
IgG (Cell Signaling Technology, 7074 and 7076). 5,5’-Dimethyl-BAPTA-AM was from Sigma- Aldrich,
Munich, Germany (16609).

2.3. Animals

The SGPL1/0¥floX Jines were generated as recently described [17]. SGPL1/0¥foX mice, harboring
“floxed” exons 10-12 on both Sgpl1 alleles were crossbred with mice expressing the Nes (nestin) - Cre
transgene. Thus SGPL1V/Nespjce (nKO) in which “floxed” exons are excised by Cre recombinase
were obtained. For all the experiments, the floxed mice (SGPL1%%) served as controls. Brain tissue was
taken from mice housed in standard conditions at the University of Bonn.

2.4. Ethical Statement

All animal experiments were conducted in accordance with the guidelines of the Animal Care
Committee of the University of Bonn. The experimental protocols were approved by Landesamt
fiir Natur, Umwelt und Verbraucherschutz (LANUV) Nordrhein-Westfalen (NRW) (LANUV NRW,
Az. 81-02.05.40.19.013).

2.5. Cell Culture

Primary neuronal culture: Granular cells were cultured from the cerebella of 6-days old mice
as described previously [25]. Briefly, neurons were isolated by mild trypsinization (0.05%, w/v;
Sigma-Aldrich, Munich, Germany P6567) and dissociated by passing them repeatedly through a
constricted Pasteur pipette in a DNase solution (0.1%, w/v; Roche, Basel, Switzerland 04716728001).
The cells were then suspended in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific,
Waltham, MA, USA 10566032) containing 10% heat-inactivated horse serum (Thermo Fisher Scientific,
16050130) supplemented with 100 units/mL penicillin and 100 mg/mL streptomycin (Gibco™ Thermo
Scientific 15140122) and plated onto precoated poly-L-lysine (Sigma-Aldrich, P6282) 6-well plates,
35 mm in diameter (Sarstedt, Niimbrecht, Germany (83.3920.300). Twenty-four h after plating, 1%
cytosine 8-D-arabinofuranoside hydrochloride (Sigma-Aldrich, C6645) was added to the medium to
arrest the division of non-neuronal cells. After 10 days in culture, cells were used for experiments
as indicated.

Primary astrocyte culture: Mixed cortical cell isolation for astrocyte culture was performed using
P1 to P4 mouse pups as described previously [26]. Briefly, cerebral cortices were dissected in Ca?*- and
Mg?*-free HBSS (Gibco™, Thermo Scientific, 14185652) and incubated in 0.125% trypsin for 10 min
at 37 °C. The resulting cell suspension was diluted in complete media Dulbecco’s modified Eagle’s
medium supplemented 10% fetal bovine serum (PAN biotech, Aidenbach, Germany, P40-47100) and
1% penicillin/ streptomycin. The cell suspension was plated on poly-L-Lysine (P-1399) coated T75 cell
culture flasks and kept at 37 °C in a humidified 5% CO, incubator. Medium was renewed every 2 days.
After about 21 days, flasks were shaken horizontally, and the medium containing detached microglia
and oligodendrocyte precursor cells (OPC) was removed. Later, astrocytes were collected and seeded
onto 6-well cell culture dishes (35 mm diameter) and used for experiments after 24 h, as indicated.
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2.6. BAPTA- AM Treatment

Hippocampal and cortical slices of 200 um thickness were prepared in ice-cold high sucrose
solution (220 mM sucrose, 26 mM NaHCO3, 10 mM glucose, 6 mM MgSO,.7H,0O, 3 mM KCL solid,
1.25 mM NaH,POy. HyO, 0.43 mM CaCly) gassed with carbogen. Then, both hippocampal and cortical
slices were incubated in artificial cerebrospinal fluid (119 mMNaCl, 26.2 mM NaHCO3, 2.5 mMKCl,
1 mM NaH,POy, 1.3 mM MgCl,, 10 mM glucose) with and without 150 uM BAPTA-AM for 2 h and
kept at =80 °C until use.

2.7. Western Immunoblotting

Tissue and cell samples were homogenized in RIPA buffer (20 mMTris-HCl, pH 7.5, 150 mMNaCl,
1 mM EDTA, 1 mM EGTA, 1% NP-40 (Thermo Fisher Scientific, Waltham, MA, USA, FNN0021), 1%
Nadcap (Sigma-Aldrich, Munich, Germany, D6750), 2.5 mM NasP,0O7, 1 mM b-glycerophosphate,
1 mM Na3zVOy, 1 mg/mL leupeptin (Thermo Fisher Scientific, 78435). Samples were kept on ice
for 1 h followed by centrifugation at 14,000x rpm at 4 °C for 45 min. The protein concentration of
the supernatants was determined using the BCA assay (Sigma-Aldrich). Samples were stored at
—20 °C until use. Laemmli Sample Buffer (Bio-rad Laboratories, Munich, Germany, 1610747) was
added to lysates and samples were heated for 10 min at 95 °C before loading on SDS-PAGE gel.
Proteins were separated by SDS-PAGE in running buffer (25 mM Tris, pH 8.3, 192 mM glycine, 0.1%
SDS) at 50 V for 15 min, then 1 h at 150 V. Transfer onto nitrocellulose membranes (Porablot NCL;
Macherey-Nagel, Thermo Fisher Scientific, 741290) was performed at 4 °C and 400 mA for 2 h in
blotting buffer (50 mMTris, pH 9.2, 40 mM glycine, 20% methanol). Membranes were blocked with 5%
milk powder (Bio-Rad Laboratories, 1706404) in TBS-Tween 20 (20 mM Tris, pH 7.5, 150 mM NaCl,
0.1% Tween 20, Sigma-Aldrich, P9416) for 1 h, washed 3 times (10 min each) and incubated at 4 °C
overnight with the primary antibody. Then membranes were washed again and incubated for 1 h at
room temperature with an HRP-conjugated secondary antibody. Western BLoT Chemiluminescence
HRP Substrate (TAKARA Bio, Saint-Germain-en-Laye, France, T7101B) was used for detection with
the VersaDoc 5000 imaging system (Bio-Rad, Hercules, CA, USA). 3-actin was used as loading control.
Quantification was performed using Image] and Prism GraphPad program.

2.8. RNA Isolation and Real-Time PCR

Up to 1 pg of total RNA (isolated with EXTRAzol from Blirt, 7Bioscience, Hartheim/Rhein,
Germany, EM30-200) was used for reverse transcription with the ProtoScript® II First Strand cDNA
Synthesis kit (New England Biolabs, Frankfurt/Main, Germany, E6560L). The resulting total cDNA was
then applied to real-time PCR (CFX96-real time PCR, Bio-Rad Laboratories, Munich, Germany) using
f-actin and 18S RNA as housekeeping genes. The primers for real-time PCR were designed using the
online tool from NCBI BLAST primer and obtained from Invitrogen, Carlsbad, CA, USA. They are listed
as follows: name: forward primer (for), reverse primer (rev): 3-actin, 5'-CTTTGCAGCTCCTTCGTTGC
(for) and 5-CCTTCTGACCCATTCCCACC (rev); 185 RNA, 5-CCCCTCGATGCTCTTAGCTG
(for) and 5-CTTTCGCTCTGGTCCGTCTT (rev); HDACI, 5-AGCTGGGCTTTCCAAGTTACC
(for) and 5'-TGGTCCACACCCTTCTCGTA (rev); HDAC2, 5'-CGGCCAAGCCTGACTTAGAT (for)
and 5-TTTTCAGCTGTCCTCGGTGG (rev); HDAC3, 5'-TGCCCCAGATTTCACACTCC (for) and
5-TGGTCCAGATACTGGCGTGA (rev); HDACS6, 5- GGCGCAGATTAGAGAGCCTT (for) and
5-GAAGGGGTGACTGGGGATTG (rev); SGPL1, 5-TTTCCTCATGGTGTGATGGA (for) and 5'-C
CCCAGACAAGCATCCAC3(rev).The reactions were performed at 95 °C for 30 s, 95 °C for 10 s,
and 60 °C for 1 min. Relative normalized mRNA expression was obtained from real-time qPCR.
Statistical significance of the relative normalized mRNA expression was determined by #-test in Prism
GraphPad program.
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2.9. Immunohistochemistry

Brains were removed and quick-frozen in liquid nitrogen. Cryo-sectioning was used to produce
10 pm sagittal sections, which were placed on Superfrost Plus positively charged microscope slides.
Brain sections were fixed for 5 min in ice-cold 4% (v/v) paraformaldehyde in phosphate-buffered
saline (PBS). Sections were then permeabilized with 0.1% (v/v) Triton X-100 in PBS for 30 min at room
temperature (RT). Tissue sections were blocked in 20% (v/v) normal goat serum in PBS for 30 min
and incubated overnight at 4 °C with primary antibody (PHF1 and 12E8). The primary antibodies
were diluted 1:200 in PBS containing 0.5% lambda-carrageenan (Sigma Aldrich, Munich, Germany,
22049) and 0.02% sodium azide and applied overnight to the sections at 4 °C. Following a washing
step, brain sections were incubated with Cy3-conjugated anti-rabbit antibody diluted 1:300 in PBS with
the same additions as above for 1 h at RT. Finally, antibody-labeled brain sections were embedded in
Fluoromount G medium with DAPI (Electron Microscopy Sciences, Hatfield, PA, USA for microscopic
analysis (Zeiss Axioskop 2 epi-fluorescence microscope equipped with a digital Zeiss AxioCamHRc
camera, Carl Zeiss Jena, Jena, Germany).

2.10. Immunocytochemistry

Cover slips with astrocytes were rinsed 3 times with PBS at room temperature (RT) and then fixed
in methanol (=20 °C, 5 min). Between each incubation step cells were always rinsed 3 times with PBS.
Then cells were blocked in 20% (v/v) normal goat serum in PBS for 30 min. and incubated overnight
with anti-GFAP antibody diluted 1:200 with PBS at 4 °C and thenwith anti-rabbit Alexa Fluor 488
(1:300)-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) for 50 min at RT. Finally,
cells were embedded in Fluoromount G medium with DAPI for microscopic analyses (Zeiss Axioskop
2 epi-fluorescence microscope equipped with a digital Zeiss AxioCamHRc camera, Carl Zeiss Jena,
Jena, Germany).

2.11. Statistical Analysis

The GraphPad Prism 5 software was used for statistical analysis.All values are expressed as means
+ SEMobtained from at least 3 independent experiments. The significanceof differences between the
experimental groups and controls was assessed by either Student’s t-test with false discovery rate
(FDR) correction or One-Way ANOVA, as appropriate. p/j< 0.05 was considered statistically significant
(* p/g < 0.05; ** p/g < 0.01; ** p/g < 0.001; compared with the respective control group).

3. Results

3.1. Elevated Phosphorylation of Tau in SGPL1-Deficient Brains Is Cell Type Specific

We have previously shown that tau phosphorylation is elevated in primary cultured neurons
derived from brains of systemic SGPL1-knockout (KO) mice [14]. Here, we generated a neural-specific
Sgpl1 knockout (SGPL1/Nes; nKO) mouse and performed our analysis in brain slices, primary
neuronal and astrocyte cultures (Supplementary Figure S1). We have found that tau phosphorylation
at disease-relevant sites is also significantly increased in hippocampal and cortical slices from
SGPL1¥#/Nesmjce consistent with our previously reported findings in systemic KO mice [14]
(Figure 1A,B). Furthermore, this increase in tau phosphorylation at disease-relevant sites was not
accompanied by changes in total tau levels (Figure 1B). A more refined analysis in primary cultured
neurons and astrocytes from SGPL1//Nesmice further revealed that this effect is primarily attributed
to neurons, as tau phosphorylation remained unaffected in astrocytes (Figure 1C). Accordingly,
phosphorylated tau was increased by about 40% in SGPL1-deficient neurons whereas no changes
were detectable in astrocytes lacking SGPL1 when compared with the respective control cells
(Figure 1C). This indicates that the increase in tau phosphorylation in hippocampus and cortex
is due to hyperphosphorylation of tau in neurons.

47



Cells 2020, 9, 2189

A Hippocampus Cortex

p-taus3seos merge p-taus3sei4os
(o]
i n
p-taus262:356 merge p-taus2356
c
p_wuszamss p_'auszsmss
nkKO

B C

nkKO

C nKO C nKO
PAUS [ || § prtaus s [
T g an-tau — I3
pan-tau [ w5 § ¢ ; :
R £ nko B-actin
B-actin
g c ~ . 1
H ¥ $396/404
prauson [ ]| I p-tau :
HI .
x pen-a [N | °  Fc =
pan-tau [wmm ]| = i
o 00 05 10 15 20 25 oot 0 1 2 3 4
Bactin [ -] ] factinjd— — -

Figure 1. SGPL1 deficiency results in tau hyperphosphorylation in the brain. (A) Representative
images of hippocampal and cortical slices stained for phospho-tauS¥?40%, phospho-tau26%3%, and
DAPI from control (C) and SGPL1VH/Nes (nKO) mice. Scale bar: 200 um. (B,C) Protein quantification
of phospho-tau53%/404, phospho-tauSZ(’ZBSé, and total tau (pan-tau) in the hippocampus (Hippo,
black), cortex (dark grey), neurons (Neu, light grey) and astrocytes (Astro, white) in control (C) and
SGPL1/f/Nes (nKO) mice. Bars mean +/— S.E.M, Student’s t-test with false discovery rate (FDR)
correction, n = 3-5, * q < 0.05, ** ¢ < 0.01, ns = not significant.

3.2. Histone Acetylation Levels Vary in Different Cell Types Derived from Brains Lacking SGPL1

Based on reports that tau stimulates chromatin relaxation [20] and that S1P accumulation elevates
histone acetylation in tumorigenic cells [24], we analyzed histone acetylation in hippocampal and
cortical slices from SGPL1Y/Nesmice. We found that, upon S1P accumulation in the brain, acetylation
of H3 is also significantly increased in both hippocampal and cortical slices by about 36% and
32%, respectively (Figure 2A). An investigation of specific acetylation sites revealed that K9 of
H3 was significantly increased by about 45% in the hippocampus, and to a lesser extent (about
35%) in the cortex, as compared to the respective controls (Figure 2A). Interestingly, acetylation of
all other lysine residues examined, including K14 and K18 was not affected by SGPL1 deficiency
(Supplementary Figure S2). Next, we investigated acetylation of H3 in primary cultured cells derived
from SGPL1/Nesmice. We found that acetylation of H3 was significantly increased in astrocytes
generated from SGPL1VANes pjce (Figure 2B), whereas no changes of H3 acetylation were observed
in primary cultured neurons of these mice (Figure 2C). Notably, the acetylation of H3 (H3ac) largely
resembled that of lysine 9 of H3 (H3K9ac), whereas the total H3 level was only slightly increased
(Figure 2B). These results strongly suggest that the increases in histone acetylation observed in the brain
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upon SGPL1 deficiency is due to epigenetic changes in astrocytes, rather than neurons. Interestingly,
we also found that acetylation of H4 at K5 was significantly increased in astrocytes of SGPL11/f/Nespmjce,
similar to what was shown previously in breast cancer cells (Figure 2B) [24]. Furthermore, we observed
an increase in acetylation of H2B at K12, also consistent with a report of S1P accumulation in breast
cancer cells (Figure 2B). Given the differences in histone acetylation observed, and given that S1P can
act as an inhibitor of histone deacetylases [24], we next investigated whether the expression of histone
deacetylases was affected in SGPL1V/Nesmice. However, we found that both mRNA and protein levels
of HDAC]1, 2, 3 and 6 remained unaffected in SGPL1V#/Nespjce, compared to controls (Figure 2D-G).
These results show that S1P accumulation in the brain has a cell type-specific effect on protein
posttranslational modifications, without affecting the expression levels of the deacetylases responsible.
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Figure 2. SGPL1 deficiency affects histone acetylation in the brain without affecting histone deacetylases
(HDAC) expression. (A) Protein quantification of H3 pan-acetylation (H3ac), H3K9 acetylation (H3K9ac),
and total H3 in the hippocampus (Hippo, black) and cortex (dark grey) from control (C) and SGPL1/f/Nes
(nKO) mice. (B) Protein quantification of H3 pan-acetylation (H3ac), H3K9 acetylation (H3K9ac),
total H3, H4K5 acetylation (H4K5ac), and H2BK12 acetylation (H2BK12ac) in astrocytes from control
(C) and SGPL1//Nes (nKO) mice. (C) Protein quantification of H3 pan-acetylation (H3ac) and total
H3 in primary neuronal culture from control (C) and SGPL1/8/Nes (nKO) mice. (D-E) qRT-PCR of
HDACI, 2, 3, and 6 in the hippocampus (D) and cortex (E) of control (C) and SGPL1VA/Nes (nKO) mice.
(F-G) Protein quantification of HDACI, 2, 3, and 6 in the hippocampus (F) and cortex (G) of control (C)
and SGPL1//Nes (nKO) mice. For all: Bars mean +/— S.E.M, Student’s f-test with false discovery rate
(FDR) correction, n = 3-7, * q < 0.05, ** ¢q < 0.01, *** g < 0.001, ns = not significant.
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Together, these results indicate that different cell types can be responsible for interrelated effects
detected when studying certain brain regions.

3.3. Calcium Chelation Reverses Both Tau Phosphorylation and Histone Acetylation in the Brain of
SGPLIMINes pjce

We have previously suggested that increased calcium concentrations might account for the
neurotoxic effect of S1P in SGPL1-deficient neurons [14]. Calcium measurements in hippocampal slices
of SGPL1/Nes mice revealed a persistent elevation of basal calcium concentration in pyramidal neurons
of the CA1 region amounting about 223 nM, a value that exceeds control concentrations by about
2.5-fold [27]. To find out whether elevated basal calcium concentration is linked to tau phosphorylation,
we subjected hippocampal as well as cortical slices to BAPTA-AM treatment. Notably, calcium chelation
by BAPTA reversed tau phosphorylation in SGPL1-deficient hippocampal and cortical slices to control
values, specifically at the pathological phosphoepitope at serine residue S396/404 (Figure 3A), while
phosphorylation of serine residues 5262/356 was not affected by BAPTA (Supplementary Figure S3).
Furthermore, we found that histone acetylation in the same samples also returned to control levels
following BAPTA-AM treatment (Figure 3B).
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Figure 3. BAPTA-AM treatment reversed tau®>*9“%*hyperphosphorylation and H3K9 acetylation in
the brain of SGPL1/#/Nesmice.(A) Protein quantification of phospho-tauS30/4%4 and total tau (pan-tau)
in the hippocampus (Hippo, black) and cortex (dark grey) of control (C) and SGPL1//Nes(nKO)
mice with (+) and without (-) BAPTA-AM treatment. (B) Protein quantification of H3K9 acetylation
(H3K9ac) and total H3 in the hippocampus (Hippo, black) and cortex (dark grey) of control (C) and
SGPL1VNes (nKO) mice with (+) and without (-) BAPTA-AM treatment. (C) Protein quantification of
phospho-tau$3?/4%4 and H3K9 acetylation (H3K9ac) in neurons (Neu, light grey) and astrocytes (Astro,
white) in control (C) and SGPL1Y/Nes (nKO) mice with (+) and without (-) BAPTA-AM treatment.
For all: Bars mean +/— S.E.M, One-Way ANOVA with Tukey’s post-hoc correction, n = 3-7, * p < 0.05,
**p <0.01, *** p < 0.001, *** p < 0.0001, ns = not significant.
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3.4. Neuronal Tau Pathology and Augmented Histone Acetylation in Astrocytes of SGPLIM/Nes Mice Are
Calcium Dependent

As shown above, tau hyperphosphorylation appeared to be neuron specific, whereas the unusual
increase of histone acetylation was restricted to astrocytes. The fact that, in hippocampal and
cortical slices, BAPTA-AM reversed both parameters to control values prompted us to investigate
the effect of calcium chelation in primary cultured neurons and astrocytes, respectively. Treatment
of primary cultured neurons from SGPL1/Nesmice with BAPTA-AM recapitulated the effect on
tau phosphorylation described above in hippocampal and in cortical slices. Thus, the expression of
phosphorylated tau at serineS396/404 returned to control values following calcium chelation (Figure 3C).
Likewise, the treatment of primary cultured astrocytes derived from SGPL1//Nesmice reversed the
acetylation of H3 at K9 (H3K9ac) to control amounts (Figure 3C).

4. Discussion

SGPL1 deficiency in brain has been shown to affect neuronal health and to cause neuroinflammation
accompanied by impairment of cognitive and motor skills in mice [17,18,28]. The central aim of
the present study was to further unravel the molecular bases of the neurological phenotype of
SGPL1V/Nesmice. We therefore investigated tau expression and phosphorylation in SGPL1-deficient
animals. While the amount of total tau remained unaffected in the brains of SGPL11//Nesmice,
phosphorylation of tau at disease-relevant sites was significantly increased in brain slices and neuronal
cultures derived from these mice. Based on reports from the early nineties that altered calcium
homeostasis may be a key event leading to altered tau disposition and neuronal degeneration [29],
we assumed that increase of phosphorylated tau in SGPL1-deficient brains could be linked to the increase
of neuronal calcium in SGPL1¥#/Nesmice. Our results confirmed that at least one of the investigated
disease-relevant phosphorylation sites can be reversed by BAPTA-AM treatment, indicating that
the effect of SPGL1 deficiency on tau phosphorylation is also calcium-dependent. Although several
changes of tau expression, mutation and posttranslational modifications were described in diverse
pathologies of the central nervous system, hyperphosphorylation appears to be of particular importance
for its pathologic function [19,30]. Our results show that SPGL1 deficiency in the brain can lead to a
neuronal-specific, calcium-dependent hyperphosphorylation of tau at a site relevant to tauopathies.

We have previously shown that SPGL1 deficiency leads to an accumulation of aggregate-prone
proteins in the brain, along with deficits in motor coordination, learning and memory [17,18].
Furthermore, we have shown that SGPL1 deficiency on the one hand triggers the ubiquitin-proteasome
system (UPS) in brains of SGPL1¥/Nesmice [17], while on the other hand, it blocks neuronal autophagy
flux at an early stage [18]. The implication of both systems in neuronal health and death is well
established [31-34]. Notably, both systems are also responsible for tau clearance [35]. While numerous
reports suggested that tau is a proteasomal substrate, other studies found that the autophagy/lysosomal
pathway is the primary degradation machinery for tau [35]. Our results regarding unchanged amounts
of total tau could be explained by these opposing effects of SGPL1 deficiency on the two degradation
systems in neurons [17,18]. Further studies into the molecular mechanisms by which SGPL1 deficiency
and/or S1P accumulation in the brain affect tau hyperphosphorylation, clearance and pathology could
therefore be of great interest to the field of tauopathies.

Although tau is predominantly produced by neurons in the brain, tau pathology is not restricted
to neurons [30,36]. However, astrocytes derived from SGPL1-deficient brains did not show any
changes in tau expression or phosphorylation. One explanation might be the fact that many studies
regarding tau pathology were performed in transgenic animals harboring the wild-type or mutant
human tau transgene [30,37]. On the other hand, apart from hyperphosphorylation, microglial
activation and thus neuroinflammation appear to be essential for astrocytic tau pathology [30]. We have
recently shown that in SGPL11/f/Nesmice, microglial activation and hence release of pro-inflammatory
cytokines including interleukin (IL) 6 (IL-6) and tumor necrosis factor alpha (TNF-«), is caused by S1P
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released from SGPL1-deficient astrocytes [28]. Whether and how these factors are involved in the tau
hyperphosphorylation of SGPL1-deficient astrocytes has to be clarified in future studies.

It is well-established that mobilization of intracellular calcium stores is a universal signaling
mechanism that cells employ for responding to a wide range of external stimuli [38]. Notably in
SGPL1-deficient neurons, this stimulus is S1P [5]. We also found it rather interesting that both S1P [24]
and tau, downstream of its pathologic accumulation [22] have been shown to affect histone acetylation,
though in different cellular contexts. Specifically, SIP produced by overexpression of SK2 in the nucleus
of breast cancer cells was shown to inhibit HDAC 1 and 2, thus increasing acetylation of H3 at K9, of H4
at K5, and rather weakly that of H2B at K12 [24]. Moreover, a compromised acetylation homeostasis
has been suggested to be intimately coupled with neurodegeneration [39]. We therefore decided to
investigate whether SGPL1 deficiency in the brain could exert an analogous effect. Intriguingly, we
also found calcium-dependent increases in H3K9 and H2BK12 acetylation in brain slices and primary
cultured astrocytes, but not in neurons derived from SGPL1¥//Nesmice, without affecting the overall
expression levels of HDAC1, 2, 3, or 6. These results indicate that SGPL1 deficiency also plays a role in
histone posttranslational modifications in astrocytes, though further studies are needed to elucidate
the role of this epigenetic disruption on overall brain health.

In SGPL1-deficient mouse embryonic fibroblasts (MEFs) an increase of acetylated H3K9 was
reported, but no changes in the level of H4 and H2B acetylation could be detected [40]. Despite this
similarity, the underlying molecular mechanisms appear to diverge in the three cell types. In the
SK2-overexpressing cancer cell lines, nuclear S1P was shown to directly interact and thus inhibit
HDACs1 and 2 [24] while in SGPL1-deficient MEFs a reduced expression of HDACsl, 2, and 3 was
reported [40]. Intriguingly, the decreased expression of HDACs was correlated with an elevated basal
calcium level in SGPL1-deficient MEFs [40]. By contrast, in hippocampal and cortical slices derived
from SGPL1-deficient murine brains, no changes in the expression of HDACs could be observed.
However, calcium chelation by BAPTA-AM restored histone acetylation, suggesting that calcium
mediates the effect of SIP on histone acetylation independent of HDAC expression. Given these
differences between models, we cannot make assumptions as to the specific molecular mechanism
responsible for altered histone acetylation in our system.

Interestingly, epigenetic dysregulation currently attracts much attention as a pivotal player in
aging and age-related neurodegenerative disorders, such as AD, Parkinson’s disease and Huntington’s
disease, where it may mediate interactions between genetic and environmental risk factors, or directly
interact with disease-specific pathological factors [23,41]. Furthermore, a recent epigenome-wide
association study using H3K9ac as a marker for transcriptionally active open chromatin revealed
that tau pathology is associated with broad changes in the brain’s epigenome [22]. This study was
conducted in aged human dorsolateral prefrontal cortices. Also, in post-mortem human brains from
AD patients, tau pathology was correlated with augmented H3 and H4 acetylation [23]. Given our
findings that SPGL1 deficiency results in both altered tau homeostasis and histone acetylation, further
studies into how SPGL1 deficiency and/or S1P accumulation fit into these complex systems are needed.
While a closer look in primary cultured neurons and astrocytes uncovered a cell type specificity to the
effect of SGPL1 deficiency, this does not exclude their association in the nervous tissue. At present,
the association of tau pathology and histone acetylation appears rather conflicting and far from clear.
It has been reported that specific inhibition of HDAC3 and consequently an increased acetylation of
H3 and H4 was shown to reduce tau phosphorylation at disease- associated sites, including serine
396, and was proposed as a novel neuroprotective mechanism [42]. Similarly, the specific inhibition of
HDACS6 caused a significant reduction of tau phosphorylation [43]. HDACS6 inhibition also increased
acetylation of Hsp90 which caused ubiquitination of phosphorylated tau thus alleviating abnormal tau
accumulation [43]. Despite many open questions, we feel that our results show that SGPL1 deficiency
impacts brain health and might help explain the potential molecular mechanisms underlying the
diverse neuropathological phenotypes in humans harboring mutations in the SGPL1 gene [8].
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5. Conclusions

Our results indicate that SGPL1 depletion augments tau phosphorylation in neurons and
simultaneously enhances histone acetylation in astrocytes suggesting a negative impact on brain health.
On the other hand, immunohistochemical analysis in frontal and entorhinal cortices from 56 human AD
brains revealed an augmented SGPL1 expression correlating with amyloid deposits [12]. The same study
also reported a decreased expression of sphingosine kinase 1 as well as of SIPR1 suggesting a global
deregulation of S1P signaling in human AD brains [12]. Our results rely primarily on SGPL1 deficiency.
Hence, although sites relevant to tauopathies including AD are hyperphosphorylated, we feel that,
due to the multitude of phosphorylation sites in tau and the complexity of this phenomenon [44],
more studies are needed to finally understand the function of SGPL1 in tauopathies. At present, our
findings are first and foremost interesting for a better understanding of the phenotype of humans with
insufficient SGPL1 activity [8].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/10/2189/s1,
Figure S1: Neural-specific depletion of SGPL1; Figure S2: SGPL1 deficiency has no effect on acetylaztion of
Histone3 at lysine 14 and 18; Figure S3: BAPTA-AM treatment has no effect on tau$2623% hyperphosphorylation
in the brain of SGPL11/f/Nes mice,
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Abstract: CLN3 disease is a fatal neurodegenerative disorder affecting children. Hallmarks include
brain atrophy, accelerated neuronal apoptosis, and ceramide elevation. Treatment regimens are
supportive, highlighting the importance of novel, disease-modifying drugs. Flupirtine and its new
allyl carbamate derivative (compound 6) confer neuroprotective effects in CLN3-deficient cells.
This study lays the groundwork for investigating beneficial effects in CIn32“7# mice. WT/Cln35¢¥7/8
mice received flupirtine/compound 6/vehicle for 14 weeks. Short-term effect of flupirtine or compound
6 was tested using a battery of behavioral testing. For flupirtine, gene expression profiles, astrogliosis,
and neuronal cell counts were determined. Flupirtine improved neurobehavioral parameters in
open field, pole climbing, and Morris water maze tests in CIn32*7#% mice. Several anti-apoptotic
markers and ceramide synthesis/degradation enzymes expression was dysregulated in CIn32¢7/8
mice. Flupirtine reduced astrogliosis in hippocampus and motor cortex of male and female Cln3278
mice. Flupirtine increased neuronal cell counts in male mice. The newly synthesized compound
6 showed promising results in open field and pole climbing. In conclusion, flupirtine improved
behavioral, neuropathological and biochemical parameters in CIn32%7% mice, paving the way for
potential therapies for CLN3 disease.

Keywords: sphingolipids; neurodegeneration; ceramide; CLN3 disease; CIn38e378 mice; flupirtine;
allyl carbamate derivative; apoptosis

1. Introduction

The neuronal ceroid lipofuscinoses (NCLs) constitute a family of fatal pediatric neurodegenerative
disorders that primarily affect the central nervous system (CNS) [1]. NCLs are atypical lysosomal
storage disorders that manifest accumulation of lipopigments in the lysosomes of neurons and other
cell types [2]. CLN3 disease arises due to mutations in the CLN3 gene and is the most common variant

Cells 2020, 9, 1872; doi:10.3390/cells9081872 57 www.mdpi.com/journal/cells



Cells 2020, 9, 1872

of the NCL group [3]. This neurological disease manifests at four to eight years of age with progressive
visual deterioration, seizures, blindness, motor and cognitive decline, mental retardation, epilepsy and
early death during the second or third decade of life [4]. Massive cortical neuronal cell loss due to
neuronal apoptosis within the cortex [5], and neuronal loss in hippocampus and microglial activation
in this region are documented [6]. Eighty five per cent of patients with CLN3 disease harbor a 1.02 kb
deletion eliminating exons 7/8 and creating a truncated CLN3 protein [7,8].

CLNS3 protein influences major cellular functions, including apoptosis and cell growth 9.
Apoptosis is the mechanism of neuronal and photoreceptor cell loss in human brain from patients with
CLN3 disease 3 [9]. Ceramide, a pro-apoptotic lipid second messenger, mediates anti-proliferative
events of apoptosis, growth inhibition, cell differentiation, and senescence [10].

Ceramide levels are increased in CLN3-deficient cells and in brain of CLN3 patients [11].
Studies confirm that CLN3 protein expression modulates brain ceramide levels. Levels of lipids
ceramide, SM, GalCer, GluCer, and globoside are elevated in human CLN3-deficient fibroblasts.
Ceramide levels normalized following restoration of CLN3 function, but not following caspase
inhibition by zZVAD, a pan-inhibitor of caspases [8,11,12]. Overexpressing CLN3 protein results in a
drop in ceramide levels [13]. Increased ceramide levels and neuronal cell loss are evident in brain
sections from post-mortem CLN3 disease patients and in brains and sera of CIn327B mice [14].
Treatment regimens for CLN3 disease are largely supportive, not curative, and do not target the
underlying causes of the disease.

Flupirtine is a centrally acting non-opioid drug previously widely used in clinics as an analgesic [15,16].
Flupirtine maleate is the salt of this drug, henceforth, referred to as just flupirtine. It is neuroprotective,
has muscle relaxant and anticonvulsant properties [17] and suppresses neuronal hyper-excitability [18].
Flupirtine protects photoreceptor and neuronal cells from apoptosis induced by various insults [13].
There is evidence suggesting that flupirtine reduces brain injury, induces remodeling of brain tissue,
and diminishes cognitive impairment in in vivo animal models of ischemic stroke [15]. Flupirtine protects
lymphoblasts, differentiated human post-mitotic hNT neurons and PC12 neuronal precursor cells from
apoptosis induced by etoposide [13,19]. A newly synthesized allyl carbamate derivative of flupirtine
(compound 6) has shown potential neuroprotective effects in vitro, as one of nine flupirtine aromatic
carbamate derivative [19-21]. Compound 6 imparted a 150% increase in Bcl-2/Bax ratio in vitro which
is protective [19]. Flupirtine and its allyl carbamate derivative (compound 6) increased cell viability in
human CLNS3 patient-derived lymphoblasts and in neuronal precursor PC12 cells transfected with siRNA
directed against CLN3, exhibiting significant anti-apoptotic and neuroprotective effects [19].

This study tests, in vivo, oral supplementation of flupirtine for a period of 14 weeks in Cln32¢7/8
knock-in mice. Outcomes of efficacy include improved behavioral measures, altered gene expression
profiles, decreased glial immunoreactivity, and increased neuronal cell numbers in specific brain
regions. Supplementation of compound 6 assessed effectiveness in several parameters, as a first step in
also developing it as potential treatment for CLN3 disease.

2. Materials and Methods

2.1. Animals

This mouse work was conducted in accordance with an approved American University of
Beirut (AUB) Institutional Animal Care and Use Committee (IACUC) protocol (IACUC approval
#18-08-496). Animal testing was carried out at the AUB Animal Care Facility where animals were
housed. C57BL/6] (JAX stock number: 000664) and homozygous Cln327 (JAX stock number: 029471)
mice were obtained from the Jackson laboratory, kept in a 12-h light/dark cycle (lights onset at 6:00 am)
and supplied with access to food and water ad libitum. Room temperature was maintained between
18-26 °C, and relative humidity between 30-70%. Mice were housed in groups of 3—4/cage. All efforts
to minimize number of animals and animal suffering were applied. Mice were monitored for weekly
weights, basic behavior and general health throughout the study, and were bred in-house.
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2.2. Flupirtine and Compound 6 Treatment

Flupirtine and compound 6 were dissolved in vehicle (0.5% di-methyl sulphoxide (DMSO) in
10% phosphate-buffered saline (PBS)), at a dose of 30 mg/kg body weight for a period of 14 weeks
starting at 4 weeks of age. Vehicle treatment consisted of 0.5% DMSO in 10% PBS. Mice were treated
‘per os’ by drinking water with a consistent supply in a volume of ~8 mL/day/mouse. Both drugs
were synthesized by Dr. Paul Trippier at the department of pharmaceutical sciences in the School of
Pharmacy at Texas Tech University Health Sciences Center (Figure 1). Mice were divided into five
groups, consisting of 16 mice each (eight males and females) and consisted of C57BL/6] vehicle-treated
WT mice, C57BL/6] compound 6-treated WT mice, vehicle-treated CIn38ex78 mice, flupirtine-treated
CIn3%7/ mice and compound 6-treated CIn32*"/8 mice. Genotype was confirmed by PCR of DNA
mouse blood.

0y O~ OYO X
X NH N NH
| | .
. N” TNH,
O/\z N NH, O/\u
F F
Flupirtine Compound 6

Figure 1. Chemical structure of flupirtine and its allyl carbamate derivative, compound 6.

2.3. Behavioral Studies

Mice were held in their cages in the behavioral room for testing, with lights dimmed for 60 min
prior to onset of tests, for habituation. All behavioral assays were performed during the light cycle.
Each test was performed at 11, the same time of the day and within the same hour, when possible,
to minimize variability between cohorts. Comparison between groups was carried out on males and
females separately.

Open field: A mouse was placed on the periphery of a transparent Plexiglas cubic box (dimensions:
50 cm width, 50 cm length and 30 cm in height, with the center 16.4 cmz) so that locomotion would be
apparent to the operator and exploratory behavior videotaped. Specific parameters were recorded by a
top-mounted video-recorder using EthoVision software (Noldus Information Technology, Wageningen,
The Netherlands) for each animal including total distance traveled, average speed, mobility duration,
rearing and walling frequencies. Each mouse was allowed to move in the arena freely for 5 min.
The box was wiped with 50% ethanol between each mouse to avoid olfactory cuing.

Pole climbing: Mice were habituated to the task in five trials/day for 1 day. On the next test day,
five trial measures/mouse were performed by placing the mouse head upward on top of a rough-
surfaced pole (1 cm in diameter and 60 cm in height) wrapped with tape to prevent slipping. The time
for the mouse to completely turn its head down (tum), time to reach the middle of the pole (t/), time it
takes to descend and settle on the floor (tiota1), and time the mouse spent freezing during descent (tstop)
were recorded. Each mouse had a maximum time of two minutes to climb down to avoid exhaustion.

Morris water maze (MWZ): The spatial learning abilities of mice were assessed in a MWM task.
The apparatus consisted of a circular pool 100 cm diameter, filled up to 50 cm with water made opaque
by addition of a small amount of non-toxic white paint and maintained at 21-22 °C. The pool is
virtually subdivided into four quadrants using the software. A circular escape platform was placed in
a fixed south-west (SW) location hidden 0.5 cm below the surface of the water, and five fixed-position
geometric visual cues were kept in the brightly lit room throughout the period of testing. A digital
camera was positioned above the center of the tank and linked to a tracking system (ANY-Maze
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behavioral tracking software, version 6.3, USA) in order to record escape latencies, path distance (m),
percentage of thigmotaxis path and swim speed for each trial, together with time spent swimming in
each of the four quadrants of the maze.

Mice (eight males and females from each treatment group) were given four consecutive days
of acquisition training sessions that consisted of four trials per day. Throughout the course of this
acquisition period the position of the hidden platform remained fixed (SW) and the entry point was
varied from trial to trial, but the sequence remained fixed for all mice within that day. We used four
different entry points (north, south, east, and west). The sequence of starting points was modified
from one day to the other. Mice were given 60 s to find the platform, and if the mouse failed to locate
the platform within this period, it was guided onto it. All mice were allowed to rest on the platform for
a 30-s interval after each trial. At the end of the training block, mice were put in a drying cage and
allowed to dry prior to being returned to their experimental cages. The last day of the test, the ‘probe
trial’ was performed with the platform removed from the maze and the rodent released from the North
entry point of the pool to find the previous location of the hidden platform.

2.4. Corticosterone Immunoassay Kit

Blood was collected from the inferior vena cava, left to clot, centrifuged and spun for 15 min
at 10,000 rpm at 4 °C. Serum corticosterone levels were determined using DetectX® Corticosterone
Enzyme Immunoassay Kit (Cat. No K014-H5, Arbor Assays, Ann Arbor, MI, USA), according to
manufacturer’s instructions. Five pL of standards or mouse serum samples were assayed in duplicate
and run altogether on one single plate simultaneously. The absorbance was measured using TriStar2S
microplate reader (Berthold Technologies, Bad Wildbad, Germany) at 450 nm.

2.5. RNA Extraction from Brain Tissue

Mice were deeply anesthetized with a mixture of xylazine and ketamine (10 mg/kg and 100 mg/kg,
respectively) and brains were rapidly dissected and “snap” frozen in liquid nitrogen to preserve RNA
integrity, and stored at —80 °C. A total of 30 mg ground fresh brain tissue (from four males and females
in each treatment group) were homogenized using a motorized rotor-stator homogenizer and RNA
extracted using RNeasyPlus Mini Kits (Cat No. 74134, Qiagen, Germantown, MD, USA) according to
manufacturer’s instructions. For assessing RNA quality, A260/A280 and A260/A230 ratios for RNA
are analyzed with the ExperionTM Automated Electrophoresis System (BioRad, Hercules, CA, USA).
RNA concentrations are determined by absorption at 260 nm wavelength with a ND-1000 spectrometer
(Nanodrop Technologies LLC, Wilmington, DE, USA).

2.6. Quantitative Real-Time PCR (qRT-PCR)

Total RNA extracted from fresh brain tissues was reverse transcribed using RevertAid Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) with 2 ug of input RNA and random
primers (Thermo Fisher Scientific, USA). qRT-PCR reactions were performed in 384-well plates using
specific primers (Tm = 60 °C) (TIB MOLBIOL, Berlin, Germany) (Table 1) and iTaq SYBR Green
Supermix (BioRad, Hercules, CA, USA) as a fluorescent detection dye, in CFX384TM Real-Time
PCR (BioRad, USA), in a final volume of 10 pL. To characterize generated amplicons and to control
contamination by unspecific by-products, melt curve analysis was applied. Results were normalized to
B-actin or Gapdh mRNA level. All reactions were performed in duplicate, and results were calculated
using the AACt method.
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Table 1. Mouse cDNA primer sequences.

Gene Name  Primer Sequence (F = forward, R = reverse)

Bcl-xL F AGGTTCCTAAGCTTCGCAATTC
Bel-xL R TGTTTAGCGATTCTCTTCCAGG
BCL-2F TGTGTGTGGAGAGCGTCAAC
BCL-2 R TGAGCAGAGTCTTCAGAGAC
Sptlc3 F TGATTTCTCTCCGGTGATCC
Sptlc3 R GGAAATCCAACAACCACCAC
Samd8 F ATCACATTGCTCACGCTGAC
Samd8 R GCAATTTTCGGACTGAGAGC
B-actin F ACACTGTGCCCATCTACGAG
B-actin R ATTTCCCTCTCAGCTGTGGT
Gapdh F TGTTCCTACCCCCAATGTGT
Gapdh R AGTTGCTGTTGAAGTCGCAG

2.7. Immunohistochemistry

For morphological and immunohistochemical sectioning, 4 mice/treatment group were deeply
anesthetized with a mixture of xylazine and ketamine (10 mg/kg and 100 mg/kg, respectively) and
fixed by cardiac puncture with 30 mL of 4% paraformaldehyde (PFA) in PBS. Brains were carefully
isolated and fixed with 4% PFA solution (pH of 7.4) for 2 h at 4 °C, then cryoprotected in a solution
of 20% sucrose overnight. The following day, brains were processed and frozen using embedding
medium, Optimal Cutting Temperature (OCT) compound, for later tangential sectioning on glass
slides. Brains were cut in coronal sections (20 um) using a cryostat and sections stored at —20 °C for
further analysis. Brain coronal cryosections were treated with PBS for 5 min twice, then incubated
with PBST (0.1% Triton X-100 in PBS) for 10 min twice. Sections were incubated with blocking solution
(PBST 0.1%-FBS 10%) for 1 h at room temperature (RT). They were then incubated with each of the
primary antibodies: anti-GFAP (1:500, Abcam, Cambridge, UK, catalogue #ab7260) and anti-NeuN
antibody (1/300, Abcam, Cambridge, UK, catalogue #ab104225) in antibody solution (PBST 0.1%-FBS
1%) overnight at 4 °C. After washing in PBST, slides were treated with Sudan black for 40 min,
then washed with PBS three times. Brain cryosections were then incubated with biotinylated secondary
antibody diluted in antibody solution at RT for 1 h. Samples were counterstained with 1:10,000 Hoechst
(Sigma, St. Louis, MO, USA) and then mounted in Fluoromount (Sigma, St. Louis, MO, USA).

Signal quantification was assessed using Leica microscope software imaging. For microscopic
imaging, three sections/mouse were selected. Primary motor cortex was viewed at 40x magnification
with three to four photos/section for motor cortex layers (I-VI). Hippocampus images for GFAP were
obtained at 40X magnification. Intensity quantification was depicted by the ratio of integrated density
over total area of image using Image ] software, version 1.52a. NeuN positive cells were quantified
manually using Image ] software. Number of NeuN positive cells divided by total area of image.

2.8. Statistical Analysis

Basic statistical analysis was conducted using GraphPad Prism 6 statistical package (GraphPad
Software version 6.04, San Diego, CA, USA). Data was expressed as mean + standard error of the
mean (SEM). For two group comparisons, Student’s t-test was used with quantitative continuous
variables. Comparisons between different groups were statistically tested with either one-way analysis
of variants (ANOVA) or two-factorial ANOVA followed by Tukey’s post-hoc test for multiple group
comparisons. All tests are two sided and a p-value < 0.05 is considered as statistically significant.
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3. Results

3.1. Impact of Flupirtine on Motor Behavior of Homozygous Cln32<7# Mice

The open field behavioral test assesses novel environment exploration, general locomotor activity,
and provides an initial screen for anxiety-related behavior in rodents. Open field behavioral testing
showed that vehicle-treated CIn32¢”/% mice exhibit increased spontaneous locomotor activity compared
to vehicle-treated WT controls in both genders at 15 weeks of age. Vehicle-treated CIn327% mice
were significantly more mobile than their vehicle-treated WT littermates (Figure 2A,B). These results
indicate that WT mice display increased anxiety-like behavior when put in the novel test environment
compared with CIn37% mice. Normally, rodents display distinct aversion to large, brightly lit,
open and unknown environments. They have been phylogenetically conditioned to see these types of
environments as dangerous [22]. To confirm whether CIn3%¢7# mice have less anxiety than WT mice,
we analyzed serum levels of the predominant murine glucocorticoid, corticosterone, in these animals.
Male CIn32¢7# mice experienced significantly lower corticosterone levels than those measured in WT
animals (Figure 2E). Similarly, female CIn3%“7# mice experienced lower corticosterone levels than WT
animals, that was very close to significance (p = 0.09) (Figure 2F). These results confirm that WT mice have
an enhanced physiologic response to stress, characterized by increased hypothalamic-pituitary-adrenal
axis activity. Flupirtine treatment slowed down significantly the locomotor hyperactivity of male and
female Cln3%78 mice (Figure 2A,B).
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Figure 2. Impact of flupirtine on motor behavior of male and female Cln3**7#mice. Open field behavioral
parameter (mobility duration) in vehicle-treated WT, vehicle-treated CIn3278, and flupirtine-treated
Cln3%¥7B(A) male and (B) female mice (n = 8 per group). Pole climbing test in vehicle-treated WT,
vehicle-treated CIn32¢7, and flupirtine-treated CIn32¥7/8(C) males and (D) female mice (1 = 8 per group).
Time to turn (trum), time needed to reach center of pole (t12), amount of time stopped (tstop), and total time
to descend (tyota1) were recorded. All data are expressed as mean + SEM. $ p: compared to vehicle-treated
WT mice; and * p: compared to vehicle-treated CIn3*7Smice. * p < 0.05, ** p < 0.01, % p < 0.001,
and 5% p < 0.0001. Corticosterone levels in vehicle-treated WT and Cln38ex7] /S(E) male and (F) female mice
(n = 8 per group). Data are expressed as mean + SEM.
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The pole climbing test measures motor coordination, vertical orientation capability, and balance
of mice. Vehicle-treated CIn3%¢7# male and female mice descended the pole faster than vehicle-treated
WT mice (Figure 2C,D), in line with the hyperactivity of Cln327# mice observed in the open
field experiment. In males, flupirtine supplementation had a significant impact on increasing and
delaying the descent compared to vehicle-treated CIn32%7 mice (Figure 2C). In females, flupirtine
supplementation also trended to increase and delay the descent compared to vehicle-treated Cln35¢7/8
mice, however it did not reach significance (Figure 2D).

3.2. Impact of Flupirtine on Learning and Memory of Homozygous Cln357# Mice

The Morris water maze (MWM) is a test used to assess cognitive function, more specifically, spatial
learning and memory. The “probe trial’, in which the platform was removed, was used to assess spatial
memory for the previously learned platform location. The time spent in the target quadrant compared
to the average time spent in the non-target quadrants is an indicator of the animal’s recall of platform
location. WT male and female mice spent significantly more time in the target quadrant as compared to
the average time spent in the non-target quadrants, suggestive of recall of platform location (Figure 3A-C).
Vehicle-treated Cln32“7®male and female mice spent significantly less time than their WT male littermates
in the target quadrant (Figure 3A—C). Flupirtine treatment improved memory retention in Cln32¢7/8
male and female mice, with a significant increase in time spent in the target quadrant compared to
vehicle-treated CIn32*”#mice, suggestive of recall of platform location (Figure 3A—C).
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Figure 3. Impact of flupirtine on learning and memory of male and female Cln3%¢¥78 mice. Percentage of

time spent in target vs. non-target quadrant of (A) male and (B) female mice in the different groups
(vehicle-treated WT, vehicle-treated CIn3278, and flupirtine-treated Cln3%¢7#) during the probe test
(1 = 8 per group). All data are expressed as mean + SEM. ¥ p: Target quadrant compared to non-target
quadrant; and * p: compared to vehicle-treated WT mice. * p < 0.05, ** p < 0.01, *** p < 0.0001,
58 1 < 0.001, and %% p < 0.0001. (C) Representative heat maps of swimming paths of one mouse from
different groups during the probe test in male and female mice. An empty, bolded red circle indicates
location of the target platform (o).
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3.3. Impact of Flupirtine on Anti-Apoptotic Gene Expression in Male and Female CIn3%%"8 Mice

The expression of several anti-apoptotic (Bcl-2, Bcl-xL, Akt, Xiap) and pro-apoptotic genes
(Fadd, Cytochrome C, Caspase 3, Caspase 6, Caspase 9, Apaf-1, Bad, Bax) were measured in male and
female mice. The anti-apoptotic gene B-cell lymphoma extra-large (Bcl-xI) gene expression level
was downregulated in vehicle-treated Cln32”# mice compared to vehicle-treated WT male mice
(Figure 4A). Flupirtine treatment had a significant effect only on Bcl-xI expression levels, by increasing
mRNA expression level in CIn32¢7# male mice (Figure 4A). In female mice, B-cell lymphoma 2 (Bcl-2)
gene expression was slightly higher in vehicle-treated CIn3***”#% mice compared to vehicle-treated WT
female mice (Figure 4B). Flupirtine, however, significantly increased only the mRNA expression level
of Bcl-2 in CIn3%¢78 compared to vehicle-treated Cln3”# mice (Figure 4B). The expression level of
other anti-apototic and pro-apototic genes remained unchanged (data not shown).
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Figure 4. Mouse brain gene expression of anti-apoptotic markers. (A) Bcl-xl gene expression levels in
the brain of vehicle-treated WT, vehicle-treated CIn32¢78, and flupirtine-treated CIn32¢78 male mice
(n = 4 per group). Data are expressed as mean + SEM, * p: compared to CIn32“7# vehicle-treated mice.
*p < 0.05; (B) Bcl-2 gene expression levels in the brain of vehicle-treated WT, vehicle-treated Cln38ex7f8,
and flupirtine-treated CIn327# female mice (1 = 4 per group). Data are expressed as mean + SEM.
$ p: compared to vehicle-treated WT mice, and, * p: compared to vehicle-treated CIn38ex7 mice.
w5 <0.0001, % p < 0.05, and #% p < 0.0001.

3.4. Impact of Flupirtine on Gene Expression of Enzymes of Ceramide Metabolism in Cln37 Mice

Several ceramide synthesis enzymes (Sptic2, Sptlc3, Kdst, CerS1-6, Degs1, Degs2, Smpd2, Smpd3,
Gba, GalC) and ceramide degradation enzymes (Asahl, Asah2, Samds, Ugcg, Ugt8) were investigated in
male and female mice. Serine palmitoyltransferase 3 (Sptlc3) levels were significantly upregulated in
vehicle-treated CIn3**7Amice compared to vehicle-treated WT male mice (Figure 5A). Flupirtine treatment
had a significant impact only on the expression level of key ceramide synthesis enzyme, Sptlc3, in the de
novo pathway, by reducing mRNA expression levels compared to CIn3“78vehicle-treated male mice
(Figure 5A). In female mice, sterile alpha motif domain containing 8 (Samd8) gene expression level did not
differ between vehicle-treated WT and vehicle-treated CIn32*”8female mice. Samds is an endoplasmic
reticulum (ER) transferase that converts phosphatidylethanolamine (PE) and ceramide to ceramide
phosphoethanolamine (CPE). Flupirtine significantly increased expression levels of only Samd8 compared
to vehicle-treated WT and to Cln3%¢7female mice (Figure 5B). The expression level of other ceramide
synthesis/degradation enzymes remained unchanged (data not shown).
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Figure 5. Mouse brain gene expression of ceramide synthesis/degradation enzymes. (A) Sptlc3 gene

expression levels in the brain of vehicle-treated WT, vehicle-treated Cln3Bex7/8

, and flupirtine-treated
CIn327# male mice (n = 4 per group). Data are expressed as mean = SEM. ® p: compared to WT
vehicle-treated mice, and, * p: compared to vehicle-treated CIn38ex7/8 mice. * p <0.05, and $5 p <0.01;
(B) Samd8 gene expression levels in the brain of vehicle-treated WT, vehicle-treated CIn38ex78,
and flupirtine-treated CIn37 female mice (11 = 4 per group). Data are expressed as mean + SEM.
$ p: compared to vehicle-treated WT mice, and, * p: compared to vehicle-treated CIn3%%7/ mice.

*p<0.05and ® p < 0.05.

3A3x7/8

3.5. Effect of Flupirtine Supplementation on Astrocytosis in Cln Mouse Brains

Fluorescence microscopy demonstrated significant enhanced GFAP immunostaining (green) in
vehicle-treated CIn32¢” male mice relative to WT littermates in CA1/2 and CA3 hippocampus, dentate
gyrus (DG), and motor cortex (MC) (Figure 6A,B). Treatment with flupirtine decreased glial activation
in all brain regions studied in CIn3”% male mice (Figure 6A,B). Results were statistically significant
only in CA1/2 hippocampus, and motor cortex (MC). Hoechst staining (blue) indicates diminished
number of hippocampal neurons in vehicle-treated Cln3%7# versus WT, and also an increase in
neurons in flupirtine-treated male mice versus vehicle-treated CIn32¢7% male mice (Figure 6A).

In females, GFAP immunostaining was significantly enhanced in vehicle-treated Cln3%7# mice
relative to their WT female littermates in CA1/2 and CA3 hippocampus, as well as in DG (Figure 7A,B).
Treatment with flupirtine significantly decreased astrogliosis in CA1/2 and CA3 hippocampus, and DG
in CIn3%¢7# female mice (Figure 7A,B). Also, note an increase in the number of blue, Hoechst-stained
neurons in hippocampus and dentate gyrus in both wild type and flupirtine-treated CIn327# female
mice compared to vehicle-treated CIn32¢<78 female mice (Figure 7A). In motor cortex (MC) of females,

no significant difference in GFAP levels was observed (data not shown).
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Figure 6. Impact of flupirtine supplementation on astrocytosis in hippocampus and motor cortex
of male CIn32%7% mice. (A) Representative images of hippocampus regions CA1, CA2, CA3 and
dentate gyrus (DG), as well as primary motor cortex from vehicle-treated WT, vehicle-treated Cln38ex7l8,
and flupirtine-treated CIn3%¢*% male mice stained with GFAP in green and counterstained with Hoechst
in blue (n = 4; Scale bars = 20 um).; (B) Glial fibrillary acidic protein (GFAP) mean fluorescence over
area in vehicle-treated WT, vehicle-treated Cln32¢7/ and flupirtine-treated CIn32¢7 male mice in
hippocampus regions CA1, CA2, CA3 and dentate gyrus (DG), as well as in primary motor cortex (MC).
Data are expressed as mean + SEM. 3 p < 0.05 compared to vehicle-treated WT, * p < 0.05 compared to

vehicle-treated Cln32e78,
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Figure 7. Impact of flupirtine supplementation on astrocytosis in hippocampus and motor cortex of
female CIn327Pmice. (A) Representative images of hippocampus regions CA1, CA2, CA3 and dentate
gyrus (DG), from vehicle-treated WT, vehicle-treated ClIn3278  and flupirtine-treated Cln327Bfemale
mice stained with GFAP in green and counterstained with Hoechst in blue (1 = 4; scale bars = 20 pm).;
(B) glial fibrillary acidic protein (GFAP) mean fluorescence over area in vehicle-treated WT, vehicle-treated
CIn327B, and flupirtine-treated Cln3“7®male mice in hippocampus regions CA1, CA2, CA3 and dentate
gyrus (DG), as well as in primary motor cortex (MC). Data are expressed as mean + SEM. $ p: compared
to vehicle-treated WT, * p: compared to vehicle-treated CIn32¢78. *p < 0.05, ** p < 0.01, % p < 0.01,
and %% p < 0.001.

3.6. Impact of Flupirtine Supplementation on Neuronal Cell Counts in CIn3**"8 Brains

The number of NeuN-positive cells decreased significantly in the MC of vehicle-treated Cln3¢7/8
male mice versus vehicle-treated WT mice (Figure 8A,B). Although not significant, NeuN-stained cells
in MC of flupirtine-treated CIn32¢”# male mice compared to vehicle-treated C1n32%”% mice showed a
slight increase, close to the level in WT mice (Figure 8A,B). No significant difference in the neuronal
cell counts of female MC was seen (data not shown).
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Figure 8. Effect of flupirtine treatment on motor cortex neuron numbers in CIn32“78 mice.
(A) Representative images of primary motor cortex from vehicle-treated WT, vehicle-treated Cln32¢7%
and flupirtine-treated CIn32e78 male mice stained with NeuN (mature neuronal marker) in green
and counterstained with Hoechst in blue (n = 4; Scale bars = 50 um).; (B) NeuN-positive cells
normalized to area in the primary motor cortex (MC) of vehicle-treated WT, vehicle-treated Cln3bex7s8,
and flupirtine-treated C1n327# male mice. Data are expressed as mean + SEM. * p < 0.05 compared to

vehicle-treated WT.
3.7. Impact of Compound 6 Supplementation on Behavioral Parameters

In the open field test, compound 6 significantly slowed down locomotor hyperactivity of male
and female CIn3%47/ mice (Figure 9A,B). Similarly, a similar effect was seen in the pole-climbing test,
where compound 6 significantly increased time needed by male mice to descend the pole compared to
vehicle treated mice (Figure 9C).
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Figure 9. Impact of compound 6 treatment in Cln3278 mice. Open field behavioral parameter
(mobility duration) in vehicle-treated WT, vehicle-treated Cln38ex78  and compound 6-treated Cln38ex7/8
(A) male and (B) female mice (1 = 8 per group). Data are expressed as mean + SEM. ® p: compared
to WT vehicle-treated mice, and, * p: compared to vehicle-treated CIn32e7/8 mice. *** p < 0.001,
$5% p <0.001, and 555 p <0.0001. (C) Pole climbing test in vehicle-treated WT, vehicle-treated Cln32ex7f8,
and flupirtine-treated Cln32¢7/8
center of pole (t2), amount of time stopped (tstop), and total time to descend (tiota1) Were recorded.
Data are expressed as mean + SEM. * p < 0.05, ** p < 0.01.

male mice (1 = 8 per group). Time to turn (ty,m), time needed to reach
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4. Discussion

This study addresses novel small molecule treatment strategies for CLN3 disease in a Cln32%"/8
knock-in mouse model. Hopefully, this will translate into future knowledge to improve the lives of
CLN3 patients.

Flupirtine is well known for its significant powerful anti-oxidative, anti-apoptotic, and neuroprotective
effects in vitro and in vivo. The effectiveness of the chosen daily dose of flupirtine (30 mg/kg per os)
has been demonstrated in testing for anti-nociceptive, anticonvulsant, and anti-apoptotic activity in
rodents [23-27]. This study is the first to evaluate the use of flupirtine as potential treatment for CLN3
disease in an animal model, i.e., in vivo. Previous studies proved that flupirtine reaches brain regions,
including hippocampus and cortex, and that it rapidly crosses the blood brain barrier and enters other
tissues. The liver is the primary organ responsible for its metabolism [15].

Behavioral tests assessed different aspects of CIn3278 mouse motor strength, coordination,
balance, as well as learning and spatial memory functions before and after flupirtine treatment.
Male and female vehicle-treated CIn32¢”/% mice exhibit significantly increased mobility with respect to
WT controls in the open field test. The hyperactive phenotype prominent in vehicle-treated Cln3"/3
mice is described for the first time here in mice at of 18 weeks of age. This was not previously documented
in CIn32%¢78 mice at 40 weeks of age [28]. This suggests that, at a young age, CIn32e¥78 mice express a
distinct behavioral phenotype prior to onset of more severe CLN3 disease symptoms, including motor
decline. CIn34¢78
to WT controls in a novel environment. This indicates inattentiveness and diminished executive
function. Treatment with flupirtine significantly attenuated this abnormal mobility in male and female
CIn32¢<7 mice. This phenotype may be consistent with the notion that diminished executive function of
vehicle-treated CIn3"¢”/8 mice is driving their inattentive hyperactivity. The vertical pole test evaluates
spatial and motor orientation and balance of mice [29]. Reduced latency of vehicle-treated Cln32¢7/8
mice to descend the pole is explained by their quick and less controlled behavior compared to WT
animals, consistent with open field behavioral assessments of excessive mobility. The aforementioned
behavioral test reveals prominent hyperactivity and attentional deficits in vehicle-treated CIn3¢7/8
mice, while treatment with flupirtine lessened this impulsive phenotype. These results are in line with
other mouse models of neurodevelopmental psychiatric disorder of attention-deficit hyperactivity
disorder (ADHD). Mice recapitulating this disease are characterized by impulsivity, inattentiveness,
and hyperactivity [30]. Stress has a direct profound effect on rodent behavior and physical activity [31].
Chronic stress leads to increased corticosterone levels [31], as observed in WT male and female mice
with respect to CIn32¢7# mice. Several studies elucidate that animals who do not experience stress
show higher exploration, locomotion, and physical activity in an open field test, as a reaction to an
unknown environment [32,33]. Therefore, the markedly decreased corticosterone levels in serum
of CIn327F mice with respect to WT animals explains their hyperactivity resulting from reduced
stress levels in male and female CIn3%°7% mice. Learning and cognitive ability of mice was tested at
16 weeks of age using the Morris water maze (MWM) test. Analysis of the swim paths of mice during
the probe trial showed that flupirtine-treated male and female CIn3%7# mice adopted strategies and
maintained spatial preference in the target quadrant, contrary to vehicle-treated Cln3%47% mice that
show coverage of the whole maze. Flupirtine significantly enhanced spatial learning, navigation and
memory retention in Cln32¢7/

Apoptosis is a naturally-occurring mechanism of cell death and helps maintain tissue
homeostasis [34]. Neuronal cell loss is evident in brain sections from post-mortem CLN3 disease
patients [3]. Numerous apoptotic cells are present within cortical brain sections from CLN3 disease
patients [3]. CLN3 patient-derived lymphoblasts have decreased growth rate compared to normal
lymphoblasts, validating that apoptosis is one of the mechanisms implicated in CLN3 disease
pathogenesis [35]. Other studies demonstrate damage and apoptosis of neuronal and glial cells in
hippocampus and cortex of CLN3 patients in addition to marked loss of cortical neurons due to

mice also showed increased random and chaotic exploratory activity compared

male and female mice.
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apoptotic cell death [6]. CLN3 defects also perturb calcium signaling, leading to a profound defects in
neuronal survival [36].

Most neuronal death in CLN2 and CLN3 brains takes place via apoptosis, and the surviving
neurons upregulate Bcl-2 [5]. Treatment with flupirtine significantly upregulated expression of
anti-apoptotic BCL-2 in CLN3-deficient cells in vitro [20]. This is the case in vivo in this current
study as flupirtine-treated CIn32¢7# female mice show a remarkable increase in Bcl-2 expression.
In males, another anti-apoptotic protein, Bcl-xI, was upregulated following treatment with flupirtine.
Different proteins were impacted in male versus female mice, yet the end result was upregulation of
anti-apoptotic pathways and hence, reduction of cell death in brains of Cln3”/% mice given flupirtine.
This variation among sexes is not a new observation in this disease. We documented this in another
study using exogenous galactosylceramide as potential treatment for CLN3 disease [28].

CLNB3 s directly implicated in apoptotic cell death signaling cascades by activating caspase-dependent
and caspase-independent pathways [8]. Ceramide is a major sphingolipid second messenger implicated
in several cell processes and impacts divergent pathways [37]. Sphingolipids are major bioactive lipids
involved in homeostasis, growth, proliferation and cell death [38]. Ceramide mediates anti-proliferative
events, such as apoptosis, growth inhibition, cell differentiation, and senescence [10]. This biomolecule
possesses complex biophysical properties and acts as a central hub. Regulation of its levels affects
catabolism and break-down of various sphingolipid species [10]. Ceramide is generated through
several complex interrelated pathways either via the de novo pathway, sphingomyelin, or cerebroside
catabolism. Ceramide is synthesized de novo in the endoplasmic reticulum or through breakdown
of sphingomyelin in Golgi, plasma membrane, or mitochondrial membrane [39]. Defects in ceramide
signaling pathways often result in augmenting programmed cell death in multiple cell types, including
neurons [40]. Previous studies show that ceramide levels are increased in CLN3-deficient cells and
brain of CLN3 patients [11]. Published reports demonstrate that 17 week-old Cln32*"#mice express
higher levels of ceramide in brain compared to age-matched WT mice [14]. Sptlc3 catalyzes the initial
steps in formation of ceramide via the de novo pathway by condensing serine and palmitoyl Co-A to
generate 3-ketoshphinganine (3-KDS) [10]. We documented decreased Sptlc3 levels in flupirtine-treated
CIn3"“7Bmice versus vehicle-treated CIn3"“7$male mice. Downregulation of Sptlc3 leads to diminution of
ceramide generation via the de novo ceramide pathway. As for the other enzymes of the de novo pathway,
the expression of Sptlc2 and Degs1 also decreased with flupirtine treatment, but did not reach significance
(data not shown). This supports our conclusion that flupirtine treatment in male mice impacts the de novo
synthesis pathway. In females, however, a different pathway in ceramide signaling is at play. Samd8 is an ER
transferase that converts phosphatidylethanolamine (PE) and ceramide to ceramide phosphoethanolamine
(CPE). Samds levels are increased in flupirtine-treated Cln3%7female mice. Samd8 operates as a ceramide
sensor to control ceramide homeostasis in the ER rather than a converter of ceramides. This implicates
that the ceramide salvage pathway is modulated in flupirtine-treated Cln3*7#female mice with the end
result of diminished ceramide levels. Empirical evidence from our study confirms reduced synthesis
(decreased Sptlc3 expression) in flupirtine-treated male mice, but increased degradation of ceramide
(increased Samd8 expression) in female flupirtine-treated mice. Physiologic gender differences affects
drug activity and charactersitics, including pharmacokinetics [41]. Differences in body size result in
larger distribution volumes, faster total clearance, and less tissue absorption of some medications in men
compared to women [42]. This may explain higher brain absorption in female compared to male mice.
Moreover, sex hormones, in females, have a direct effect on drug absorption, distribution, metabolism,
elimination and adverse effects [43]. This study implies that sex-specific drug dosing regimens may be
warranted for treatment of neurological diseases that affect the blood brain barrier, including CLN3
disease in mouse and man.

Activation of the glial cell population contributes to imbalance in CNS function and impacts
cognitive function [44]. Hyperactive astrocytes are observed in neurodegenerative disorders and
following brain injury documented by GFAP as biomarker. In males, microscopic inspection
of vehicle-treated CIn3%7% mouse brain documents widespread intracellular GFAP staining in
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hippocampal regions (CA1, CA2, CA3, and the dentate gyrus) and in the MC relative to age-matched,
vehicle-treated WT animals. Mice treated with flupirtine had significantly lower levels of GFAP
staining in these regions. This data provides evidence that flupirtine attenuates astrogliosis at the
level of the hippocampus and MC in CIn3%¢78 male mice. In females, flupirtine was able to attenuate
GFAP immunostaining in CA1/2, CA3 and DG regions of the hippocampus. The motor cortex did not
show any difference in vehicle-treated CIn37# female mice compared to WT. This may explain better
performance in CIn327# female mice on the rotarod compared to males as it tests motor skills (data
not shown).

The neuronal nuclear protein (NeuN) is a marker not detected in glial cells or other cells in the
brain [28]. NeuN assesses neuronal health and loss of this protein is indicative of damage. Neuronal cell
loss in CLN3 patients is at the root of CLN3 disease pathogenesis [45]. NeuN-positive cell were
significantly ablated in vehicle-treated Cln3%%”% mouse. Although it did not reach significance,
flupirtine resulted in an increase in the neuronal population in motor cortex (MC) of male mice.
This tsuggests that flupirtine conferred neuroprotection and reduced cell death in brains of Cln32¢7/8
mice. In females, there was no difference in neuronal counts in motor cortex of vehicle-treated Cln32¢7/
female mice compared to WT. In a previous study, affected female mice 44 weeks of age did show a
diminution in NeuN positive cells [28], suggesting that unlike males, neuronal loss in females starts at
a later age.

The novel, flupirtine-like allyl carbamate derivative, compound 6, developed to possess
physicochemical properties desirable for CNS therapeutics had an improved Multiparameter
optimization (MPO) score. The latter predicts blood—brain barrier (BBB) penetration, an essential
parameter for neuroprotective compounds, and was > 4 more effective [19]. The newly synthesized
allyl carbamate derivative of flupirtine, compound 6, showed potential for improved neuroprotection,
after screening in vitro nine flupirtine derivatives [20]. Here, we report early promising behavioral
in vivo results for compound 6 for treatment of CIn32”# mice. Although pharmacokinetics and
toxicological safety remain to be established for compound 6, the promising behavioral data obtained in
this study are worth reporting. Treatment with compound 6 significantly attenuated the high mobility
documented by open field and pole climbing in CIn327# mice, suggesting more work is necessary to
determine optimal dosing for this compound.

5. Conclusions

In conclusion, these findings suggest that flupirtine, and compound 6, improve neurobehavioral
measures. Flupirtine impacted ceramide biosynthesis and apoptotic signaling pathways. Flupirtine affected
a broad-spectrum of actionable targets, providing insights into the pathobiology of CLN3 disease in humans,
particularly uncovering impact on gender-specific signaling pathways. Flupirtine shows promise in males
and females, and the allyl carbamate derivative, compound 6, needs further preclinical analyses and
development. These findings extend our knowledge of the role of drugs in the treatment of a fatal pediatric
neurodegenerative disease implying more work lies ahead for development into clinically applicable
therapies for CLN3 patients.

6. Patents

R.-M.B. has an Application for Method of Treating Batten Disease. Inventor: Rose-Mary Boustany.
Duke (File No. 5405-240 PR). US Patent and Trademark No. 10/148,859 (U.S. National Phase); Use Patent
issued 11/23/2004 US Patent # 6 821 995, expired 11/23/2014.

N.K.,, P.C.T. and R.-M.B. are inventors on a patent application detailing the aromatic carbamates
described herein: ‘Functionalized Pyridine Carbamates with enhanced Neuroprotective Activity’ PCT
Int. Appl. (2019), WO2019014547 A8.
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Abstract: Changes in sphingolipid metabolism have been suggested to contribute to the
pathophysiology of major depression. In this study, we investigated the activity of acid and neutral
sphingomyelinases (ASM, NSM) and ceramidases (AC, NC), respectively, in twelve brain regions of
female rats selectively bred for high (HAB) versus low (LAB) anxiety-like behavior. Concomitant
with their highly anxious and depressive-like phenotype, HAB rats showed increased activity of
ASM and NSM as well as of AC and NC in multiple brain regions associated with anxiety- and
depressive-like behavior, including the lateral septum, hypothalamus, ventral hippocampus, ventral
and dorsal mesencephalon. Strong correlations between anxiety-like behavior and ASM activity were
found in female HAB rats in the amygdala, ventral hippocampus and dorsal mesencephalon, whereas
NSM activity correlated with anxiety levels in the dorsal mesencephalon. These results provide
novel information about the sphingolipid metabolism, especially about the sphingomyelinases and
ceramidases, in major depression and comorbid anxiety.

Keywords: anxiety; depression; sphingolipids; sphingomyelinase; ceramidase

1. Introduction

Major depressive disorder (MDD) is a severe and chronic mood disorder, with a lifetime prevalence
of approximately 11% in men and 18% in women [1]. MDD is highly comorbid with other psychiatric
disorders, including generalized anxiety, social anxiety and alcohol use disorders, and is associated
with increased suicidality [2]. The major symptoms of MDD are a depressed mood and loss of
interest, anhedonia, feelings of worthlessness, weight loss and insomnia. Despite its severity and
high prevalence, the pathogenesis of MDD is yet unclear. One of the mechanisms involved in the
pathogenesis of MDD seems to relate to an altered metabolism of sphingolipids such as sphingomyelin
and ceramide [3]. The enzyme sphingomyelinase catalyzes the hydrolysis of sphingomyelin to
ceramide and phosphorylcholine [4]. Depending on the pH optimum of the enzyme, several isoforms
are known, including acid sphingomyelinase (ASM), neutral sphingomyelinase (NSM) and alkaline
sphingomyelinase [5]. As expected from their pH optimum, these enzymes are differentially localized
throughout the body. As such, ASM is ubiquitously distributed in all tissues [6] with a lysosomal
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form but is also constitutively secreted [7]. NSM is predominantly localized in the central nervous
system [8,9], and alkaline sphingomyelinase is active in the digestive system but not in the central
nervous system [10]. Similar to sphingomyelinases, ceramidases differ in their pH optimum for the
breakdown of ceramide to sphingosine and fatty acid. The acid ceramidase (AC) and neutral ceramidase
(NC) show much higher activities in the brain compared to peripheral tissues [9]. An alkaline isoform
was detected in the human cerebellum [11].

Several clinical studies reported an altered sphingomyelin and ceramide metabolism in MDD.
As such, ASM activity was increased in peripheral blood mononuclear cells of patients experiencing a
major depressive episode [12]. Moreover, secretory ASM activity was related to depression severity
and predicted the improvement of depressive symptoms during therapy [13]. Such alterations in ASM
activity might involve changes in alternative splicing of the gene coding for ASM, which differed
between MDD patients and healthy controls [14,15]. Similarly, several plasma ceramide species were
increased in patients experiencing a major depressive episode during the past two years compared with
healthy controls and patients experiencing a major depressive episode for more than two years [16].
Higher plasma ceramide Cer16:0, Cer18:0, Cer20:0, Cer22:0, Cer24:0 and Cer24:1 levels were also
observed in patients with MDD and bipolar disorder [17], and higher plasma levels of ceramide Cer16:0
and Cer18:0 were associated with higher severity of depression symptoms in patients with coronary
artery disease [18]. In contrast, plasma sphingomyelin SM26:1 [19], SM39:1 and SM39:2 [20] levels
were decreased in MDD patients, and the SM23:1/SM16:0 ratio was negatively correlated with the
severity of depression symptoms in a Dutch family-based lipidomics study [21].

Similarly increased ASM activity resulting in decreased sphingomyelin and increased ceramide
concentrations was described in rodent models of MDD. For example, exposure to chronic unpredictable
stress, which was shown to induce a depressive-like and anxious phenotype [22,23], increased the
levels of several ceramide species in the hippocampus and frontal cortex but not in the amygdala
and cerebellum in mice [24]. In contrast, sphingomyelin concentration was reduced by chronic
unpredictable stress [24], suggesting an altered sphingolipid metabolism. Chronic administration
of corticosterone, another model known to induce a depressive-like and anxious phenotype [25-27],
also increased ceramide concentrations in the dorsal and ventral hippocampus [28]. The direct
involvement of ceramide in the pathogenesis of depression was demonstrated in naive mice,
which developed a depressive-like but not an anxious phenotype after infusion of Cer16:0 ceramide
into the dorsal hippocampus, whereas infusion of Cer8:0 or Cer20:0 ceramide exhibited no effect [29,30].
Interestingly, infusion of Cer16:0 ceramide into the basolateral amygdala induced an anxious but not a
depressive-like phenotype in mice [30], demonstrating the complex species- and brain-region-specific
modulation of emotional behavior by ceramide. Significant associations between ASM activity and
depressive-like behavior were also described in transgenic mice overexpressing ASM throughout
the body (ASMtg). These ASMtg mice showed an increased serum and hippocampal ASM activity
and an increased hippocampal ceramide concentration that was associated with a depressive-like
and anxious phenotype [29,31,32]. Interestingly, female but not male ASMtg mice also showed a
social anxious phenotype [31], suggesting an association between increased ASM activity and deficits
in social behavior in females. Sex-specific and brain-regional effects of ASM activity on emotional
behavior were also demonstrated in conditional transgenic mice in which the overexpression of ASM
was restricted to the forebrain (ASMtg). In these ASMtg™ mice, males showed higher ASM activity
in the frontal cortex, hippocampus, lateral septum and amygdala that resulted in a depressive-like
phenotype, whereas females showed a higher ASM activity in the hypothalamus and a social anxious
phenotype but not a depressive-like phenotype [33]. Despite this improved understanding of the effects
of ASM and ceramide on MDD, little is known about the involvement of other sphingomyelinases and
ceramidases in the pathophysiology of MDD or anxiety [34].

In this study, we characterized the brain activity of ASM and NSM as well as of AC and NC
in an animal model of innate hyper-anxiety and MDD, namely, in Wistar rats selectively bred for
extremely high (HAB) versus low (LAB) anxiety-like behavior, based on their performance on the
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elevated plus maze (EPM). This model is highly relevant for studying the sphingolipid metabolizing
enzymes, as HAB rats show an anxious and depressive-like phenotype similar to ASMtg and ASMtg
mice but not a social anxious phenotype [35,36]. On the other hand, LAB rats show a low level of
anxiety and depressive-like behavior when compared with HAB rats and unselected Wistar rats [37].
Given that MDD is more prevalent in women [38] and the social anxious phenotype was observed
only in female ASMtg [31] and ASMtg® mice [33], experiments were performed in female HAB and
LAB rats.

2. Materials and Methods

2.1. Animals

Female HAB and LAB rats were bred at the University of Regensburg. Rats were kept in colonies
of 4 rats per cage under standard laboratory conditions (12:12 light-dark cycle, lights on at 06:00,
22 °C, 60% humidity, food and water ad libitum). Experiments were performed during the light
phase in accordance to the Guide for the Care and Use of Laboratory Animals of the Government of
Unterfranken (project identification code: 55.2-2532-2-384, approved on 06.04.2017) and the Guidelines
of the NIH.

2.2. Experimental Design

At 9 weeks of age, the anxiety-like behavior of the rats was tested in the EPM. At 11 weeks of
age, the naturally occurring social preference of the rats, as an indicator of social anxiety-like behavior,
was tested in the social preference test (SPT). One week later, the depressive-like behavior of the rats
was tested in the novelty-suppressed feeding paradigm (NSF). Twenty-four hours later, the rats were
rapidly decapitated under CO, anesthesia and their brains were removed, snap frozen and stored at
—80 °C until further analysis. Twelve brain regions (i.e., the frontal cortex, dorsal and ventral striatum,
lateral septum, amygdala, dorsal and ventral hippocampus, thalamus, hypothalamus, dorsal and
ventral mesencephalon and cerebellum) were dissected out of coronal brain slices based on previous
studies [30,39]. The activities of ASM and NSM as well as of AC and NC were analyzed from one
hemisphere, counterbalanced between rats.

Experiments were performed in two batches of rats. In the first batch (n = 14 HAB rats and n = 15
LAB rats), all behavioral tests were performed as described above. In the second batch (n = 8 HAB rats
and n = 8 LAB rats), the anxiety-like behavior was tested on the EPM at 9 weeks of age, and brains
were collected at a comparable time point to the first batch. The activities of ASM, NSM, AC and NC
were analyzed from both batches combined.

2.3. Elevated Plus-Maze Test (EPM)

The anxiety-like behavior of the rats was tested in the EPM as previously described [36]. The EPM
consisted of two closed arms (50 X 10 x 40 cm; 10 Ix) and two open arms (50 X 10 cm; 40 Ix) connected
through a central neutral zone (10 x 10 cm) elevated 70 cm from the floor. Rats were placed into the
neutral zone facing one closed arm, and the 5-min test was recorded. A decreased percentage of time
spent on the open arms indicated increased anxiety-like behavior.

2.4. Social Preference Test (SPT)

The naturally occurring social preference of the rats, as an indicator of social anxiety-like behavior,
and the preference for social novelty of the rats, as an indicator of social recognition, were tested in the
SPT as previously described [31,40]. Rats were placed in a novel arena (80 x 40 x 40 cm) and allowed
to habituate for 30 s. Two identical wire-mesh cages (20 x 9 X 9 cm) were simultaneously placed at
opposite side-walls of the arena for 5 min. One cage remained empty, and one cage contained an
age-matched unfamiliar female rat (same rat). The initial position of the same rat varied between
experimental rats to prevent possible place preference. After 5 min, the empty cage was exchanged by
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an identical cage containing a novel female rat for an additional 5 min. Experiments were recorded,
and the time spent investigating (sniffing) the empty cage, the same and the novel rat was analyzed
using JWatcher (Version 1.0, Macquarie University and UCLA). A higher investigation time directed
toward the same rat versus the empty cage during the first 5 min indicated social preference and thus
a lack of social anxiety. A higher investigation time directed toward the novel versus the same rat
during the second 5 min indicated social recognition and preference for social novelty.

2.5. Novelty-Suppressed Feeding Paradigm (NSF)

The depressive-like behavior of rats was tested in the NSF as previously described [30,31].
Rats were food-deprived for 24 h prior to testing with unlimited water access. Rats were placed in
anovel arena (80 x 80 x 40 cm) with the head facing one of the corners. Immediately afterwards,
a single food pellet (ssniff Spezialdidten GmbH, Soest, Germany) was placed in the center of the arena.
The latency to feed, defined as biting the food pellet for longer than 3 s, was manually analyzed.
An increased feeding latency indicated depressive-like behavior. The test lasted maximally 20 min.
HAB rats that did not feed within these 20 min (56% of rats) were not removed from the study but
were allocated 1200 s as their feeding latency value.

2.6. Measurement of Sphingomyelinase and Ceramidase Activities

The activity of sphingolipid metabolizing enzymes was determined using the fluorescent substrate
BODIPY-FL-C12-SM  (N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)
sphingosylphosphocholine, D-7711, Thermo Fisher Scientific, Waltham, MA, USA) for
sphingomyelinases and NBD-C12-ceramide (Cayman, obtained from Biomol, Hamburg, Germany)
for ceramidases, with four replicates for each sample based on a previously established method [41].
Tissues were homogenized in lysis reagent (250 mM sucrose, 1 mM EDTA, 0.2% Triton X-100, 1x Roche
protease inhibitor cocktail; approximately 200 uL/10 mg tissue) using a Tissue Lyser LT bead mill
(Qiagen) with steal beads followed by freezing at —80 °C to enhance lysis. Supernatants obtained
after thawing, ultrasound treatment (water bath for 60 s) and centrifugation at 16,000x g at 4 °C for
10 min were diluted 1:4 in lysis reagent and used for activity assays and for protein determination
(Bradford/Coomassie kit, Thermo Fisher Scientific, Waltham, MA, USA). A standard enzyme reaction
in a 96-well polystyrene plate contained 58 pmol sphingomyelin or 50 pmol ceramide as a substrate
in a total volume of 50 uL of reaction buffer of the following composition: 200 mM sodium acetate
buffer (pH 5.0), 500 mM NaCl, 0.2% IGEPAL® CA-630 (NP 40) detergent for ASM, 200 mM HEPES
buffer (pH 7.0), 200 mM MgCl,, 0.05% IGEPAL® CA-630 (NP 40) for NSM; 200 mM sodium acetate
buffer (pH 4.5), 100 mM NaCl, 0.03% IGEPAL® CA-630 (NP 40) for AC and 200 mM HEPES (pH 7.0),
100 mM NaCl, 0.03% IGEPAL® CA-630 (NP 40) for NC. The reaction was initiated by the addition
of 2 uL of tissue lysate corresponding to 0.5-1 ug protein. After incubation at 37 °C for 1-18 h,
depending on enzymatic activity, reactions were stopped by freezing at —20 °C and stored until further
processing. To separate product and uncleaved substrate, 1.5 uL of each reaction were directly spotted
on silica gel 60 thin layer chromatography plates (ALUGRAM SIL G, 818232, Macherey—Nagel, Diiren,
Germany) and separated using ethyl acetate with 1% (v/v) acetic acid as a solvent. Signals were
detected on a Typhoon Trio scanner (488 nm excitation, 520 nm emission, 325-385 V, 100 um resolution,
GE Healthcare Life Sciences, Buckinghamshire, UK) and quantified with the ImageQuant software
(GE Healthcare Life Sciences, Buckinghamshire, UK). Enzymatic activities were calculated as the
hydrolysis rate of sphingomyelin or ceramide (pmol), respectively, per time (h) and per protein (ug).

2.7. Statistical Analysis

For statistical analysis, SPSS (Version 21, SPSS Inc., Chicago, IL, USA) was used. Data were
analyzed using the Student t-test and two-way ANOVA for repeated measures, followed by a
Bonferroni post-hoc analysis whenever appropriate. Spearman correlations were calculated to evaluate
associations between behavior and enzyme activities within groups. Statistical significance was set at
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p < 0.05. For each parameter, outliers deviating more than two standard deviations from the mean
were excluded from analysis. Graphs were prepared using GraphPad Prism 7.00 (GraphPad Software
Inc., San Diego, CA, USA).

3. Results

3.1. Behavioral Phenotype of HAB and LAB Females

The expected highly anxious and depressive-like phenotype of HAB females compared with
LAB females was visible in both the EPM (T(40) = —40.02; p < 0.001; Figure 1a) and NSF (T(26) = 5.63;
p < 0.001; Figure 1b), respectively. In the SPT, all rats displayed normal social preference and a lack of
social anxiety (stimulus effect F(1,52) = 246.64; p < 0.001; group X stimulus effect F(1,52) = 1.90; p = 0.174;
Figure 1c). Furthermore, all rats displayed normal social recognition and preference for social novelty
(stimulus effect F(1,52) = 44.38; p < 0.001; group x stimulus effect F(1,52) = 0.43; p = 0.514; Figure 1d).
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Figure 1. The behavioral phenotype of female HAB and LAB rats. (a) Percentage of time spent on
the open arms of the elevated plus-maze, as an indicator of anxiety-like behavior; (b) Feeding latency
shown in the novelty-suppressed feeding paradigm, as an indicator of depressive-like behavior; (c,d)
Percentage of investigation time of the empty cage, the same and the novel female rat shown during
the first (¢) and second (d) 5 min of the social preference test, as indicators of social anxiety-like
behavior and social recognition, respectively. Female HAB rats showed an anxious and depressive-like
phenotype compared with LAB rats but unaltered social anxiety and social recognition. Data represent
individual data points with means + SEM. * p < 0.05.

3.2. Enzyme Activities in Selected Brain Regions of HAB and LAB Females

HAB females showed an increased ASM activity in the lateral septum (+40%, T(40) = 2.52;
p = 0.016), hypothalamus (+15%, T(42) = 3.40; p = 0.001), ventral hippocampus (+10%, T(41) = 2.31;
p = 0.026) and ventral mesencephalon (+11%, T(41) = 2.42; p = 0.020) compared with LAB females,
whereas no differences in ASM activity were found in the frontal cortex, amygdala, dorsal hippocampus,
dorsal and ventral striatum, dorsal mesencephalon, thalamus and cerebellum (Figure 2a). HAB females
showed an increased NSM activity in the ventral mesencephalon (+10%, T(39) = 2.08; p = 0.044) but no
significant differences in the other brain regions (Figure 2b). HAB females also showed an increased
AC activity in the dorsal (+24%, T(43) = 3.69; p < 0.001) and ventral (+20%, T(42) = 2.98; p = 0.005)
striatum, hypothalamus (+25%, T(41) = 3.50; p = 0.001), thalamus (+27%, T(43) = 2.18; p = 0.035) and
ventral mesencephalon (+21%, T(41) = 2.10; p = 0.042) (Figure 2¢) and an increased NC activity in
the hypothalamus (+42%, T(41) = 2.84; p = 0.007) and dorsal mesencephalon (+13%, T(41) = 2.37;
p = 0.022) compared with LAB females (Figure 2d). The only enzymatic activity that was decreased in
HAB females compared with LAB females was the NC activity in the amygdala (—62%, T(42) = —2.47;
p = 0.019) (Figure 2d).

79



Cells 2020, 9, 1239

(a) acid sphingomyelinase (b) neutral sphingomyelinase
67 * + HAB M 1 HAB

5 ) o LAB = o LAB

= e =

= s 3 £ 30

L D g

a iy - - - 2 i

> . (T « -, 20 i .

2 B - 3 . Iy *

T 2 o il Do kil I Ty e

; i - ; 104 ’ . - t‘"f’ sl . .; ;L

8 1L LT SN [T FLET
\ . ol &0l e

FC DS LS VS AM DH TH HY VH DM VM CE FC DS LS VS AM DH TH HY VH DM VM CE

(c) acid ceramidase (d) neutral ceramidase
207 + HAB 57 + HAB
. o LAB . o LAB
g g 4
£ 15 : % . £
E oL B 10 :
s % N i S 2 R e
=104 B ¢ P = 4 E 3
> : ¥ wt § iy > P
= . i 5 B ’ . = 235
> g b B Tl iy H = S o
'.3 § I R B i _ ¥ : 5 5 . . -
< 0.54 3 i, . - " . i i,
) B i 3] " i a5 i3
TN ﬁ 1L T LT
N 2 L
ol | ] f oJ 08 0ok e
FC DS LS VS AM DH TH HY VH DM VM CE FC DS LS VS AM DH TH HY VH DM VM CE

Figure 2. The activity of sphingolipid metabolizing enzymes in brains of female HAB and LAB rats.
The activity of acid and neutral sphingomyelinases (ASM in (a), NSM in (b)) as well as of acid and
neutral ceramidases (AC in (c), NC in (d)) was analyzed in the frontal cortex (FC), dorsal striatum (DS),
lateral septum (LS), ventral striatum (VS), amygdala (AM), dorsal hippocampus (DH), thalamus (TH),
hypothalamus (HY), ventral hippocampus (VH), dorsal mesencephalon (DM), ventral mesencephalon
(VM) and cerebellum (CE). HAB rats showed a significant increase in the activity of these enzymes
compared with LAB rats. Data represent individual data points with means + SEM. * p < 0.05.

3.3. Correlations between Behavior and Enzyme Activities in HAB and LAB Females

In addition to the observed group differences, enzyme activities were also related to depression-
and anxiety-like behavior within the groups. The anxiety-like behavior expressed as percentage time
spent on the open arms of the EPM negatively correlated with ASM activity in the amygdala (r = —0.48;
p = 0.031), ventral hippocampus (r = —0.57; p = 0.008) and dorsal mesencephalon (r = —0.60; p = 0.006)
and with NSM activity in the dorsal mesencephalon (r = —0.64; p = 0.002) in HAB females but with
none of the parameters in LAB females.

Depressive-like behavior expressed as latency to feed after a 24-h food deprivation period in the
NSF negatively correlated with AC activity in the frontal cortex in LAB females (r = —0.62; p = 0.015)
but with none of the parameters in HAB females. This lower number of correlations between enzyme
activities and depressive- versus anxiety-like behavior might be due to the lower number of rats in
which depressive-like behavior was assessed (1 = 29 versus n = 45).

4. Discussion

Our study describes for the first time the activity of sphingomyelinases and ceramidases in the
brain of rats with high and low levels of innate anxiety- and depressive-like behavior. Concomitant
with their highly anxious and depressive-like phenotype, HAB rats showed increased activity of
ASM and NSM as well as of AC and NC in multiple brain regions associated with anxiety- and
depressive-like behavior, including the lateral septum, hypothalamus, ventral hippocampus and
ventral and dorsal mesencephalon.
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These findings extend previous reports of increased brain ASM activity in transgenic models of
MDD, namely, in ASMtg [29] and ASMtg™ mice [33]. As such, increased ASM activity was previously
described in the dorsal and ventral hippocampus in ASMtg mice overexpressing ASM in the whole
body [29] (no other brain regions were tested in this study), whereas in ASMtgfb mice overexpressing
ASM only in the forebrain [33], ASM activity was increased in multiple brain regions. As such,
both male and female ASMtg™ mice showed increased ASM activity in the dorsal striatum, dorsal and
ventral hippocampus and amygdala compared with wild-type controls. Furthermore, male ASMtg®
mice showed higher ASM activity compared with female ASMtg mice in all these regions except
in the dorsal striatum where the ASM activity was similarly high in both male and female ASMtg™
mice. In the hypothalamus, the activity of ASM was increased in female but not in male ASMtgfb mice,
whereas in the frontal cortex, lateral septum and ventral mesencephalon, the ASM activity was increased
in male but not in female ASMtg™ mice. Despite this increased ASM activity, female ASMtg® mice did
not show an anxious and depressive-like phenotype [33]. In contrast, the behavior of the male ASMtg™®
mice and female HAB rats clearly changed, displaying a significant anxious and depressive-like
phenotype in the EPM and NSF, respectively. By directly comparing these two animal models of MDD
with similar behavioral deficits, an important role of the lateral septum and ventral mesencephalon in
anxiety- and depressive-like behavior might be suggested, as female HAB rats and male ASMtg mice
but not female ASMtg™ mice showed an increased ASM activity within these brain areas. Given that
the lateral septum plays a critical role in regulating processes related to mood and motivation [42,43]
and is neuroanatomically connected with several brain regions known to regulate emotional behavior
(e.g., the hippocampus, amygdala, hypothalamus and the mesolimbic system [44]), it is feasible that
ASM within the lateral septum and ventral mesencephalon regulates anxiety- and depressive-like
behavior. The ASM within the amygdala, ventral hippocampus and dorsal mesencephalon might
also regulate anxiety- and depressive-like behavior given that a negative correlation between anxiety
levels and ASM activity was found in these brain regions in female HAB rats, i.e., rats that spent less
time on the open arms of the EPM and were thereby more anxious also showed higher levels of ASM
activity in the amygdala, ventral hippocampus and dorsal mesencephalon. However, the increased
ASM activity within the amygdala and ventral hippocampus in female ASMtg™ mice did not result in
an anxious and depressive-like phenotype [33], suggesting a differential contribution of the amygdalar
and ventral hippocampal ASM to anxiety- and depressive-like behavior in these two animal models of
MDD. An indirect involvement of amygdalar ASM in anxiety-like behavior has been already suggested
in a previous study that showed that infusion of Cer16:0 ceramide into the basolateral amygdala
induced an anxious phenotype in mice [30]. As ceramide is generated by the activity of ASM, a higher
ASM activity might be expected to increase ceramide levels. It is also possible that a very high level
of ASM activity within the amygdala and ventral hippocampus, as seen in male but not in female
ASMitg® mice [33], might be necessary to elicit changes in anxiety- and depressive-like behavior in this
transgenic mouse model.

We also aimed to identify the brain region/s contributing to ASM effects on social anxiety by
comparing the alterations in ASM activity between female ASMtg™ mice with social anxiety and female
HAB rats without social anxiety. However, for now we cannot suggest which brain region mediates
these effects. Based on the study performed in ASMtg™ mice, the hypothalamus was a promising brain
region given that the ASM activity was increased in female but not in male ASMtg® mice and that
only female ASMtgfb mice showed a social anxious phenotype [33]. Although the hypothalamus is
highly relevant for several types of social behavior, including social anxiety [45], it is unlikely that the
increased ASM activity within the hypothalamus contributes to social anxiety in general, as female
HAB rats were not socially anxious despite the increased ASM activity in the hypothalamus. In female
HAB rats, the increased ASM activity in the hypothalamus seems to relate more to their depressive-like
behavior, given that a tendency towards a positive correlation between depressive-like behavior and
ASM activity was found (r = 0.54; p = 0.056). As such, rats that showed higher feeding latencies in
the NSF and thereby a more severe depressive-like behavior tended to show higher levels of ASM
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activity in the hypothalamus. A more detailed analysis of ASM activity within distinct hypothalamic
nuclei might reveal whether specific nuclei mediate the effects of ASM on social anxiety. Alternatively,
a high level of ASM activity in other brain regions such as the thalamus and/or ventral striatum might
be necessary to induce social anxiety, given that several studies suggested an important role of the
thalamus [46,47] and the ventral striatum [48,49] in the pathophysiology of social anxiety and that
ASM activity was unaltered in these brain regions in female HAB rats.

Although previous studies investigated the activity of ASM in depressive patients [12] and
in animal models of MDD [29,33], little is known about the contribution of other enzymes of the
sphingolipid metabolism such as NSM, AC and NC in MDD. We showed that the activity of NSM
was also increased in the ventral mesencephalon in female HAB rats, similar to ASM, suggesting that
ASM and NSM might regulate anxiety- and depressive-like behavior together within this brain region.
Similar to ASM, NSM within the dorsal mesencephalon might also regulate anxiety-like behavior
in female HAB rats given that a negative correlation between anxiety levels and NSM activity was
observed, i.e., rats that spent less time on the open arms of the EPM and were thereby more anxious
also showed higher levels of NSM activity in the dorsal mesencephalon.

As ceramide is generated by the activity of ASM and NSM, an increase in ASM and NSM activity
levels is expected to increase ceramide levels and therefore also increase the activity of the enzymes
metabolizing ceramide, i.e., AC and NC. In agreement with this hypothesis, we found an increased
AC activity in the dorsal and ventral striatum, thalamus, hypothalamus and ventral mesencephalon,
whereas the activity of NC was increased in the hypothalamus and dorsal mesencephalon. However,
whether this relatively small but significantly increased activity of ASM and NSM is physiologically
relevant and leads to increased ceramide levels remains to be verified. Mass spectrometry of
brain-specific tissue samples could reveal such alterations in sphingolipid and ceramide species
of different chain length. Moreover, new label-free imaging mass spectrometry techniques could
visualize the distribution and provide quantitative data on various subtypes of lipids in these tissue
sections [32]. In addition, future studies could include mass spectrometry as well as enzyme activity
assays of cerebrospinal fluid samples with detectable levels of both ASM [50] and NSM [51]. Further
enzymes involved in regulating ceramide levels and known to be affected in neuropsychiatric disorders
(e.g., alkaline ceramidase and sphingomyelin synthase [52]) might also play a role and could be altered
in specific brain regions, counterbalancing or increasing the effects of the analyzed sphingomyelinases
and ceramidases.

Taken together, our results add a novel piece of information to the complex regulation of
sphingolipid metabolism, especially of the sphingomyelinases and ceramidases, in MDD and
demonstrate that all investigated enzymes (i.e., ASM, NSM, AC and NC) show predominantly
an increased activity in multiple brain regions associated with anxiety- and depressive-like behavior.
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Abstract: Human and murine studies identified the lysosomal enzyme acid sphingomyelinase (ASM)
as a target for antidepressant therapy and revealed its role in the pathophysiology of major depression.
In this study, we generated a mouse model with overexpression of Asm (Asm-tgfb ) that is restricted
to the forebrain to rule out any systemic effects of Asm overexpression on depressive-like symptoms.
The increase in Asm activity was higher in male Asm-tg mice than in female Asm-tg® mice due to
the breeding strategy, which allows for the generation of wild-type littermates as appropriate controls.
Asm overexpression in the forebrain of male mice resulted in a depressive-like phenotype, whereas in
female mice, Asm overexpression resulted in a social anxiogenic-like phenotype. Ceramides in male
Asm-tg® mice were elevated specifically in the dorsal hippocampus. mRNA expression analyses
indicated that the increase in Asm activity affected other ceramide-generating pathways, which might
help to balance ceramide levels in cortical brain regions. This forebrain-specific mouse model offers
a novel tool for dissecting the molecular mechanisms that play a role in the pathophysiology of
major depression.

Keywords: Smpdl; acid sphingomyelinase; forebrain; depressive-like behavior; anxiety-like
behavior; ceramide

1. Introduction

Major depressive disorder (MDD) is a severe and chronic mood disorder with a lifetime prevalence
of more than 10% [1]. Key symptoms of MDD are a depressed mood and loss of interest, anhedonia,
feelings of worthlessness, weight loss, and insomnia. Although MDD is a very common disorder,
its pathogenesis is still unclear. The acid sphingomyelinase (ASM)/ceramide system was recently
implicated in the pathogenesis of MDD [2]. ASM (human; murine: Asm) is a lysosomal glycoprotein
that catalyzes the hydrolysis of sphingomyelin into ceramide and phosphorylcholine [3]. Ceramide is
generated by the hydrolysis of sphingomyelin through the activity of ASM, neutral sphingomyelinase
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(NSM), or alkaline sphingomyelinase depending on the optimum pH of the enzyme [4]. Ceramide can
also be generated by de novo synthesis [5], by the degradation of complex (gluco)sphingolipids [6]
or through a salvage pathway involving reacylation of the degradation product sphingosine [7].
Several studies have reported altered sphingomyelin and ceramide metabolism in MDD, which
increased ASM activity in peripheral blood mononuclear cells of patients experiencing a major
depressive episode [8]. Similarly, plasma levels of several ceramide species, including Cer16:0, Cer18:0,
Cer20:0, Cer24:1, and Cer26:1 but not Cer22:0 or Cer24:0, were increased in patients experiencing
a major depressive episode during the past 2 years [9]. Higher plasma ceramide Cer16:0, Cer18:0,
Cer20:0, Cer22:0, Cer24:0, and Cer24:1 levels were also observed in patients with MDD and bipolar
disorder [10], and higher plasma levels of ceramide Cer16:0 and Cer18:0 and sphingomyelin SM18:1
were associated with the increased severity of depression symptoms in patients with coronary artery
disease [11]. In contrast, plasma sphingomyelin SM26:1 [12], SM21:0 and SM21:1 [13] levels were
decreased in MDD patients, and the SM23:1/SM16:0 ratio was negatively correlated with the severity
of depressive symptoms in a Dutch family [14].

Similar deregulation of sphingolipid metabolism was found in rodent models of depression.
For example, transgenic mice overexpressing Asm (Asm-tg) throughout the body showed an increased
serum and hippocampal Asm activity and an increased hippocampal ceramide concentration, which
was associated with a depressive- and anxiogenic-like phenotype in both social and nonsocial
contexts [2,15,16]. Exposure to chronic unpredictable stress, a model that induces a depressive-like
and anxiogenic-like phenotype [17], increased the levels of ceramide Cer16:0, Cer16:1, Cer18:1, Cer22:1,
and Cer26:1 but not Cer18:0, Cer20:0, Cer20:1, Cer22:0, Cer24:0, Cer24:1, and Cer26:0 in the hippocampus
and frontal cortex but not in the amygdala or cerebellum in mice. In contrast, the levels of sphingomyelin
SM16:0, SM20:0, SM22:0, SM24:0, and SM26:0 but not SM18:0, SM18:1, SM24:1, and SM26:1 were
reduced by chronic unpredictable stress [18]. Chronic administration of corticosterone, which is known
to induce a depressive-like and anxiogenic-like phenotype [19], also increased ceramide Cer22:1 levels
in the dorsal hippocampus and ceramide Cer20:0, Cer22:1, Cer24:1, Cer26:0 and Cer26:1 levels in the
ventral hippocampus. Sphingomyelin SM16:0, SM18:0, SM18:1, SM20:0, SM22:0, SM24:0, SM24:1,
SM26:0, and SM26:1 and ceramide Cer16:0, Cerl6:1, Cer18:0, Cer18:1, Cer20:1, Cer22:0, and Cer24:0,
however, were not altered by chronic corticosterone administration [20], suggesting that specific
stressors might alter sphingolipid metabolism in a different way. The direct involvement of ceramide
in the pathogenesis of depression was demonstrated in naive mice, which developed a depressive-like
phenotype after infusion of ceramide Cer16 but not Cer8 or Cer20 into the dorsal hippocampus [2,21].
Interestingly, Cer16 induced a predominantly nonsocial anxiogenic-like phenotype when infused into
the basolateral amygdala, suggesting that ceramides alter depressive-like and anxiety-like behavior in
a brain region- and ceramide species-specific way [21].

Understanding the role of the ASM/ceramide system in the pathogenesis of MDD might prove
to be relevant for the development of an optimized treatment for MDD. The constitutive Asm-tg
mouse model is an important tool for investigating the effects of Asm overexpression in the absence
of a stressor-specific bias; however, one cannot exclude the effects of a systemic phenotype. Here,
we report the generation and characterization of a conditional transgenic mouse model in which the
expression of Asm is restricted to the forebrain (Asm-tgﬂ’). Restriction to the forebrain is possible
via the Emx1-cre mouse strain [22], a widely used strain to generate conditional transgenic mouse
models [23]. Emx1 encodes a transcription factor and is expressed in the developing forebrain [24],
specifically in the excitatory neurons and astrocytes [22]. Asm overexpression is therefore restricted,
thereby excluding the influence of any systemic phenotype.
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2. Materials and Methods

2.1. Animals

Male and female mice (12 weeks old) overexpressing Asm in the forebrain (Asm-tg™) were used
in this study. These mice were generated by crossing female Asm-tg mice [2] with male Emx1IREScre
homozygous mice, which possess the IRESCre recombinase-encoding sequence in the 3" untranslated
region of the Emx1 gene. IRESCre recombinase drives the expression of Cre recombinase starting on
embryonic day 10.5, and this expression is restricted to the forebrain [22]. The Asm transgene is located on
the X-chromosome. Therefore, the resulting female Asm-tg® mice were heterozygous, while males were
hemizygous for the transgene. Male and female WT and Asm-tg® mice were individually housed for one
week before the experiments started and remained so throughout the experiments. Mice were kept under
standard laboratory conditions (12:12 light/dark cycle, lights on at 06:00 h, 22 °C, 60% humidity, with food
and water ad libitum). Experiments were performed during the light phase between 09:00 and 14:00 in
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
Government of Unterfranken and the Guidelines of the National Institutes of Health. All efforts were
made to minimize animal suffering and to reduce the number of animals used.

2.2. Experimental Overview

In the first experiment, we assessed the behavior of Asm-tg® mice in comparison with that of WT
mice. After one week of being housed individually, the social anxiety-like behavior of mice was tested in
the social preference-avoidance test (SPAT). Four days later, the depressive-like behavior of mice was tested
in the novelty-suppressed feeding (NSF) paradigm. Twenty-four hours later, mice were rapidly killed
under CO, anesthesia, and the blood and brains were collected for further analysis. Blood was collected
through cardiac puncture and centrifuged for 10 min at 4 °C and 2000 rpm. The serum was extracted
and stored at —80 °C until it was assayed. Brains were removed, snap-frozen and stored at —80 °C.
Several regions in the forebrain (i.e., frontal cortex, dorsal striatum, septum, amygdala, hypothalamus,
dorsal hippocampus, and ventral hippocampus), midbrain (ventral mesencephalon) and hindbrain
(cerebellum) were dissected from coronal brain slices as described in previous studies [15,21]. In one
hemisphere (counterbalanced between mice), we analyzed Asm activity in all dissected brain regions.
In the frontal cortex, ventral hippocampus and dorsal hippocampus of the second hemisphere, we
quantified several sphingolipids, including the ceramide species Cer16:0, Cer18:0, Cer20:0, Cer22:0,
Cer24:0, and Cer24:1, the sphingomyelin species SM16:0, SM18:0, SM20:0, SM22:0, SM24:0, and SM24:1,
sphingosine and sphingosine-1-phosphate (S1P).

In a separate experiment, we collected brains from male Asm-tg® and WT mice, which were
snap-frozen and stored at =80 °C. The frontal cortex and total hippocampus were dissected from
coronal brain slices. We isolated RNA and performed quantitative real-time PCR (qPCR) analysis to
investigate the expression of Smpdl mRNA encoding Asm and the expression of mRNAs encoding a
variety of enzymes involved in sphingolipid metabolism, including neutral sphingomyelinase (Smpd3),
glucosylceramidase (Gba2) and sphingosine-1-phosphate lyase (Sgpl1).

2.3. Social Preference-Avoidance Test (SPAT)

The social anxiety-like behavior of mice was tested in the SPAT as previously described [21].
Mice were placed in a novel arena (42 x 24 X 35 cm), and after a 30-s habituation period, an empty wire
mesh cage (7 X 7 X 6 cm) was placed near one of the short walls. After 2.5 min, the empty cage was
replaced by an identical cage containing an unfamiliar age-, weight- and sex-matched mouse for an
additional 2.5 min. The test was recorded and analyzed using JWatcher (V 1.0, Macquarie University
and UCLA). An increase in the investigation time directed towards the mouse versus the empty cage
indicated social preference and, thus, a lack of social anxiety. A decrease in the investigation time
directed towards the mouse indicated social avoidance and, thus, a social anxiogenic-like phenotype.
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2.4. Novelty-Suppressed Feeding (NSF) Paradigm

The depressive-like behavior of mice was tested in the NSF paradigm as previously
described [16,21]. Mice were food-deprived for 24 h prior to testing with unlimited access to
fluids. Mice were placed in a novel arena (50 X 50 x 50 cm) with their head facing one of the corners.
Immediately afterward, a single food pellet (ssniff Spezialdidten GmbH, Soest, Germany) was placed
in the center of the arena. The feeding latency, which was defined as biting the food pellet for longer
than 3 s, was manually analyzed according to the videos. An increased feeding latency indicated a
depressive-like phenotype.

2.5. Determination of Asm Activity In Vitro

Asm activity was determined in homogenates from several brain regions of the forebrain
(i.e., frontal cortex, dorsal striatum, septum, amygdala, hypothalamus, dorsal hippocampus,
and ventral hippocampus), midbrain (ventral mesencephalon) and hindbrain (cerebellum) and blood
serum. For the preparation of brain homogenates, 10-20 mg pieces of tissue were homogenized
in 0.5 mL sucrose lysis buffer (250 mM sucrose, 1 mM EDTA, and 0.2% Triton X—100) using a
TissueLyser LT bead mill (Qiagen, Hilden, Germany). Raw lysates were centrifuged at >10.000x g at
4 °C for 10 min, and the supernatants were transferred to new tubes. The protein concentrations were
determined using a bicinchoninic acid kit (Sigma, Darmstadt, Germany). For the determination of
Asm activity, 1 ug of protein was incubated with 0.58 uM N—(4,4—difluoro—5,7—dimethyl—4—
bora—3a,4a—diaza—s—indacene—3—dodecanoyl)—sphingosylphosphocholine ~ (BODIPY®FL
Cip—sphingomyelin; D—7711; Life Technologies, Darmstadt, Germany) in a 50 uL reaction buffer
(50 mM sodium acetate pH 5.0, 0.3 M NaCl, and 0.2% NP—40) for 2 h at 37 °C; after incubation, 3 uL of
the reaction mixture was spotted on a silica gel 60 plate (Macherey-Nagel; Diiren, Germany), and the
spots of ceramide and sphingomyelin were separated by thin-layer chromatography using 99% ethyl
acetate/1% acetic acid (v/v) as a solvent [25]. The intensities of the BODIPY-conjugated ceramide and
sphingomyelin fractions were determined using a Typhoon Trio scanner (GE Healthcare, Miinchen,
Germany) and quantified with QuantityOne software (BioRad, Miinchen, Germany).

2.6. Sphingolipid Quantification by Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS)

Tissue from the frontal cortex and ventral and dorsal hippocampus was subjected to lipid extraction
using 1.5 mL methanol/chloroform (2:1, v/v) [26]. The extraction solvent contained d;—sphingosine
(d7—Sph), d7—sphingosine—1—phosphate (d;—S1P), ceramide C17:0 (Cer17:0) and sphingomyelin
C16:0—d3; (SM16:0—d3;) (all Avanti Polar Lipids, Alabaster, Alabama, USA) as internal standards.
Sample analysis was carried out by liquid chromatography tandem-mass spectrometry (LC-MS/MS)
using either a TQ 6490 mass spectrometer (for Sph and S1P) or a QTOF 6530 mass spectrometer (for Cer
and SM species) (Agilent Technologies, Waldbronn, Germany) operating in the positive electrospray
ionization mode (ESI+). The following selected reaction monitoring (SRM) transitions were used for
quantification: my/z 300.3 — 282.3 for Sph, m/z 380.3 — 264.3 for S1P, m/z 307.3 — 289.3 for d;—Sph
and my/z 387.3 — 271.3 for d;—SI1P. The precursor ions of the Cer or SM species (which differed in
their fatty acid chain lengths) were cleaved into the fragment ions corresponding to m/z 264.270 or m/z
184.074, respectively [27]. Quantification of the ceramide species Cer16:0, Cer18:0, Cer20:0, Cer22:0,
Cer24:0, and Cer24:1, the sphingomyelin species SM16:0, SM18:0, SM20:0, SM22:0, SM24:0, and SM24:1,
sphingosine and S1P was performed with MassHunter Software (Agilent Technologies, Waldbronn,
Germany). The determined sphingolipid amounts were normalized to the actual protein content
(determined by the Bradford assay) of the tissue homogenate used for lipid extraction. The used
nomenclature of sphingolipids indicates the number of carbon atoms and double bonds of the fatty
acid side chain. All sphingolipid species analyzed contain a d18:1 sphingosine backbone. For example,
Cer16:0 has a fatty acid side chain length of 16 carbon atoms and no double bond.
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2.7. Extraction of RNA and Synthesis of cDNA

Total RNA was isolated from cortical and hippocampal tissue (<30 mg) using a TissueLyser LT
bead mill (Qiagen, Hilden, Germany) and peqGOLD Trifast reagent (Peqlab, Erlangen, Germany)
according to the manufacturers’ instructions, which was followed by RNA purification performed with
the Purelink RNA Kit from Thermo Scientific (Schwerte, Germany) according to the manufacturer’s
protocol. RNA qualities and concentrations were assessed using a Nanodrop ND-1000 UV-Vis
spectrophotometer. A total of 500 ng of RNA was transformed into cDNA using the Quanta cDNA Kit
(Gaithersburg, MD, USA) according to the manufacturer’s protocol.

2.8. Quantitative PCR Analysis

Quantitative real-time PCR was performed using cDNA from cortical and hippocampal tissue
using a LightCycler 480 real-time PCR system (Roche, Mannheim, Germany) in SYBR Green format.
We analyzed the expression of the following genes, for which the primer sequences can be found
in our earlier publication [28]: Asahl, Asah2, Cerk, CerS1, CerS2, CerS3, CerS4, CerS5, CerS6, Galc,
Gba, Gba2, Sgms1, Sgms2, Sgpll, Smpd1, Smpd3, Sphkl, and Sphk2; Gapdh was used as a reference
gene. qPCR reactions contained 5 uL FastStart Essential DNA Green Master Mix (Roche, Mannheim,
Germany), 0.5 uM of each primer (20 uM) and 2.5 uL diluted cDNA (corresponding to 12.5 ng RNA)
in a total volume of 10 pL. The temperature profile used consisted of 95 °C for 5 min followed by
40 cycles of amplification (95 °C for 10's, 60 °C for 20 s, and 72 °C for 30 s). The threshold cycles (Ct)
were determined with the “second derivative maximum” method, and the relative mRNA expression
levels were calculated with the 2722t method [29] using LightCycler 480 software (release 1.5.0).

2.9. Statistical Analyses

Statistical analyses were performed using SPSS Statistics version 21. Statistical significance was
determined using Student’s t-test and two-way ANOVA, followed by Bonferroni post-hoc analysis
when appropriate. Statistical significance was set at p < 0.05.

3. Results

3.1. Asm-tg/® Mice Show an Increase in the Expression of Smpd1 mRNA Encoding Asm

In the first analysis, we assessed Smpdl mRNA levels in male Asm-tg® mice to confirm our
breeding strategy. In both cortical and hippocampal tissues, Asm-tg® mice showed a significant
increase in Smpdl mRNA expression in comparison with WT mice (Figure 1A, frontal cortex, t(5) = —16.7;
p < 0.001; Figure 1B, hippocampus, t(6) = —6.9; p < 0.001).
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Figure 1. Asm-tg™ mice show an increase in the mRNA expression of Snmpd1, which encodes Asm.
In both cortical and hippocampal tissues, male Asm-tg® mice showed a significant increase in Smpd1
mRNA expression in comparison with WT mice. Data represent the means + SD, and numbers in
parentheses indicate group sizes; * p < 0.05.

3.2. Asm-tg/® Mice Show an Increase in Asm Activity in Forebrain-Related Brain Regions

To analyze whether increased Smpdl mRNA expression results in increased enzyme activity
levels, we measured Asm activity in several regions of the forebrain (i.e., frontal cortex, dorsal
striatum, septum, amygdala, hypothalamus, dorsal hippocampus, and ventral hippocampus), midbrain
(ventral mesencephalon) and hindbrain (cerebellum) and the serum of male and female Asm—tgfb mice.
When compared with WT controls, both male and female Asm-tgfb mice showed increased Asm activity
in the dorsal striatum, dorsal hippocampus, ventral hippocampus, and amygdala. Male Asm-tg mice
also showed increased Asm activity in the frontal cortex, septum, and ventral mesencephalon. Female
Asm-tg mice showed increased Asm activity in the hypothalamus. Neither female nor male Asm-tg®
mice showed increased Asm activity in the cerebellum or serum, confirming the regional specificity of
ASM overexpression in the forebrain.

Statistical results of increased Asm activity in male and female Asm-tg® mice: Dorsal striatum,
Figure 2B, genotype effect F(1,34) = 34.2, p < 0.001; dorsal hippocampus, Figure 2C, genotype effect
F(1,34) =102.7, p < 0.001, sex x genotype effect F(1,34) = 16.7, p < 0.001; ventral hippocampus, Figure 2D,
genotype effect F(1,34) = 72.1, p < 0.001, sex X genotype effect F(1,34) = 10.2, p = 0.003; amygdala,
Figure 2F, genotype effect F(1,32) = 36.0, p < 0.001, sex X genotype effect F(1,32) = 5.71, p = 0.02.
Statistical results of increased Asm activity only in male Asm-tg™ mice: Frontal cortex, Figure 2A,
genotype effect F(1,34) = 35.2; p < 0.001, sex x genotype effect F(1,34) = 11.9; p = 0.002); septum,
Figure 2E, genotype effect F(1,33) = 13.3, p = 0.01, sex x genotype effect F(1,33) = 5.2, p = 0.03; ventral
mesencephalon, Figure 2H, genotype effect F(1,30) = 4.67, p = 0.04. Statistical results of increased
Asm activity only in female Asrn-tgfb mice: Hypothalamus, Figure 2G; genotype effect F(1,34) = 4.84;
p =0.04. No increase in Asm activity: Cerebellum, Figure 2I; genotype effect F(1,33) = 0.11; p = 0.74;
serum, Figure 2J; genotype effect F(1,34) = 1.25; p = 0.27.

3.3. Male Asm-tg/* Mice Show Increased Depressive-Like Behavior

To investigate whether the increase in Asm activity induced a depressive-like phenotype, male and
female Asm-tg™ mice were tested in the NSF paradigm. Male but not female Asm-tg® mice showed
an increase in the feeding latency after a fasting period of 24 h, reflecting an increase in depressive-like
behavior (Figure 3A; sex x genotype effect F(1,34) = 5.37; p = 0.03).
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Figure 2. Brain Asm activity in WT and Asm-tg mice. Asm activity was analyzed in nine different
brain regions and blood serum for both males and females. In forebrain regions, Asm-tg® mice showed
a significant increase in Asm activity levels compared with WT mice. Data represent the means + SEM,
and numbers in parentheses indicate group sizes. * p < 0.05 versus same-sex WT; # p < 0.05 versus
J WT and @ Asm-tgfP.
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Figure 3. Asm overexpression alters depressive-like and social anxiety-like behavior in a sex-specific way.
(A). Feeding latency, as an indicator of depressive-like behavior, was assessed in the novelty-suppressed
feeding paradigm. Male Asm-tg® mice showed increased depressive-like behavior compared with WT
mice. (B). The time of investigation of an unknown mouse compared with that of an empty cage, as an
indicator of social anxiety-like behavior, was assessed in the social preference-avoidance test. Female
Asm-tgf mice showed increased social anxiety-like behavior compared with WT mice. Data represent
the means + SEM, and numbers in parentheses indicate group sizes. * p < 0.05 versus empty cage;
#p < 0.05 versus & WT and @ Asm-tg.
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3.4. Female Asm-tg* Mice Show Increased Social Anxiety-Like Behavior

To investigate whether the increase in Asm activity induced a social anxiogenic-like phenotype,
male and female Asm-tg® mice were tested in the SPAT. Whereas WT females showed increased
investigation of the mouse versus the empty cage during SPAT, which reflected a social preference
and a lack of social anxiety, Asm-tg® females showed decreased investigation of the mouse, reflecting
a social anxiogenic-like phenotype. In males, however, there was no effect of genotype (Figure 3B;
group X stimulus effect F(3,60) = 2.86; p = 0.04). Although male Asm-tg® mice showed decreased
investigation of the mouse when compared with male WT mice, this did not reach statistical significance
(p = 0.10).

3.5. Male Asm-tg/® Mice Show Changes in Ceramide Levels Only in the Hippocampus

To investigate whether the increase in ASM activity affects sphingolipid levels in brain areas
relevant for MDD, tissue from the dorsal and ventral hippocampus and frontal cortex was used for
lipidomic analysis. In the dorsal hippocampus, the percentage of Cer24:0 compared to total ceramides
varied in a sex-specific manner, with only male ASM-tg® mice displaying higher Cer24:0 levels
than WT males (sex X genotype effect F(1,34) = 4.5; p = 0.04). In the ventral hippocampus, male
ASM-tg® mice showed a decreased percentage of Cer18:0 versus total ceramides compared to WT males
(sex x genotype effect F(1,34) = 4.6; p = 0.04). Other sphingolipids were not changed in hippocampal
tissue. In the frontal cortex, no effects of ASM overexpression on sphingolipids were detected.

3.6. Asm-tg/? Mice Show Changes in the mRNA Expression of Other Sphingolipid-Metabolizing Enzymes

To assess the cause of the relatively slight changes in ceramide levels despite the significant
increase in Asm activity, we analyzed the mRNA expression of a variety of enzymes involved in
sphingolipid metabolism. Interestingly, in cortical tissue of Asm-tg® mice, NRNA expression of neutral
sphingomyelinase (Figure 4A; Smpd3; t(5) = 2.6; p = 0.049) and glucosylceramidase 2 (Figure 4B; Gba2;
t(5) = 2.9; p = 0.04) were significantly decreased compared with that in WT mice. In the hippocampus,
mRNA expression of sphingosine—I1—phosphate lyase (Sgpl1) was significantly increased in Asm-tg™
mice compared with that in WT mice (Figure 4C; t(6) = —3.6; p = 0.01). No changes were found in the
expression of Asahl, Asah2, Cerk, CerS1, CerS2, CerS3, CerS4, CerS5, CerS6, Galc, Gba, Sgms1, Sgms2,
Sphk1, and Sphk2.
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Figure 4. Asm-tg® mice show changes in mRNA expression of sphingolipid-metabolizing enzymes. In
cortical tissue, male Asm—’tgfb mice showed a significant decrease in (A) Smpd3 and (B) Gba2 mRNA
expression in comparison with WT mice. In hippocampal tissue, male Asm-tg® mice showed a
significant increase in (C) SgplI mRNA expression in comparison with WT mice. Data represent the
means + SD, and numbers in parentheses indicate group sizes; * p < 0.05.
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4. Discussion

Our study characterizes a mouse model with increased Asm activity specifically in the forebrain.
This increased Asm activity resulted in a depressive-like phenotype in males and a social anxiogenic-like
phenotype in females. Compared with the Asm-tg model, which overexpresses Asm in the whole
body [2,16], this conditional transgenic mouse model excludes the influence of a systemic phenotype.

The significant increase in Smpdl mRNA encoding Asm in cortical and hippocampal brain areas
of Asm-tg® mice confirms the success of our breeding strategy. Similarly, ASM enzymatic activity was
significantly increased in the forebrain as well as in areas with forebrain projections, including the
frontal cortex, dorsal striatum, dorsal and ventral hippocampus, septum, amygdala, and hypothalamus.
As expected, no increase in Asm activity in Asm-tg® mice was detected in the cerebellum, where no
Cre is expressed in Emx1-cre strain mice [22], or in blood serum.

In most forebrain-related areas, the Asm activity levels of female Asm—tgfb mice were lower than
those of male Asm-tg mice. In the frontal cortex and the septum, the increase in ASM activity levels
in female ASM-tg™ mice did not reach a significant level compared with that in WT female mice.
Due to the location of the ASM transgene allele in the X chromosome, female ASM-tgfb mice were
heterozygous, while male ASM-tg mice were hemizygous for the ASM transgene. In general, this
results in the silencing of the respective transgene in female mice. Thus, the apparent sex differences in
ASM activity levels might reflect the genetic situation more than sex differences per se. On the other
hand, an exception is seen in the hypothalamus, where female Asm-tg® mice showed significantly
higher Asm activity levels than male Asm-tg® mice. Given that the hypothalamus is a brain area highly
relevant for several types of social behavior, including social anxiety [30], and that female but not
male Asm-tg mice showed a social anxiogenic-like phenotype, the increased Asm activity within the
hypothalamus may contribute to social anxiety. Although female Asm-tg® mice showed a significant
increase in Asm activity in the hippocampus, which is a brain area that was shown to be highly relevant
for the pathology of MDD, they did not show a depressive-like phenotype. In contrast, male Asm-tg™
mice showed clear changes in their behavior and displayed significant depressive-like behavior in the
NSEF test. Possibly, a very high threshold level of Asm activity in the hippocampus, as seen in male but
not in female Asm—tgfb mice, might be necessary to elicit changes in ceramide levels and depressive-like
behavior. However, interestingly, male Asm-tg® mice showed an increase in Asm activity in the
ventral mesencephalon, which might result from the close connections between forebrain regions and
the mesencephalon. This might suggest the important role of the frontal cortex, septum, and ventral
mesencephalon in the pathophysiology of MDD, given that male but not female Asm-tg mice showed
increased Asm activity within these brain areas. This points to a sex-specific effect, whereby increased
Asm activity affects different circuits in female versus male Asm-tg mice. The projections from the
frontal cortex to the mesencephalon affecting the reward system could be essential for the control
of emotional behavior in males and might be regulated sex-specifically. This could result in distinct
subtypes of MDD for both sexes and might explain the different prevalence rates of MDD found in
both sexes in human studies.

As ceramide is generated through the activity of Asm, a change in Asm activity levels is expected
to alter ceramide levels, especially those in brain areas that are most relevant for depressive- and
anxiety-like behavior, such as the hippocampus and frontal cortex. When looking at the effects of Asm
overexpression on ceramides in the hippocampus, we found a sex- and brain region-specific effect.
Male ASM-tg® mice displayed increased Cer24:0 levels in the dorsal hippocampus and decreased
Cer18:0 levels in the ventral hippocampus compared with WT mice. This reflects the important role of
the hippocampus in depressive- and social anxiety-like behavior. In particular, changes in ceramides in
the dorsal hippocampus seem to be responsible for depressive-like behavior, which was also suggested
by our earlier study [21]. In the hippocampus, the mRNA expression of sphingosine—I1—phosphate
lyase (Sgpl1) was significantly increased in Asm-tg mice compared with that in WT mice. The enzyme
S1P—lyase cleaves S1P to generate phosphoethanolamine and hexadecenal and plays an essential role
in sphingolipid metabolism because this reaction cannot be reverted [31]. An increase in S1IP—lyase
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would be associated with higher rates of irreversible cleavage of S1P. S1P is considered to be toxic
in neurons since it induces stress in the endoplasmic reticulum and increases intracellular calcium
currents [32-34]. Thus, neuronal cells might increase the expression of the Sgpll gene, encoding
S1P—lyase, to eliminate toxic S1P as a rescue mechanism. The increased ceramide levels, generated by
increased Asm activity levels in Asm-tg™ mice, could result in increased production of S1P, which is
irreversibly cleaved by S1P—lyase and eliminated from the rheostat.

Lipidomic analyses revealed no significant changes in ceramides in the frontal cortex in male
Asm-tg mice showing a depressive-like phenotype. When we analyzed the mRNA expression of a
variety of sphingolipid-metabolizing enzymes in the frontal cortex more closely, we found a significant
decrease in the mRNA expression of neutral sphingomyelinase (Smpd3) and glucosylceramidase (Gba2)
in Asm-tg® male mice in comparison with that in WT male mice. Neutral sphingomyelinase converts
sphingomyelin into ceramide, but this mainly occurs at a neutral pH and at the plasma membrane; in
contrast, ASM mainly generates ceramide at an acidic pH and in the lysosome [35]. Glucosylceramidase
2 converts complex glucosylceramides into ceramide and is located at or close to the cell surface [36].
Thus, given that the mRNA expression levels reflect the enzymatic activity, a decrease in Smpd3 and
Gba2 expression would result in a decrease in ceramide levels. The overexpression of Asm in our
mouse model, which should result in increased ceramide levels, might be counterbalanced by decreases
in other enzymes that generate ceramide, which might explain why no changes in ceramide levels
in the frontal cortex were observed in our analyses. The question remains whether the subcellular
determination of ceramide localization could determine the differences in ceramide distribution in the
frontal cortex of Asm-tg® mice.

Our results might provide novel insights into the complex regulation of the sphingolipid rheostat.
Further studies should apply methods to determine the subcellular localization of ceramides to
determine their specific roles. Sphingolipid metabolism is highly dynamic and well balanced [37].
In our mouse model, Asm was consistently overexpressed in the forebrain starting at an early
developmental stage. The impact of ASM overexpression on ceramide species in different brain areas
seems to reflect the complex mechanisms of sphingolipid metabolism.
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Abstract: Ceramide and sphingosine are important interconvertible sphingolipid metabolites which
govern various signaling pathways related to different aspects of cell survival and senescence.
The conversion of ceramide into sphingosine is mediated by ceramidases. Altogether, five human
ceramidases—named acid ceramidase, neutral ceramidase, alkaline ceramidase 1, alkaline ceramidase
2, and alkaline ceramidase 3—have been identified as having maximal activities in acidic, neutral,
and alkaline environments, respectively. All five ceramidases have received increased attention for
their implications in various diseases, including cancer, Alzheimer’s disease, and Farber disease.
Furthermore, the potential anti-inflammatory and anti-apoptotic effects of ceramidases in host cells
exposed to pathogenic bacteria and viruses have also been demonstrated. While ceramidases have
been a subject of study in recent decades, our knowledge of their pathophysiology remains limited.
Thus, this review provides a critical evaluation and interpretive analysis of existing literature on
the role of acid, neutral, and alkaline ceramidases in relation to human health and various diseases,
including cancer, neurodegenerative diseases, and infectious diseases. In addition, the essential
impact of ceramidases on tissue regeneration, as well as their usefulness in enzyme replacement
therapy, is also discussed.

Keywords: ceramides; ceramidases; inflammation; neurodegenerative diseases; infectious diseases

1. Introduction

Ceramides are bioactive sphingolipids responsible for cell apoptosis, senescence, and
autophagy [1]. They are the precursors of other bioactive sphingolipids, including sphingosine
(SPH), sphingosine-1-phosphate (S1P), and ceramide-1-phosphate, which play specific roles in signal
transduction pathways (Figure 1) [1].
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Figure 1. Role of ceramidases in ceramide metabolism. Ceramide in mammalian cells may be
generated: (1) via the de novo synthesis pathway, which begins with the condensation of L-serine
and Palmitoyl-CoA); (2) by the hydrolysis of sphingomyelin and glucosylceramide; or (3) from
the dephosphorylation of ceramide-1-phosphate. Ceramidase is an enzyme that cleaves fatty acids from
ceramide, producing sphingosine. Sphingosine may then be phosphorylated by a sphingosine kinase
to form sphingosine-1-phosphate. SMase—sphingomyelinase; GCS—glucosylceramide synthase.

The de novo anabolic pathway for the biosynthesis of ceramide begins with the condensation of
the amino acid, L-serine, and palmitoyl-CoA, producing 3-ketosphingonine. Then, 3-ketosphingonine is
quickly converted into dihydrosphingosine (dhSPH) by 3-ketosphinganine reductase. The subsequent
acylation of dhSPH by (dihydro)ceramide synthases gives rise to dihydroceramides. Finally, the removal
of two hydrogens from a fatty acid chain of the dihydroceramides by the enzyme desaturase results in
the formation of ceramides (Figure 1) [2]. Ceramides can be further hydrolyzed into sphingosine (SPH)
and free fatty acids by ceramidases (Figure 1). SPH is the most common sphingolipid base molecule in
mammalian cells and is the precursor of S1P [1].

The bioactive lipid mediator S1P is involved in cell proliferation, differentiation, and survival,
whilst ceramides and SPH mediate cell death [1,2]. Notably, SPH is exclusively generated from
the catabolism of ceramides by ceramidases [2]. Ceramidases control the balance between S1P
and ceramides/SPH concentration, which leads to either cell survival or cell death [1,3]. Hence,
a ceramidase-based enzyme replacement therapy that simultaneously achieves ceramide reduction
and SPH elevation has been recently examined [4]. This therapeutic approach intends to reduce
the negative pathophysiological impact of cell death mediated by ceramides [4]. To date, five human
ceramidases have been identified and classified according to their optimal pH for catalytic activity: one
acid ceramidase (ACDase) encoded by the gene ASAH1, one neutral ceramidase (NCDase) encoded
by ASAH2, and three alkaline ceramidases (ALKCDase) encoded by the genes ACER1, ACER2 and
ACERS3 [3]. ACDase is the most widely studied ceramidase, and its effects on pathophysiology are
variable. While NCDase and ALKCDases 1-3 have been the subject of studies in recent decades, our
knowledge about their roles in pathophysiology remains limited. Thus, the aim of this review was to
summarize the most recent knowledge of the biology of ceramidases and their role in the pathology
of various common human diseases, including cancer, diabetes, and neurodegenerative diseases
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(Figure 2). In addition, the roles of the ceramidases in infectious diseases, tissue regeneration, and
healing were also addressed.
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Figure 2. Pathological consequences of ceramidase dysregulation in mammalian cells which occur
upon a loss or a gain of function.

2. Characteristics and Regulatory Pathways of Ceramidases
2.1. General Characteristics

2.1.1. Acid Ceramidase

ACDase (ASAH1) is synthesized from a 53-55 kDa polypeptide precursor which is proteolytically
processed into the enzyme’s 13 kDa «-subunit and 30 kDa 3-subunit inside the lysosomes [5,6]. ACDase
is a lipid hydrolase found in the lysosomal compartment of cells which catalyzes the hydrolysis of
Ce:0~Cis:0 ceramides to SPH [6]. It is ubiquitously expressed in human tissues, with a particularly high
expression in the heart and kidneys and is known for its role in senescence and apoptosis [7].

2.1.2. Neutral Ceramidase

NCDase (ASAH2) is synthesized as 118 kDa and 142 kDa isoforms in humans and as a 96 kDa
molecule in mice [6]. NCDase is a transmembrane glycoprotein that is highly expressed in the human
intestinal system and uses various ceramides and dihydroceramides as a substrate, with a reported
preference for Cy4,9 and Cig ceramides [8,9]. It is localized to different cellular compartments,
including the plasma membrane of cells; regulates the conversion of ceramide into SPH and S1P; and
is important for the metabolism of dietary sphingolipids [10].

2.1.3. Alkaline Ceramidase

ALKCDases 1-3 (ACER1, ACER2, ACER3) are the smallest proteins among the ceramidases,
with molecular weights of 31-31.6 kDa [6,11]. ALKCDases are predominantly located in the Golgi
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complex and endoplasmic reticulum and play a role in cell differentiation [11]. ACER1 hydrolyses
Cp0:0-Coa9 ceramides [9]. It is predominantly expressed by skin cells and is involved in their
differentiation, as well as in the viability of hair follicle stem cells [6,12-14]. ACER2 hydrolyses
ceramides and dihydroceramides Cyg and Cpg;1 [9]. It is upregulated during DNA damage and
induces programmed cell death through an SPH-dependent pathway [15]. ACER3 hydrolyses
ceramides, dihydroceramides, and phytoceramides with long unsaturated acyl chains [9]. It has been
described as a seven-transmembrane protein, much like the adipocyte receptor (ADIPOR), and is
associated with cytokine upregulation [16].

This brief overview of the general characteristics of ceramidases indicates that they have been
classified according to their optimal pH. However, ceramidases also differ in molecular weight and
expression patterns. Importantly, all three groups of ceramidases have a specific ceramide affinity and
reported cellular functions. Itis important to highlight that the ALKCDases, although classified together,
differ in ceramide affinity and function. Moreover, ALKCDase-3, like NCDase, is a transmembrane
protein and not a soluble enzyme. Thus, further consideration should be given to the classification of
ceramidases and, particularly, the ALKCDases.

2.2. Regulatory Pathways

2.2.1. Acid Ceramidase

The activation of ACDase induces a pro-survival state, while its inhibition leads to cell
death through a variety of apoptotic pathways mediated by caspases (CASP), poly (adp-ribose)
polymerase (PARP), or cathepsins (CTS) [10,17-25]. Cathepsin B and Cathepsin D are activated
during ceramide-induced apoptosis but are inhibited by ACDase activity [19,25]. Interestingly,
the downregulation of Cathepsin B by ACDase increases ACDase’s own activation, triggering
a feedback mechanism through which ACDase prolongs its own activation through Cathepsin B
inhibition [10]. Additionally, ACDase activity can be regulated by Ceramide Synthase 6 (CerS6) [26].
CerS6 increases the levels of Cy4,, which, in turn, activate ACDase through JNK-AP1-dependent
mechanisms. However, this same mechanism mediates the inhibition of the gene expression of NCDase
and ALKCDases in colorectal adenocarcinoma [26].

An age-dependent inhibition of ACDase leads to ceramide accumulation, an increase in oxidative
stress, and the death of retinal cells and erythrocytes [27,28]. By contrast, it was reported that kidney
cells collected from aged mice show an elevated expression of Asahl mRNA compared to that of
young mice [29]. Thus, this published evidence suggests a tissue-specific ACDase activity in relation
to cellular senescence and aging.

2.2.2. Neutral Ceramidase

The activity and gene expression of NCDase have been linked to cell-cycle arrest and growth
regulation [30]. Biochemically, NCDase is a lipid amidase with a mechanistic similarity to a bacterial
NCDase [8]. NCDase activates nitric oxide (NO), the WNT/B-catenin pathway, caspase apoptotic
pathways, and autophagosomal activity in vivo and is associated with mitochondrial integrity [31-34].
Its gene expression and activity are regulated by c-Jun/AP-1 signaling, NO, all-trans retinoic acid, and
ultra-violet radiation [35,36].

2.2.3. Alkaline Ceramidase

The ALKCDases 1-3 are regulated through markedly different mechanisms. ACER 1is upregulated
by extracellular calcium, through which it contributes to the regulation of cell differentiation and
growth arrest [37]. Meanwhile, ACER?2 is induced by p53 and activates p38 MAPK and AP-1 signaling
to mediate DNA damage response, autophagy, and apoptosis [15,38,39]. ACER3 is associated with
the AKT/BAX pathway and activates the SIP phosphorylation of AKT through S1PR2 and PI3K in
cancer cells [40,41].
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3. Association of Ceramidase Gene Mutations with Human Inheritable Diseases
3.1. Acid Ceramidase

3.1.1. Farber Lipogranulomatosis (FRBRL)

FRBRL is an autosomal recessive lysosomal disorder with a broad spectrum of phenotypes
caused by 16 identified mutations of Asahl [5]. It is characterized by a substantial neurologic deficit,
subcutaneous nodules, progressive arthritis with joint deformities, laryngeal hoarseness, and an
accumulation of storage-laden CD68* macroglia/macrophages in white matter, periventricular zones,
and meninges of the brain [42]. Animal models of ACDase deletion present hematopoietic organ
hypertrophy, characterized by a foamy macrophage infiltration and increased myeloid progenitor
colonies [43]. These myeloid progenitor colonies are comprised of cells that can develop normally
when treated with ACDase [43]. Additionally, ACDase deletion causes an impaired airway resistance,
elastance, and compliance; reduced blood oxygenation; lung edema; and increased immune cell
infiltration of the lungs by foamy macrophages and neutrophils [44]. Furthermore, an increased
vascular permeability of the lungs, heart, thymus, liver and spleen, as well as neurologic problems,
including decreased deambulation, anxiety, and impaired motor coordination, are also observed [42].
These neurologic problems are caused by abnormal sphingolipid profiles in the brain and CD68+
microglia [42].

Changes in the Asahl gene expression in FRBRL patients result in the upregulation of
the inflammatory cytokines interleukin 4 (IL-4), IL-6, tumor necrosis factor alpha (TNF«x), and
macrophage colony stimulating factor (M-CSF) in addition to the angiogenic marker, vascular
endothelial growth factor (VEGF) [42,45]. Likewise, the expressions of the chemo-attractants, monocyte
chemotactic protein-1 (MCP-1), and interferon gamma-induced protein 10 (IP10), are inversely
correlated with the level of ACDase activity [45]. These mediators of inflammation, angiogenesis, and
insulin resistance may be associated with the immune cell infiltration found in the organ tissues of
FRBRL animal models [45]. MCP-1 deletion can partially rescue FRBRL phenotypes by improving
organomegaly, blood cell counts, and liver and lung damage by inflammatory infiltrates, as well as
the behavioral and neurologic aspects of the disease. However, hematopoiesis is not improved [46].
Similarly, the overexpression of MCP-1, IP-10, and IL-6 can be partially corrected by hematopoietic
stem cell transplants [45]. Moreover, treatment with ACDase induces a dose-dependent decrease in
hematopoietic organ weight, macrophage infiltration, and MCP-1 expression, as well as increased
expression of Collagen Type 2 (Col2), aggrecan, and Sox-9 by chondrocytes [4].

3.1.2. Spinal Muscular Atrophy with Progressive Myoclonic Epilepsy (SMA-PME)

SMA-PME is a rare autosomal recessive disorder that is frequently associated with FRBRL and
is caused by two identified mutations of Asah1 [5]. This disorder is characterized by motor neuron
disease and progressive myoclonic epilepsy, with a variable occurrence of sensorineural hearing loss,
action tremor, cognitive dysfunction, and cerebral/cerebellar atrophy. Patients with SMA-PME present
a 70-95% reduction in ACDase activity, a low ACDase/-galactosidase ratio, and increased creatine
kinase levels [47]. Additionally, the muscle atrophy associated with SMA can be accompanied by
cyclooxygenase deficiency [48].

3.1.3. Intrauterine Growth Restrictions (IUGR)

The consequence of ACDase gene overexpression during gestation and its therapeutic effect on
associated genetic disorders has also been described. IUGR can result from the TGF3/ALK5-mediated
overexpression of Asahl mRNA and increased ACDase activity, which upregulates SPH but not S1P
concentrations during pregnancy [49]. S1P is not upregulated at the same rate as SPH in IUGR due to
the inactivation of SPH kinase 1 through the ALK1-SMAD1/5 pathway [49].
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This suggests that ACDase may induce embryonic cell death through SPH rather than affect
embryonic cell proliferation and differentiation through S1P in IUGR.

3.1.4. Krabbe Disease

Globoid cell leukodystrophy, or Krabbe disease, is a congenital disorder caused by mutations
in the galactosylceramidase gene, GALC, and is characterized by psychomotor regression, muscular
hypertonia, muscular spasticity, truncal hypotonia, irritability, seizures, and nystagmus [50]. This
disorder is caused by an accumulation of psychosine, a by-product of the deacylation of GALC
by ACDase [51]. Therefore, the inhibition of ACDase activity, as observed in FRBRL or after
treatment with ACDase inhibitors, can rescue the Krabbe Disease phenotype by preventing psychosine
accumulation [51].

3.2. Neutral ceramidase

There are no reports demonstrating the association of the point genetic mutations of ASAH2 with
inheritable diseases in humans. It is important to mention that Asah27/~ mice are viable and appear
without severe defects [52].

3.3. Alkaline Ceramidase

Progressive Leukodystrophy

Progressive leukodystrophy is a group of disorders that affect the white matter of the brain and
can occur as a consequence of ACER3 deficiency [53]. This condition is caused by a loss of function
mutation in p.E33G which inactivates the catalytic activity of ACER3 and leads to an accumulation of
sphingolipids in the blood [53]. The clinical phenotype associated with ACER3 mutations is caused by
incorrect central nervous system myelination due to abnormal levels of ceramides in the brain [16].
While the study reporting the loss of function mutation in p.E33G did not report a sphingolipid
accumulation or pattern in the brain, it is reasonable to assume that sphingolipid accumulation due to
ACER3 inactivation results in abnormal sphingolipid patterns in the brain.

4. Role of Ceramidase Activity in Human Non-heritable Diseases

4.1. Role of Ceramidases in Cancer Pathology

The overexpression of ceramidases have been identified in various cancer cell types, and growing
evidence suggests that they can be considered molecular markers and/or therapeutic targets for
cancer [54] (Figure 3).
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Figure 3. Overexpression of acid (ACDase), neutral (NCDase), and alkaline (ALKCDase) ceramidases
in specific types of cancer.

4.1.1. Acid Ceramidase

ASAH]1 has been identified in cancer cells and is associated with radiotherapy/chemotherapy-
resistant tumors [22,55-57], metastatic cell lines [58], and estrogen/progesterone/androgen
receptor-positive cells [59,60]. While ACDase gene overexpression has been identified in
low-survival-rate colorectal adenocarcinoma and glioblastoma [57,61], it has also been observed
in node-negative melanoma and breast cancer [59,62], which makes it a questionable marker for
the aggressiveness or invasiveness of the disease. The ASAHI mRNA expression in cancer cells can be
increased by radiotherapy, thereby generating resistance [56]. Likewise, the overexpression of ASAH1
can be driven by the oncogene microphthalmia-associated transcription factor (MITF) [63]. ACDase
activity is increased by the androgen receptor activation by dihydrotestosterone in prostate cancer,
leading to decreased Cy4, levels and reduced cell apoptosis [60]. Incidentally, the ACDase activity is
significantly more upregulated than the ASAH1 expression in melanoma cells [62]. This may suggest
that gene expression alone should not be the determining factor in the use of ACDase as a marker for
cancer; ACDase activity should also be assessed.

Multiple molecular mechanisms by which ACDase activation regulates cancer development
and progression have been identified. For instance, drug resistance in leukemia is mediated by
the ACDase activation of the drug transporter molecule ATP-Binding Cassette, Subfamily B, Member
1 (ABCBI1), through nuclear factor kappa B (NF-«B) [64], whilst leukemic cancer cell survival is
increased by the ACDase-mediated upregulation of the myeloid cell leukemia sequence 1 (MCL-1) [10].
Furthermore, cancer cell necrosis is mediated by ACDase gene overexpression in polynuclear giant
cancer cells that undergo asymmetric cell division [65]. ACDase also regulates cancer cell motility
through the activation of the ITGxVp5/FAK signaling cascade [63]. Additionally, the significant
roles of ACDase in angiogenesis, chronic inflammation, and tumorigenesis may contribute to cancer
development and progression [66,67]. ACDase affects multiple factors in cancer pathogenicity, which
adds to the complexity of the enzyme in the diagnosis and treatment of the disease.
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A variety of ACDase inhibitors have been developed and successfully tested in different
cancer cell types. ACDase deletion blocks the cell cycle at G1/S, promotes senescence through
the 3-Galactosidase/MITF pathway, induces apoptosis, reduces tumorigenesis, increases growth arrest,
and decreases malignancy [68]. It was demonstrated that the activity of ACDase was significantly
inhibited by Carmofur [55,58], LCL521 [19,65,69,70], Ceranib2 [24,71-73], N-oleocylethanolamine
(NOE) [22,57], ARN14988 [74], LCL204 [10,64], Monascus Purperus (MP) [18], Hesperetin (Hst) [17],
Hesperetine-7-O-acetate (HTA) [17], Silibinin [20], Curcumin [23], and Sanguinarine [21,75], leading to
an increased accumulation of intracellular ceramide and apoptosis in various types of cancer cells,
including glioblastoma; squamous cell carcinoma; acute myeloid leukemia; colorectal adenocarcinoma;
and breast, prostate, lung, gastric, and kidney cancer. Furthermore, Carmofur, NOE, LCL521, and
Ceranib2 have been used in combination with chemotherapeutic drugs or photodynamic therapy to
either overcome cancer cell resistance to treatment, increase cell sensitivity to specific drugs, or increase
the overall effectiveness of cancer cell apoptosis [22,55,58,70,72,73]. Ceranib2 treatment leads to an
abnormal cell and mitochondria morphology and decreases the ability of cells to cluster [24,74]. It
activates PARP and CASP3/7/8/9-mediated cell apoptosis; increases the expression of the pro-apoptotic
markers BID, BCL2-Associated Agonist Of Cell Death (BAD), and BCL2-Associated X Protein (BAX); and
decreases the expression of anti-apoptotic protein B-Cell Cll/Lymphoma 2 (BCL-2) [72,73]. Furthermore,
MP, Hst, HTA, Curcumin, and Sanguinarine activate the apoptotic pathways dependent on Casp3/9 or
reactive oxygen species (ROS) [17,18,21,23,75]. Sanguinarine induces peroxide-dependent ceramide
generation and the inhibition of the AKT activation pathway [75]. NOE and LCL204 induce PARP-
and Casp3-mediated apoptosis [10,22], whereas LCL521 increases Cjq levels, autophagosome
accumulation, ER stress, and Cathepsin B- or Cathepsin D-mediated apoptosis [19]. Altogether,
ACDase inhibitors are effective promoters of cancer cell death through different apoptotic pathways
and have been shown to affect not only apoptosis but also cancer treatment resistance and cancer
cell adhesion.

4.1.2. Neutral Ceramidase

Anelevated gene expression of NCDase has been identified in both the plasma membrane and Golgi
apparatus of colorectal cancer (CRC) cells, where its overexpression inhibits ceramide C6-mediated
cell death [8]. Meanwhile, its deletion induces caspase and autophagosome-mediated apoptosis in
the presence of C6 [32]. NCDase regulates CRC cell proliferation through the WNT/B-catenin pathway
and by increasing the accumulation of SPH and S1P [31,32]. NCDase inhibition may affect cell-to-cell
adhesion by reducing the 3-catenin levels through AKT phosphorylation and, subsequently, GSK3(3
activation [31]. It also significantly reduces Azoxymethane-induced colon carcinogenesis by inhibiting
aberrant crypt foci formation and transformation [32]. NCDase inhibition does not affect non-cancerous
cell function, which makes it a suitable target for colon cancer therapy [32].

We can conclude that NCDase inhibition, like that of ACDase, activates apoptosis and affects
adhesion in cancer cells. In addition, it may be a contributing factor in cancerous transformation.

4.1.3. Alkaline Ceramidase

ALKCDases can also affect cancer development and treatment. ACER2 is upregulated by the tumor
suppressor gene p53 [38,39]. It was demonstrated that a moderate upregulation of ACER?2 increases
the levels of SPH and S1P and inhibits cell cycle arrest and senescence. However, when overexpressed,
ACER?2 mediates programmed cell death, autophagy, and apoptosis through ROS [15,38,39]. ACER2
also contributes to the effects of ionizing radiation treatment [39]. It also increases the phosphorylation
of Ezrin-radixin-moesin through intracellular S1IP production, hereby inactivating this group of
proteins that regulate cell shape and motility and have been associated with cancer progression and
metastasis [76]. ACER3 is expressed in low-survival hepatocellular carcinomas and acute myeloid
leukemia [40,41]. It induces the S1P phosphorylation of AKT through the S1P receptor 2 and PI3K and
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inhibits the AKT/BAX apoptotic pathway in cancer cells [40,41]. Therefore, the inhibition of ACER3
reduces cell growth and increases cancer cell apoptosis.

These published observations indicate that ALKCDases are also associated with the regulation
of cancer cell apoptosis. However, the observations of ACER2 overexpression reflect molecular
effects contrary to those expected of ceramidases. Nonetheless, ALKCDases are associated with drug
resistance and cancer metastasis, like the previously described ACDase.

4.2. Role of Ceramidases in the Onset of Age-Related Neurodegenerative Diseases

Ceramidases are involved in myelin and fatty acid metabolism and are associated with changes in
the brain during aging [77]. For instance, ACER3 is upregulated with age and leads to a decrease in
the brain levels of Cyg, and Cyg.;; ceramide, and its deletion results in purkinje cell degeneration and
impaired motor coordination and balance in mice [78]. It has been reported that the overexpression
of ACDase has implications for the onset and progression of neurodegenerative diseases, including
Alzheimer’s disease (AD) and Gaucher disease. Furthermore, treatment with ACDase inhibitors can
control AD and Gaucher Disease, as well as Type IV Mucolipidosis.

Acid Ceramidase

AD is a multifactorial, highly heterogeneous, and complex disorder that affects the memory
and cognitive functions of patients to the extent that they are completely dependent upon nursing
care. It is now estimated that nearly 35.6 million patients are affected by AD worldwide and that
about 4.6 million new cases are added each year, causing enormous societal and economic burdens,
with the estimated cost reaching $1 trillion/year [79]. AD is caused by an accumulation of derivates
from the amyloid precursor protein (APP), which can be modulated by the ATP-binding cassette
transporter-2 (ABCA2). ABCA2 is a phospholipid transporter which increases the transcription of
APP by activating the ACDase-mediated production of SPH [80]. Furthermore, ACDase inhibition by
Ceranib 1 decreases SPH concentration and, subsequently, APP production in ABCA2-overexpressing
cells [80].

Gaucher disease is a disorder caused by a loss of function mutations in the glucocerebrosidase
(GCase)-encoding gene, Gbal. In a GCase deficiency, the breakdown of glucocylceramide (GlcCer) into
ceramide and glucose by GCase is replaced by the ACDase deacylation of GlcCer into glucocylSPH
(Gle-Sph), a cytotoxic compound [80]. The inhibition of ACDase by Carmofur corrects the lipid
abnormalities in the GCase deficiency by reducing the accumulation of Glc-Sph [81,82]. GBA1
mutations are also a risk factor for Parkinson’s disease, a neurodegenerative disorder characterized
by Lewy body inclusions containing «-synuclein. Treatment with ACDase inhibitors decreases
the accumulation of a-synuclein in cases of GBA1 mutation [81]. Similar lipid patterns are observed
in the optic nerves of glaucoma patients, where Asahl and Asah2 genes are overexpressed, but
non-lysosomal GCase-GBA2 is inhibited, resulting in a lower total lipid content and significantly
higher concentrations of Gle-Sph [83].

Type IV Mucolipidosis is a neurodegenerative disease caused by a loss-of-function mutation of
human transient receptor potential-mucolipin-1 (TRPML-1). Treatment with the ACDase inhibitor,
carmofur, induces the activity of TRPML-1 tunnels by increasing the SPH concentration in kidney
cells and acting as a mediator of lysosome fusion and trafficking in multivesicular bodies, which can
potentially compensate for the loss of function of TRPML-1 [84].

4.3. Role of Ceramidases in Cardio-Pulmonary Disease

Elevated levels of ceramide are known to be correlated with adverse cardiac events, whereas
SPH has been shown to increase intracellular NO levels and maintain the mitochondrial integrity
of the cardiovascular system [33]. Conversely, increased blood S1P levels are associated with
the pathogenesis of inflammatory and cardiovascular diseases [85]. Hence, an association between
ceramidase and cardiopulmonary events is expected.
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4.3.1. Acid Ceramidase

The inhibition of ACDase activity is associated with cystic fibrosis (CF), which is caused by
a dysregulation of the epithelial fluid transport in the lungs, resulting in a sticky dry mucous
accumulation [86]. In CF, B1-Integrins are ectopically expressed in the luminal pole of epithelial cells
and downregulate ACDase, leading to an increased ceramide accumulation. However, treatment
with recombinant ACDase internalizes the 3-Integrins and regulates ceramide accumulation, rescuing
the CF phenotype [86].

4.3.2. Neutral Ceramidase

NCDase is inhibited in coronary artery disease vessels. NCDase and ADIPOR mediate
the NO-dependent flow-induced dilation (FID) through S1P. Meanwhile, NCDase inhibition induces
the damaging peroxide-dependent FID [33]. In addition, the inhibition of NCDase also leads to
mitochondrial dysfunction in diabetic hearts through a lactocylceramide accumulation [87].

4.3.3. Alkaline Ceramidase

A high expression of ALKCDase genes, particularly ACER2, has been observed in cardiac tissue
during hypoxia, where it plays a protective role [88]. However, an overexpression of ACER2 has been
associated with chronic obstructive pulmonary disease (COPD) [89]. ACER?2 inhibition contributes to
a reduction in the circulating S1P and its analogue, dhS1P, as well as their precursors, SPH and dhSPH,
in hematopoietic cells and reduces the concentration of dhS1P in the lungs [85,88].

These data indicate that ACDase and ALKCDase are increased in CF and COPD, respectively,
whereas NCDase is decreased in coronary artery disease.

4.4. Role of Ceramidases in Metabolic Disorders

4.4.1. Acid Ceramidase

Multiple factors are involved in the onset and progression of metabolic disease, including
the activities of ceramidases. Genetic variations of ASAHI have been associated with exercise
tolerance and skeletal/cardiac muscle adaptation to exercise, which can condition adherence to
physical activity regimens necessary for a healthy lifestyle, thereby increasing the individual risk of
metabolic diseases [90]. After onset, metabolic disorders affect the physiology of the cardiovascular
system, kidneys, and liver. Hyperglycemia inhibits the Unc51-Like Autophagy-Activating Kinase
1 (ULK1) phosphorylation in aortic endothelial cells, which leads to a dysregulation of autophagy
and atherogenesis. However, ACDase activity can increase the phosphorylation of ULK1 and
restore its function even in nutrient-rich conditions, thus preventing atherogenesis [91]. In addition,
obesity-induced kidney damage is caused by hyperglycemic conditions that stimulate the NLR
Family Pyrin Domain-Containing 3 (NLRP3) inflammasomes to release IL-1f in podocytes, but
the treatment of podocytes with ACDase decreases the NLPR3-induced cytokine release through
extracellular vesicles [92]. ACDase reduces the activity of Pannexin-1 (Panx1), a transmembrane
channel glycoprotein that activates NLRP3 through S1P accumulation [93]. Animal models of ACDase
deficiency show significant damage to the liver and change to lipid profiles and metabolism, including
hepatomegaly with higher serum levels of aspartate, aminotransferase, alanine aminotransferase,
and alkaline phosphatase and decreased levels of free fatty acids, triglycerides, and cholesterol [25].
The inducible liver-specific overexpression of ACDase in the Alb-AC transgenic mice, results in
significantly reduced Cy4,9 ceramide in the liver and improved total body glucose homeostasis and
insulin sensitivity under a high-fat diet [94]. However, aberrant ACDase overexpression in very
low-density lipoprotein (VLDL) deficiency may result in non-alcoholic fatty liver disease, which can
be normalized by supplementation with Vitamin E [95]. Adipocyte-specific ACDase overexpression
improves glucose metabolism by white adipose tissue, reverses insulin resistance, reduces lipid
accumulation in the liver, and reduces adipose inflammation and fibrosis [94]. This could be due to
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an ACDase-mediated activation of the adiponectin receptor that triggers an AMP-dependent kinase
pathway, which subsequently inhibits adipogenesis and induces fatty acid oxidation [96].

4.4.2. Neutral Ceramidase

Palmitate is a precursor of palmitoyl-CoA, a thioester used in the de novo biosynthesis of ceramide
thatis associated with pancreatic 3-cell apoptosis and insulin resistance. Palmitate inhibits NCDase gene
expression and activity in pancreatic 3 cells, which, in turn, exacerbates apoptosis through ceramide
accumulation [97]. Pancreatic {3 cells secrete NCDase via exosomes that reduce palmitate-induced ROS
and act as a protective mechanism against free fatty acid-induced apoptosis [98,99]. An overexpression
of NCDase inhibits palmitate-induced apoptosis and may be a therapeutic target for type 2 diabetes
mellitus and lipotoxicity [97]. Furthermore, Asah? is one of the four genes related to sphingolipid
metabolism that are deregulated in animal models of type 3 maturity-onset diabetes of the young [100].
This pathology is characterized by increased ceramide and SPH levels as well as hypochromic
microcytic anemia, with abnormally-shaped and osmotically fragile red blood cells characterized by
an accumulation of SPH [100].

4.4.3. Alkaline Ceramidase

Non-alcoholic fatty liver disease is associated with an increased expression of ACER3, which
reduces the accumulation of Cyg.1-ceramide in the liver [101]. Acer3 deletion reduces inflammation,
fibrosis, oxidative stress, and apoptosis of hepatocytes through a palmitic acid-induced increase in
Cyg.1-ceramide [101].

Altogether, we can conclude that the holistic beneficial effects of ACDase in metabolic disease have
been demonstrated. ACDase activity controls atherogenesis, kidney damage, and liver damage, while
improving glucose and lipid metabolism. In addition, NCDase also appears to improve metabolic
conditions via a protective effect on pancreatic 3 cells, while ALKCDase3 mediates liver damage.

5. Role of Ceramidase Activity in Infectious Diseases
5.1. Role of Ceramidase Activity in Bacterial Infection

5.1.1. Acid Ceramidase

Ceramidases have been identified as contributors to bacterial infection and mediators of
the immune response and inflammation. The a-toxin released by Staphylococcus aureus inhibits ACDase
gene expression, causing decreased levels of SPH that contribute to bacterial infection susceptibility [102].
Moreover, this mechanism further increases the risk of infection by S. aureus and Pseudomonas aeruginosa
in already ACDase- and SPH-deficient CF patients [86,102]. Porphyromonas gingivalis, an etiological
factor for periodontitis, downregulates ACDase in periodontal tissues, thereby increasing its own
apoptotic potential and inhibiting the host’s inflammatory response [103]. The inhibition of ACDase
by bacteria increases host cell apoptosis and reduces the production of inflammatory cytokines, such
as TNF-«, IL-1B, IL-6, and IL-17A, which delay the immune response [67,103]. Conversely, ACDase
overexpression upregulates the inflammatory cytokines involved in the recruitment of neutrophils
and macrophages, as demonstrated in ulcerative colitis, where ACDase mediates the associated
histopathological characteristics of the disease [67].

5.1.2. Neutral Ceramidase

Ceramide accumulation is increased after burn injuries and may be associated with bacterial
infections that frequently lead to death. NCDase treatment protects against Pseudomonas aeruginosa
infection after burn injuries by controlling ceramide accumulation and inducing the accumulation of
SPH, which directly kills bacteria [104].
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5.1.3. Alkaline Ceramidase

Bacterial lipopolysaccharides may also downregulate the expression and activity of Acer3 and
increase Cig,1 ceramide accumulation in mice [105]. A loss of Acer3 expression leads to the production
of pro-inflammatory IL-1f, IL-6, IL-23, and TNF-« cytokines from peritoneal macrophages, bone
mononuclear cells, and colonic epithelial cells isolated from Acer37 mice [105]. Overall, the bacterial
species inhibit ceramidase activity to reduce the concentration of SPH in the host cells, which results in
a reduced immune response.

5.2. Role of Ceramidase Activity in Viral Infection

Viruses have the potential to spread among individuals, resulting in epidemics that cause loss of
human life and heavy burdens to healthcare systems [106]. The influenza, Ebola, and Zika epidemics
are recent examples of the effects of broad viral infection and of the mechanisms by which viruses
can be studied and controlled [106-108]. A recent mutation of the coronavirus, named SARS-CoV-2,
has caused a pandemic of unprecedented magnitude. This virus has a lower mortality rate but is
exponentially more contagious than the closely related SARS-CoV and MERS-CoV [109]. However,
our knowledge of the potential role of host ceramidases in viral pathology remains elusive. It was
reported that the overall inhibition of ceramidase activity in host peripheral blood lymphocytes using
Ceranib 1 and Ceranib 2 significantly reduces the replication of the rhinovirus and measles virus,
respectively [110,111]. Furthermore, the inhibition of ACDase activity in macrophages significantly
increases the propagation of herpes simplex virus-1, which, in turn, elevates the mortality rate in
Asah1™/~ mice [112].

Collectively, these published observations indicate that ceramidases may have an important
antiviral effector role that should further studied.

6. Role of Ceramidases in Tissue Regeneration and Healing

Ceramidases are expressed in epithelial cells and fibroblasts and may be involved in their response
through S1P [12,103,113]. However, only a limited number of studies have demonstrated the effects of
these enzymes in tissue regeneration and healing.

6.1. Acid Ceramidase

ACDase activity contributes to physiological processes involving collagen turnover. ASAH1 is
associated with familial keloid healing and is overexpressed in keloid scar tissue and hypertrophic
scars caused by excessive collagen deposition during epidermal healing [114]. In the liver, hepatic
stellate cells (HSC) are activated during normal wound healing but can, after multiple activations,
cause hepatic fibrosis. However, the inhibition of ACDase by tricyclic antidepressants leads to
ceramide accumulation, which inactivates HSCs and prevents hepatic fibrosis [115]. In vivo studies
have also demonstrated a positive effect of ACDase in chondrocyte differentiation. In cartilage
replacement therapy, pre-treatment with ACDase induces chondrocyte proliferation, the production of
glycosaminoglycan, the expression of COL2, the adhesion of chondrocytes to a scaffold, a reduced
resorption after implantation, and an improved differentiation to cartilage [116]. Furthermore,
a variation of FRBRL characterized by peripheral osteolysis not associated with MMP-2 and MMP-14
was found, suggesting the involvement of ASAH1 in bone remodeling [117].

6.2. Neutral Ceramidase

Various studies have focused on the use of exosomes for tissue repair and regeneration [118,119].
The results of a recent study indicated that hepatocyte exosomes show significant NCDase activity and
promote hepatocyte proliferation in vitro and liver regeneration in vivo [118]. This suggests a role of
NCDase in tissue regeneration. The ceramidase has also been identified as an antagonist of cell necrosis
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caused by 2DG/AA-dependent ceramide accumulation and mitochondrial damage [34]. Furthermore,
NCDease increases autophagy and protects cells from ER stress-mediated cell death [34].

6.3. Alkaline Ceramidase

ACERI inhibition leads to abnormal hair, alopecia, hyperproliferation, inflammation, an abnormal
differentiation of the epidermis, sebaceous gland abnormalities, and infundibulum expansion, as well
as an increased trans-epidermal water loss and hypermetabolism with an associated reduction in fat
content during aging [12]. Its inhibition gradually depletes the number of hair follicle stems and causes
alopecia through decreased hair follicle activity [14]. The specific mechanisms through which these
effects of ALKCDase occur are still not detailed in the literature. However, its expression has been
associated with keratinocyte growth arrest and differentiation [13]. Altogether, these data suggest that
ACDase is involved in collagen matrix metabolism, whereas NCDase and ALKCDase appear to affect
tissue regeneration and healing through their anti-apoptotic effects.

7. Conclusions

Ceramidases (acid, neutral, alkaline) are key enzymes that maintain the intracellular homeostasis
of ceramide/SPH and are critical regulators of signals that tilt the balance between cell survival and
death. Various studies have demonstrated the involvement and potential therapeutic role of these
enzymes in a diverse set of common human diseases, including bacterial-induced infectious diseases,
neurodegenerative diseases, cancer, diabetes, and others (Figure 4). Therefore, the clinical applicability
of studies examining the versatility of the effects of ceramidases in health and disease deserves

further examination.
ACDase

ACDase Treatment ACDase Inhibition

Atherogenesis Alzheimer’s Disease

Cystic Fibrosis Cancer
Gaucher Disease

Globoid Cell Leukodystrophy

Cartilage Replacement

Diabetic Nephropathy

Insulin Sensitivity Hepatic Fibrosis

Non-Alcoholic Fatty Liver ey Pl

'—‘ NCDase —

NCDase Treatment NCDase Inhibition
Bacterial Infection after Burn Injury | | Cancer
Diabetes
Liver Regeneration
ase 1-3

ALKCD

ALKCDase Treatment
Alopecia (ACERI)
Cancer (ACER2)
Colitis (ACER3)

ALKCDase Inhibition
Alzheimer’s Disease*

Cancer (ACER3)

Figure 4. Potential therapeutic targeting of acid (ACDase), neutral (NCDase), and alkaline (ALKCDase)
ceramidases. *Unspecified class of ALKCDase [80].
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Abstract: Obesity is a pathophysiological condition where excess free fatty acids (FFA) target and
promote the dysfunctioning of insulin sensitive tissues and of pancreatic {3 cells. This leads to the
dysregulation of glucose homeostasis, which culminates in the onset of type 2 diabetes (T2D). FFA,
which accumulate in these tissues, are metabolized as lipid derivatives such as ceramide, and the
ectopic accumulation of the latter has been shown to lead to lipotoxicity. Ceramide is an active lipid
that inhibits the insulin signaling pathway as well as inducing pancreatic (3 cell death. In mammals,
ceramide is a key lipid intermediate for sphingolipid metabolism as is sphingosine-1-phosphate
(S1P). S1P levels have also been associated with the development of obesity and T2D. In this review,
the current knowledge on S1P metabolism in regulating insulin signaling in pancreatic (3 cell fate and
in the regulation of feeding by the hypothalamus in the context of obesity and T2D is summarized.
It demonstrates that S1P can display opposite effects on insulin sensitive tissues and pancreatic {3 cells,
which depends on its origin or its degradation pathway.

Keywords: Sphingosine-1-phosphate; obesity; type 2 diabetes; insulin resistance; pancreatic (3 cell
fate; hypothalamus

1. Introduction

Obesity is a major public health problem, which results in over nutrition that leads to a net-positive
energy balance characterized by the storage of excess fat in the subcutaneous and visceral adipose
tissues, as well as in ectopic tissues, including skeletal muscles, liver, and pancreatic 3 cells [1].
In physiological conditions, ingested lipids are usually used as an energy source by most organisms
and can be substituted by carbohydrates for ATP production, based on acute changes in nutrient
availability and energy requirements [2]. However, in pathophysiological conditions, adipose tissue
lipid metabolism becomes dysfunctional, which leads to increased delivery of fatty acids to other
peripheral tissues [3]. Increased free fatty acids (FFA) produced from adipose tissue as well as secretion
of hormones, cytokines, and pro-inflammatory markers, which are directly linked to obesity, induce
reduced glucose uptake in muscle cells and increased hepatic glucose production. These metabolic
dysfunctions lead to a glucose overflow in the circulation, which culminates in glucose intolerance and
the installation of type 2 diabetes (T2D) [4].
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T2D is a serious metabolic condition due to the insufficient secretion of insulin by pancreatic
f cells, and due to an inefficient response from the body to secreted insulin. Diabetes is one of
the fastest growing global health emergencies of the 21st century. In 2019, the world prevalence of
diabetes was estimated as 463 million people, and this number is projected to reach 578 million by
2030, and 700 million by 2045. T2D is also the most common form of diabetes and accounts for 90% of
the disease worldwide [5]. T2D is most commonly observed in older adults but is increasingly seen in
children and younger adults due to the rise of obesity, physical inactivity, and inappropriate diet.

High levels of circulating FFA are known to induce not only insulin resistance, but also defects
in the insulin secretory capacity of (3 cells, as well as in insulin gene expression [6,7]. The nature of
FFA, that is, its degree of saturation and carbon chain length, is one of the critical factors involved
in the induction of lipotoxicity, such as inhibition of insulin secretion, § cell apoptosis, and insulin
resistance [8,9]. Non-adipose tissue accumulated FFAs are metabolized into lipid derivatives such as
ceramides, which, in turn, lead to lipotoxicity in these tissues [10]. In mammalian cells, ceramides are
key lipids of sphingolipid metabolism and are widely distributed in cell membranes where they play a
crucial structural role. It also has important functions in intracellular signaling, regulation of growth,
proliferation, cell migration, apoptosis, and differentiation [11-13]. Ceramides consist of a sphingoid
long chain base to which a fatty acid is attached via an amide bond. In the context of fatty acid overload,
ceramide is mainly produced de novo in the endoplasmic reticulum (ER), through different enzymatic
reactions [14,15]. It is now clearly established that de novo synthetized ceramides are among the most
active lipid second messengers, which inhibits the function of some key proteins of the insulin signaling
pathway [16,17] and stimulates pancreatic (3 cell death [18]. Apart from its structural and signaling
functions, ceramide is a central lipid intermediate in sphingolipid metabolism. It is a precursor for
other bioactive sphingolipids, from complex glycosphingolipids or sphingomyelin to more “simple”
lipids such as ceramide-1-phosphate, sphingosine, and sphingosine-1-phosphate (S1P) [12].

The most important site of SIP production is the plasma membrane where sphingomyelin is
metabolized into ceramide by sphingomyelinase, then S1P is produced by cooperating two enzyme
families, namely ceramidases, and sphingosine kinases (SphK) (Figure 1) [19]. Contrary to most
sphingolipids, S1P does not possess a structural function, but is a potent signal mediator that modulates
multiple cellular functions important for health and diseases [14]. The multimodal actions of S1P
can be explained by the fact that the sphingolipid, on the one hand, directly modulates intracellular
functions, and, on the other hand, acts as a ligand of G protein-coupled receptors (GPCR) after secretion
into the extracellular environment, transported by ApoM-containing high density lipoproteins (HDL)
or albumin, to exert either autocrine and/or paracrine functions [19].

In many cellular and animal models, both ceramide and S1P display opposite effects. This is
well documented in cancer cells where ceramide stimulates apoptosis, whereas S1P promotes cell
survival [11]. While the role of ceramide in the development of muscle insulin resistance is now well
established [16], the relationship of S1P with insulin resistance and T2D still remains controversial in
some tissues. Elevation of tissue and plasma S1P levels has been recognized as a critical feature of both
human and rodent obesity [20], which suggests that SIP metabolism could be involved in the onset of
T2D, or that its regulation is an adaptive process in the presence of high levels of circulating lipids.
Thus, this review describes the role played by SIP metabolism in the development of obesity/T2D
by analysing the enzymes regulating both its tissue and circulating levels in insulin resistance of
peripheral tissues and pancreatic (3 cell fate.
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Figure 1. Sphingosine-1-phosphate metabolism in mammals. Sphingolipid de novo synthesis is
initiated in the endoplasmic reticulum (ER), starting by the condensation of serine and palmitoyl-coA
followed by a cascade of enzymatic reactions to produce ceramide. In the ER, ceramide is deacylated
by neutral CDase into sphingosine. Sphingosine is phosphorylated to produce S1P by SphK1/2.
Produced S1P can be either dephosphorylated back to sphingosine by ER resident SPPs, or irreversibly
transformed into hexadecenal and phosphoethanolamine by S1P lyase. Ceramide is transported
to the Golgi apparatus to be transformed into SM, which will reach the plasma membrane. In the
plasma membrane, SM can be transformed into ceramide through the action of SMases. Ceramide
will then be deacylated by acidic CDase to give sphingosine that will be phosphorylated into S1P
by SphK1. Produced S1P can be dephosphorylated by ecto-LPPs. S1P can also be secreted through
ABC, SPNS2, and MFSD2B transporters in extracellular space to activate S1P receptors. Extracellular
S1P can also be transported by either albumin or ApoM/HDL. The latter can activate S1P receptors.
SM can be endocytosed to be recycled into ceramide and sphingosine inside lysosomes. SphK2 can
catalyze S1P production in the mitochondria and the nucleus. ABC: ATP-binding cassette. CDase:
ceramidase. ER: endoplasmic reticulum. HDL: high density lipoproteins. MFSD2B: Major Facilitator
Superfamily Domain Containing 2B. S1P: sphingosine-1-phosphate. SM: sphingomyelin. SMase:
sphingomyelinase. SphK: sphingosine kinase. S1P1-5: S1P receptor 1 to 5. SPNS2: Spinster homolog 2.
SPP: Sphingosine-1-phosphate phosphohydrolase.

2. S1P Metabolism in Mammals

2.1. S1P Synthesis

S1P is produced by deacylation of ceramide by ceramidases to give sphingosine. Subsequently,
sphingosine kinases (SphK) are responsible for the phosphorylation of sphingosine, which results in
the formation of S1P (Figure 1). As to the anabolic pathway of S1P, two isoforms of sphingosine kinases
(SphK) have been discovered, called SphK1 and SphK2. Both are widely expressed [21]. Compared
to SphK1, SphK2 possesses 240 additional amino acids in its N-terminal region corresponding to a
nuclear export sequence [22]. Although they have similar sequences, these enzymes differ in their
intracellular localization, regulation, level of tissue expression, and, therefore, in their functions [23],
especially in sphingolipid metabolism and, thus, the level of ceramide [24].

While SphK1 resides in the cytosol, SphK2 is localized in the nucleus, the inner mitochondrial
membrane, and the endoplasmic reticulum (ER) (Figure 1). Under basal conditions, SphK1 is mostly
present in the cytoplasm. SphK1 catalytic activity increases from 1.5 to 4-fold as it translocates to
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the plasma membrane upon stimulation. Both translocation and activity are regulated not only by
the phosphorylation of SphK1 Ser?® residue by extracellular signal-regulated kinases (ERK1/2) [25],
but also by anionic lipids (phosphatidylserine and phosphatidic acid) and Ca2*/calmodulin [22].

SphK2 can also be phosphorylated by ERK1/2, but the exact phosphorylation site remains unclear,
as Ser351 and/or Thr578 residues may be involved [25]. As SphK2 is localized in the nucleus, it can
directly interact and form a complex with H3 histone and histone deacetylases 1 and 2 (HDAC1/2) in
the promotor of transcriptional regulator c-fos and dependent kinase inhibitor p21 genes, where it
enhances local histone H3 acetylation and transcription [26]. Synthetized S1P by SphK2 binds to and
inhibits both HDAC1 and HDAC2, which suggests that nucleus-generated S1P via SphK2 influences
the dynamic balance of histone acetylation and, thus, the epigenetic modulation of specific target
genes [27]. In addition, when produced in the mitochondria by SphK2, S1P regulates prohibitin 2
(PHB2) function, which is a highly conserved protein that regulates mitochondrial homeostasis [28].

According to Maceyka et al., SphK1 and SphK2 display opposite functions in sphingolipid
metabolism in the regulation of ceramide biosynthesis. Indeed, in HEK293 cells, specific down-regulation
of SphK2 reduced conversion of sphingosine into ceramide in the recycling pathway and, conversely,
down-regulation of SphK1 increased it [24]. This difference could be linked to a potent dialogue between
SphK2 and the S1P phosphatase 1 (SPP1) that favors the conversion of S1P into ceramide [29] (see below
Section 2.2).

2.2. S1P Recycling and Degradation

S1P can be quickly and irreversibly degraded by the endoplasmic reticulum resident enzyme
S1P lyase (SPL), which cleaves the C2-C3 bond of SIP to generate two products: hexadecenal
(palmitaldehyde) and phosphoethanolamine [30] (Figure 1). Both products can then be transferred
as glycerol substrates and phospholipid substrates in the glycerophospholipid pathway [31].
Phosphoethanolamine will be used for the synthesis of phosphatidylethanolamine and hexadecenal
will be used for reloading the palmitoyl-CoA pool [31].

Alternatively, S1P can also be reversibly dephosphorylated by several phosphohydrolases to regenerate
sphingosine. The first lipid phosphohydrolases involved are lipid phosphate phosphohydrolases (LPPs)
(Figure 1). They belong to the superfamily of lipid phosphatases that includes three isoforms characterized
in mammals: LPP1, LPP2, and LPP3. LPPs are membrane-associated, magnesium-independent and
N-ethylmaleimide-insensitive enzymes [29]. Their active sites are located on the outer surface of plasma
membranes or at the lumenal surface of internal membranes (Golgi and endosomes) [32]. LPP2 resides
intracellularly, whereas LPP1 and LPP3 are mainly localized at the plasma membrane and function as
ecto-enzymes, while degrading lipid phosphate substrates such as S1P as well as lysophosphatidic acid in
the extracellular space [33].

S1P can also be dephosphorylated by two specific SIP phosphohydrolases called SPP1 and
SPP2 (Figure 1). These two mammalian isoforms are differentially expressed-sphingoid base-specific
phosphatases localized in the ER. SPP1 regulates the salvage of sphingosine for the synthesis of
ceramide in the ER (rescue pathway) [33], and it has been shown that SPP1 overexpression induces
ceramide accumulation in the ER, which suggests that dephosphorylation of S1P is a limiting step
for the recycling pathway [33]. A regulatory role in the recycling pathway for SPP2 has not yet been
demonstrated, but its expression was increased during the inflammatory response [33]. In addition,
it was reported that both SPP1 and SPP2 were also involved in ER stress-induced-autophagy [34] and
proliferation [35].

2.3. S1P Transport

Contrary to most sphingolipids, SIP does not possess any structural function, but is a potent signal
mediator that affects multiple cellular functions important for health and diseases. The multitude
of different SIP-mediated actions is linked to its capacity to be secreted by various cells and tissues.
To exert its extracellular functions, intracellularly generated S1P is transported across the plasma
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membrane. Since S1P is too hydrophilic to simply diffuse through the membrane, it is exported
by specific ATP-binding cassette (ABC) transporters or the spinster homolog 2 (SPNS2) transporter,
which is a member of non-ATP-dependent organic ion transporter family [36]. In the erythrocyte,
S1P was recently shown to be secreted through the protein MFSD2B [37]. Once outside the cell, S1P can
either bind to albumin [38], or ApoM [39]. Approximately 35% of plasma S1P is bound to albumin
and 65% to ApoM, which is found on a small percentage (~5%) of high density lipoprotein (HDL)
particles [40]. S1P has a four-times longer half-life when bound to ApoM/HDL than to albumin,
as seen when tested in vivo (15 min) and in vitro (30 min) under albumin binding conditions [41,42]).
This suggests that the binding of S1P to HDL prevents its degradation. ApoM/HDL-bound S1P has
been proposed as a primary contributor to the vasoprotective properties of HDLs [43], and S1P has
also been shown to be a key component in the anti-atherogenic properties of HDL [44]. However,
S1P-bound albumin has been suggested to represent a reservoir for free S1P [39].

2.4. S1P Receptors

As an extracellular second messenger, S1P is a high-affinity ligand (Kd from 2 to 63 nM) of a family
of five GPCRs, termed S1P1-5 [45]. Receptor-bound S1P induces a wide range of physiological responses
such as proliferation, migration, inhibition of apoptosis, formation of actin stress fibers, stimulation
of adherent junctions, and enhanced extracellular matrix assembly [46]. S1P1-3 are ubiquitously
expressed throughout tissues, whereas S1P4 is predominantly expressed in the immune system,
and S1P5 is expressed in the central nervous system and the spleen [27]. S1P receptor activation on
different cell types depends on specific G protein coupling. S1P1 couples exclusively with the inhibitory
G protein alpha subunit (Gai), whereas S1P2 and S1P3 bind to God, Gaq, and Ga13, while S1P4 and
S1P5 couple to both Gai and Ga13 [47]. Following ligand binding and subsequent activation, the «
subunit of the heterotrimeric G protein is released and interacts with various downstream effectors
(see review [48] for more information).

3. S1P Metabolism and Insulin Action: Muscle, Liver, and Adipose Tissue

Since the early 2000s, several studies have looked for the potential role of S1P in mediating insulin
action in insulin-sensitive tissues such as liver, skeletal muscle, and adipose tissue.

3.1. Liver

Liver is a major organ for glucose and lipid metabolism, and it has been known for many years
that lipid accumulation is linked to the development of insulin resistance and constitutes the first stage
of non-alcoholic fatty liver diseases (NAFLD) [49]. Several studies have shown that the SphK1/S1P axis
can control the insulin response in the liver. One such study highlighted that hepatic SphK1 expression
increased in animals under lipid overload induced by a high-fat diet (HFD) [40]. This increased
expression of SphK1 was also found in the liver of human patients displaying NAFLD [40].

Several other studies have also highlighted a positive action of the SphK1/S1P axis on glucose
metabolism in hepatocytes. A pioneer study performed in human hepatocytes showed that tumor
necrosis factor « (TNF«), which is a cytokine involved in inflammation [50], was unable to activate
the NF«kB pathway-induced apoptosis, but rather activated the pro-survival SphK1 pathway [51].
The authors also emphasized that TNFx protected hepatocytes from apoptosis by activating SphK1
upstream of the PI3K/Akt pathway [51]. An increase in Akt phosphorylation was observed after 5 min
of treatment with exogenous S1P (without insulin), which suggests that a relationship between the
SphK/S1P axis and the PI3K/Akt pathway exists in hepatocytes [51]. Similar results were observed
by treating primary rat hepatocytes with exogenous S1P [52]. In addition, treatment of a human
liver cell line (LO2 cells) with S1P induced an increase in glucose uptake [53]. SphK1 overexpression
also induced glucose uptake in the absence of insulin in hepatocellular carcinoma [54]. Conversely,
inhibition of SphK1 reduced glucose uptake in the presence or absence of insulin in the same cell
line [54]. The authors extended their observation in vivo by injecting an adenoviral vector containing
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the human SphK1 cDNA in diabetic KK/Ay mice [54]. Under these conditions, transfected diabetic
KK/Ay mice displayed a decrease in basal glycemia and a better glucose tolerance compared to control
animals [54]. In parallel, they observed a decrease in total cholesterol, triglycerides, and low density
lipoproteins as well as an increase in circulating HDL in SphK1-transfected animals compared to
control animals [54].

All of these parameters demonstrated that SphK1 overexpression in diabetic animals improved
glucose homeostasis at the systemic level. The authors also assessed the hepatic insulin response in
these animals, and they showed that both Akt and GSK3 phosphorylation levels were increased in
animals overexpressing SphK1 when compared to control animals (Figure 2) [54].
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Figure 2. Role of S1P metabolism on insulin in peripheral tissues in response to palmitate. In hepatocytes,
palmitate increases intracellular S1P content through SphK1/2 activities. According to studies, produced
S1P seems to exert a direct positive action on insulin signaling, or a negative action by stimulating its S1P2
receptors. In muscle cells, palmitate increased intracellular S1P through SphK1 activity, which favors
Akt activation, glucose uptake, and glycogen synthesis in response to insulin. In adipocytes, palmitate
increases intracellular S1P to inhibit Akt activation in response to insulin. Produced S1P also favors
expression of pro-inflammatory cytokines that will contribute to inhibit Akt activity. CDase: ceramidase.
GLUT4: glucose transporter 4. IRS: insulin receptor substrate. PI3K: phosphatidylinositol-3-kinase.
SphK: sphingosine kinase. S1P2: S1P receptor 2.

These results were confirmed in another study showing that increased mouse hepatic S1P following
the overexpression of acid sphingomyelinase (ASM) favored hepatic Akt phosphorylation as well as
improved glucose tolerance [55]. When SphK1 expression was reduced in these animals, increased Akt
phosphorylation was no longer observed (Figure 2) [55]. In the same study, these observations were
confirmed in vitro by treating isolated primary hepatocytes with exogenous S1P, which induced an
increase in Akt phosphorylation in the absence of insulin [55].

Contrary to SphK1 expression, incubation of primary mouse hepatocytes with palmitate did
not induce any increase in SphK2 expression [56]. Nonetheless, a hepatic role of SphK2-produced
S1P in regulating glucose metabolism was investigated by Lee et al. [56]. Endoplasmic reticulum
(ER) stress is known to participate in the development of insulin resistance in liver, mainly by
promoting the accumulation of lipids in the liver, by directly blocking insulin signaling, and by
modifying the expression of key enzymes of gluconeogenesis or lipolysis [49]. Lee et al. found that
ER stress transcriptionally up-regulated SphK2 in liver [56]. Overexpression of SphK2 in the AML12
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hepatocyte cell line induced an increase in S1P concentration, which was associated with increased Akt
phosphorylation in the absence of insulin [57]. In addition, SphK2 overexpression induced a decrease
of some sphingolipid species (C16-ceramide, C18-ceramide, C18:1-ceramide, C16-sphingomyelin,
C18-sphingomyelin) as well as a decrease in cholesterol and hepatic triglyceride concentration [57].
As observed previously in SphK1-overexpressing animals, hepatic SphK2 overexpression induced
an improvement in insulin sensitivity, an increase in hepatic Akt phosphorylation, and, therefore,
an improvement in glucose tolerance of these animals when fed an HFD (Figure 2) [57].

Although these studies demonstrate that the hepatic SphKs/S1P axis positively regulates liver
insulin response and carbohydrate metabolism under lipotoxic conditions, some other studies showed
the opposite and gave a deleterious role to this axis of hepatic insulin signaling. One study reported that
S1P inhibited insulin signaling in the liver both in vitro and in vivo [58]. As already described above,
Fayyaz et al. showed that, after palmitate treatment, concentrations of intra- and extracellular S1P were
increased in primary rat hepatocytes [58]. However, they also observed generated S1P counteracted
insulin signaling [58]. The negative role of S1P on insulin signaling in rat or human hepatocytes with
exogenous S1P was counteracted in the presence of JTE-013, which is an S1P2 antagonist. This suggests
that S1P inhibited the insulin signal through the activation of S1IP2 receptor [58]. These observations
were extended in vivo Diabetic New Zealand obese (NZO) mice were treated with JTE-013 for seven
days before being sacrificed. Both an increase in liver Akt phosphorylation and a decrease in basal
glycaemia were observed [58]. Overall, this study demonstrates that palmitate-produced S1P stimulates
S1P2 to impair hepatocyte insulin signaling (Figure 2).

In addition, other studies have also highlighted a relationship between liver S1P levels and
hepatic lipid accumulation. Mouse hepatic overexpression of ASM has been shown to increase hepatic
triglyceride content, which was blunted by SphK1 deletion [55]. This suggests a potent role of SphK1
in steatosis. SphK1 knock-out (KO) mice fed an HFD for 24 weeks displayed an increase in circulating
triglycerides compared to wild-type (WT) animals fed the same diet [59]. By contrast, mice displaying a
liver-specific overexpression of SphK1 via the use of an adeno-associated-viral (AAV) 8, whose tropism
is specific of the liver [60], exhibited reduced hepatic triglyceride levels (steatosis) without affecting
glucose metabolism on a low-fat diet [60]. However, no impact of increasing SphK activity on hepatic
lipid content or glucose metabolism was observed in HFD fed mice [60]. The discrepancies between
these studies could arise from animal models, which use enzyme overexpression (i.e., ASM and SphK1).
Lastly, a study showed that SphK1 expression increased in hepatic steatosis and that SphK1 KO mice
were protected against hepatic steatosis induced by HFD [56], which supports the idea that endogenous
S1P/SphK1 axis could be a major promoter of lipid accumulation in liver (steatosis) [61]. In contrast,
SphK2 KO mice fed with HFD showed an increase in hepatic lipid accumulation, which supports the
idea that this isoform protected mice from steatosis [62].

Opverall, the effect of the SphK/S1P axis on liver glucose metabolism remains not completely solved.
Most of the genetic approaches used, to either overexpress or invalidate SphK1 (and SphK2), showed a
positive action of the SphK/S1P axis on hepatic insulin response. However, these studies were carried
out at the level of the whole organism and, thus, were not liver-specific. It is, therefore, possible
that, in addition to hepatic S1P, circulating S1IP coming from other tissues could also affect hepatic
homeostasis. It has already been shown that hepatic S1P could be secreted to regulate macrophage
chemotaxis [63]. The divergent effect of hepatic SIP could also be related to the specific activation of
S1P receptors [58] and will require more exploration as to their role in liver homeostasis during obesity.
Moreover, it also remains to determine how S1P signals could move from the beneficial effect through
insulin signaling to the dysregulation of lipid homeostasis (steatosis). Only one clinical study has
shown SphK1 expression increase in liver biopsies from patients with steatosis compared to healthy
lean people, which supports the notion that SphK1/S1P axis could play a role in the onset of these
diseases [64]. However, whether the localization of increased SphK1 in the human liver is specific just
to hepatocyte, as well as its role, still remain unknown. Therefore, future work and analysis will be
required to translate data obtained in cell/mouse to those in humans.
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3.2. Muscle

Muscles constitute 40% of the body weight and are responsible for 40-75% of the glucose uptake
in response to insulin in the postprandial period [65]. They are, therefore, major tissues toward the
regulation of carbohydrate homeostasis within the body. Compared to liver, few studies have looked
for the role of S1P on glucose metabolism in muscle, but, unlike liver, it seems that they all demonstrate
a positive action of this lipid.

Saturated fatty acid (palmitate) induced an increase in SphK1 expression as well as an increase in
S1P concentrations in a muscle cells line (C2C12 myotubes) [66], and in mouse primary myotubes [67].
It is important to note that no increase in SphK1 expression was observed in response to unsaturated
fatty acids such as oleate [66]. These data were confirmed in vivo where a 2.5-fold increase in SphK1
expression was observed in skeletal muscles of mice fed an HFD compared to control mice (Figure 2) [66].
The addition of exogenous S1P on C2C12 myotubes increased basal Akt phosphorylation, which led to
a concomitant increase in glucose uptake [68].

In vivo studies also reported a positive role of SphK1/SIP on insulin signaling in muscle.
SphK1-overexpressing mice displayed increased SphK activity in skeletal muscle, and when fed
a HFD, skeletal muscle and whole-body insulin sensitivity were improved in these mice compared
with control mice fed the same diet [69]. In addition, animals overexpressing SphK1 fed an HFD for
six weeks displayed better muscle Akt phosphorylation and were more glucose-tolerant and more
sensitive to insulin than wild type animals (Figure 2). However, although skeletal muscles show
an increase in SphK1 overexpression, it cannot be excluded that other untested tissues could also
overexpress SphK1 and, thus, participate with the observed phenotype.

To complicate the picture, Bruce et al. showed that SphK1 overexpression induced a decrease in
muscle ceramide concentration [69]. Considering the importance of this sphingolipid species in the
development of insulin resistance [66,67], it remains difficult to ascertain if the observed phenotypes
were linked to a decrease in ceramide content or rather from an independent action of S1P. Likewise,
both Bruce et al. [70] and Kendall et al. [71] showed that administration of FTY720, which is an S1P
analogue that downregulates all S1PR expressions except for S1P2 [72], to animals fed an HFD induced
a better muscle insulin signaling as well as a better glucose tolerance compared to animals receiving
vehicle only. However, FTY720, which has also been shown as a potent inhibitor of CerS [73], inhibited
ceramide production in mice under HFD [70]. These data suggest that the insulin sensitizer effect of
FTY720 was associated with a decrease of ceramide levels in muscle rather than an antagonist action
on S1P receptors.

Altogether, even if all studies reported a positive role of the SphK1/S1P axis on muscle insulin
signaling, and, consequently, on the systemic glucose metabolism, no specific muscle approach was
performed. Thus, this possibly hid some cross-talk mediated by S1P between muscles and other S1P
producing tissues such as liver, adipose tissue, or even immune cells. In addition, no study, so far,
has investigated the role of SphK2-produced S1P in this tissue, nor shown the opposite roles of SphK1
and SphK2 [24]. However, it would be interesting to study the role of the latter on insulin signaling in
muscle. It would also be important to explore the role of S1P catabolism and S1P signaling through its
receptors in muscle homeostasis. To date, clinical data demonstrating the role of S1P metabolism in
regulating muscle insulin resistance in man are lacking and will, therefore, require extensive study.

3.3. Adipose Tissue

Adipose tissue (AT), in addition to its storage functions, is an endocrine tissue that secretes several
adipokines and chemokines [74]. AT also participates in the development of insulin resistance when
it is in a state of inflammation known as “low-grade” [75]. In addition, when maximum AT storage
capacities are reached, excess lipids are then stored in peripheral tissues, which causes insulin resistance
or apoptosis in these various tissues [16]. Homeostasis of adipose tissue is, therefore, important for
maintaining sensitivity to systemic insulin [76].
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Expression of SphK1, but not SphK2, has been reported to be increased in subcutaneous adipose
tissue from objob mice compared to wild type mice [77]. Similar results were observed in epididymal
adipose tissue and isolated mature adipocytes from mice fed an HFD compared to animals on a low-fat
diet [78]. Similar profiles were also reported in human inflamed subcutaneous AT compared to less
inflamed AT [58]. Concentrations of S1P are also increased in subcutaneous AT from obese patients
compared to those from lean people [79].

One study reported a positive role of SIP on insulin signaling in AT. Administration of the S1P
analogue FTY720 improved insulin sensitivity in animals fed an HFD [71]. Immune cell infiltration is known
to play an important role in insulin resistance [80], and it was found that FTY720 decreased lymphocyte
and macrophage infiltration in TA of this mice, likely through its lymphopenic properties [81].
This phenomenon contributes to improving insulin sensitivity in mice. However, another study
demonstrated the opposite results. It showed that, in HFD-fed mice, SphK1 deficiency increased
adipogenic markers such as adiponectin and the anti-inflammatory cytokine IL-10, but reduced adipose
tissue macrophage recruitment as well as pro-inflammatory molecules TNFx and IL-6 (Figure 2).
These changes were associated with a better insulin response in the AT and improved insulin
sensitivity and glucose tolerance (Figure 2) [78]. Obesity was found to increase SphK1 expression in
AT macrophages of both M1 and M2 phenotypes [82]. Elevated SphK1 expression in AT macrophages
was associated with the reduction of endoplasmic reticulum stress related genes, which suggests that
Sphk1 promotes AT macrophage survival [82].

Overall, these few studies indicate that SphK1/S1P axis leans towards a pro-inflammatory and
negative action on AT insulin signaling. However, extracellular S1P through S1P receptors may have
the opposite effect [71]. Therefore, analysis of the role of other S1P metabolic enzymes in adipose tissue
homeostasis will be necessary to confirm this tendency. It will also be important to decipher whether
differences in S1P function exist between AT distributions (visceral vs. subcutaneous) known to play
a distinct role in obesity. Although SphK1 expression is increased in the adipose tissue from obese
patients [78], no clinical study has, so far, described the functional role of S1P in human adipocyte
insulin resistance.

4. S1P Metabolism and Pancreatic 3 Cell Fate

Pancreatic 3 cells secrete insulin in response to glucose and various hormones to maintain
glycaemia and, therefore, regulate glucose homeostasis. However, obesity is associated with deleterious
effects of elevated fatty acid levels on pancreatic 3 cell function and survival. Excessive fatty acids
leads to the loss of 3 cell insulin secretory responsiveness and {3 cell death by apoptosis, which favors
induction of chronic hyperglycemia [18]. Sphingolipids and, in particular, ceramide have been
shown to play a central role in pancreatic 3-cell apoptosis induced by palmitate [18]. More recently,
S1P has also been implicated in mediating (3-cell function and viability with a specific role for its
metabolizing enzymes.

In 2005, a pioneering study characterized the SphK/S1P axis in rat pancreatic § cells and in INS-1
cells [83]. This study was followed by numerous others that focused on the SphK/S1P axis involvement
in 3-cell secretory function. Hasan et al. reported for the first time that SphK1 activity was important
for insulin synthesis and secretion [84]. The knock-down of SphK1 expression in pancreatic 3 INS-1
cells resulted in both lowered glucose-stimulated insulin secretion (GSIS) and insulin content associated
with decreased insulin gene expression. Conversely, SphK1 overexpression restored both insulin
synthesis and secretion [84]. In contrast, pancreatic 3 MING6 cells exposed to high glucose concentrations
displayed an increase in S1P levels due to SphK2 activity, which is concomitant with higher insulin
secretion. In addition, inhibition of S1P production through SphK2 KO in MING6 cells resulted in the
abolition of GSIS [85]. Overall, these data suggest that S1P synthesis through both SphK1 and SphK2
could be positively involved in regulating insulin secretion (Figure 3). However, this conclusion still
needs in vivo and in vitro exploration of GSIS in mice KO for either SphK1 or SphK2.
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Figure 3. Role of S1P metabolism on pancreatic {3 cell fate. In pancreatic 3 cells, cytokines, such as
IL1p increase SphK1 expression and repress SPL expression. This contributes to the increase of
intracellular S1P content and apoptosis. In contrast, extracellular ApoM/HDL-bound S1P y antagonizes
apoptosis induced by IL13. In pancreatic 3 cells, palmitate increases the expression of both SphK1 and2.
SphK1 activation represses palmitate-induced pancreatic 3 cell apoptosis, whereas SphK2 activation
promotes apoptosis. SphK1-produced S1P can be secreted and stimulates S1P2 to promote apoptosis.
High glucose levels could activate both SphK1 and 2, which contribute to the secretion of insulin.
CDase: ceramidase. SPL: S1P lyase. SphK: sphingosine kinase. S1P2: S1P receptor 2.

The SphK/S1P axis was shown to be stimulated by cytokines in rat pancreatic 3 cells and INS-1
cells (Figure 3) [83], which suggests a potential role in the pathological response to cytokines observed
during low-grade inflammation induced by obesity. Later on, Hahn et al. showed that cytokines
decreased SPL expression in pancreatic 3 cells, whereas overexpression of SPL protected them against
cytokine toxicity (Figure 3) [86], which comforts a pathological role of intracellular S1IP metabolism of
pancreatic (3 cells in diabetes. In contrast, Laychock et al. showed that exogenous S1P counteracted
pancreatic {3 cell apoptosis induced by cytokines [87], which suggests a divergent role of cellular S1P
from circulating S1P (Figure 3). Supporting this notion, Riitti et al. found that HDL, known to be
enriched in S1P through its binding to apoM, also counteracted pancreatic {3 cell apoptosis induced by
cytokines (Figure 3) [88].

Although the SphK/S1P axis appears to regulate 3-cell induced-apoptosis induced by cytokines,
the circulating levels are increased by obesity, whether it is implicated in (3-cell apoptosis induced
by free fatty acids still remains unknown. Palmitate increased not only ceramide but also S1P
levels, through SphK1 up-regulation in pancreatic 3 INS-1 cells (Figure 3) [89]. Japtok et al. also
demonstrated that palmitate increased S1P levels in pancreatic 3 MING6 cells, which were released
in the extracellular medium (Figure 3) [90]. Apoptosis was abrogated in INS-1 cells over-expressing
SphK1 [89]. Similarly, either S1P supplementation or SphK1 overexpression in palmitate-treated INS-1
or MING6 cells prevented cell death (Figure 3) [59]. Conversely, dominant negative expression of
SphK1 in these cell lines enhanced palmitate-induced apoptosis [59]. The protective role of SphK1 was
independent of S1P receptors, but was mediated by decreasing formation of pro-apoptotic ceramides
induced by palmitate [89]. In addition, endoplasmic reticulum-targeted SphK1 also partially inhibited
apoptosis induced by lipotoxicity, which suggests a specific localization for the anti-apoptotic action
of S1P [89]. Nevertheless, JTE-013, which is an antagonist of S1P2, partially counteracted pancreatic
[3-cell apoptosis and the reduced proliferation induced by palmitate [89,90], which suggests that the
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S1P produced could determine pancreatic (3-cell fate under lipotoxicity by interacting with specific
receptors (Figure 3). Overall, these studies reported a survival and protective role of both intracellular
S1P and its enzyme SphK1 against palmitate-induced 3-cell apoptosis [59,90].

In addition, one study discovered that HFD-fed SphK1 KO mice displayed a reduction in 3
cell size, number, and mass associated with increased {3 cell apoptosis compared to WT HFD-fed
mice, which all favor the installation of glucose intolerance [59]. These data indicated that in vivo
SphK1 deficiency predisposes mice to T2D-onset by promoting pancreatic 3 cell death under lipotoxic
conditions [59]. SphK1 has been shown to interact with SKIP (SPHK1-interacting protein) and that
SKIP overexpression in NIH 3T3 fibroblasts reduces SphK1 activity and interferes with its biological
functions [91]. In another study, SKIP-deficient mice improved glucose tolerance by increasing insulin
and GLP-1 secretion [92], which suggests that SKIP deficiency in mice allow SphK1 to better regulate
glucose tolerance. However, it remains to be established whether SKIP is acting only at the level
of intestinal L cells or on the pancreatic 3 cell since it is already known that islet-derived GLP-1 is
necessary for glucose-stimulated insulin secretion [93]. Not surprisingly, a consensus on the role of the
SphK1/S1P axis in 3-cells has not been reached. Although the above studies demonstrated a beneficial
role of SphK1 on glucose homeostasis and {3 cell function, another study showed that SphK1 KO mice
were protected from HFD-induced glucose intolerance due to a reduced adipocyte pro-inflammatory
response, which suggests a negative role of SphK1/S1P axis on regulating glucose homeostasis [78].

In contrast, a negative role of the SphK2/S1P axis was observed on (3-cell fate. SphK2 expression
KO reversed palmitate-induced cell death, whereas SphK2 overexpression promoted cell death under
lipotoxic conditions in both INS-1 and MING cells (Figure 3) [94]. In fact, lipotoxicity induced the shuttling
of SphK2 from the nucleus to the cytoplasm, where it led to mitochondrial apoptosis [94]. SphK2 KO
diabetic mice under HFD significantly improved their diabetic phenotypes [94], which suggests that,
contrary to SphK1, SphK2 exerts a major role in promoting lipotoxicity-induced apoptosis of (3 cells [94].
Mice with a deletion of the S1P phosphohydrylolase SPP2 exhibited glucose intolerance due to a defect
in the adaptation of pancreatic (3 cell mass, which supports the idea that the rise of endogenous S1P
regulated by SphK2 and SPP2 can promote f3 cell lipotoxicity [35].

Overall, the opposed functions on {3 cell survival between both SphKs could be explained by
expression differences observed in pathophysiological situations but more likely by differences in
produced S1P subcellular localization. Nevertheless, it remains crucial to determine the potent role of
S1P receptors in pancreatic {3 cell fate during obesity. To date, there are no clinical studies available
describing a potential role of S1P in human islets in the context of obesity or T2D.

5. S1P and the Hypothalamic Regulation of Body Weight and Energy Homeostasis

The hypothalamus is a key brain area that plays a crucial role in regulating energy metabolism.
It consists of several nuclei including the arcuate nucleus (ARC), ventromedial (VMH), dorsomedial
(DMH)), lateral (LH), and paraventricular (PVH) hypothalamus, which interact functionally to
coordinate adaptive physiological responses controlling feeding behavior and energy expenditure.
This process involves the integration of metabolic, endocrine, and neural signals from the periphery
and autonomic circuitries that encode information about energy availability and energy reserve in
the body [95-98].

Growing evidence suggests that hypothalamic lipid sensing plays a key role in controlling
food intake, fat deposition, and energy balance [99,100], and that its dysregulation could lead to the
development of obesity and T2D. Recent investigations reported that S1P is involved in the hypothalamic
control of energy homeostasis [101]. Precisely, the intracerebroventricular (ICV) administration of S1P
decreased food intake and increased energy expenditure [101]. Conversely, selective disruption of S1P1
in the mediobasal hypothalamus (MBH) induced the opposite effects [101]. At the molecular level,
S1P exerted its effects by activating S1P1, which is highly expressed in key hypothalamic nuclei, ARC,
VMH, and DMH, which controls feeding, particularly in the anorectic pro-opiomelanocortin (POMC)
neurons of the ARC. Altogether, these findings identified S1P/S1P1/JAK2/STAT3 as a new regulatory
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pathway that plays a crucial role in the hypothalamic control of energy homeostasis and body weight
gain. A positive correlation between plasma S1P and body fat percentage exists [20,102], as rodent
models of obesity also exhibited an increased hypothalamic S1P/S1P1/STAT3 signaling [101,103]. From a
therapeutic point of view, the ICV injection of S1P or the S1P1 agonist, SEW2871, induced anorexigenic
effects, and prevented the development of obesity and associated metabolic dysfunctions [101].

In the context of an HFD-induced obesity, and, as it has already been observed in the AT (see section
on adipose tissue), inflammatory processes also occur in the brain [104]. HFD triggers brain inflammation,
notably in the hypothalamus, by activating microglia and astrocytes, which results in reactive gliosis,
production of pro-inflammatory cytokines such as IL1f3 and TNE, and the development of neuronal
inflammation [105]. This contributes to the deregulation of hypothalamic control of energy homeostasis,
which promotes the development of obesity and associated metabolic disorders [106-108]. Emerging
evidence suggests a pivotal role of S1P metabolism and S1P-mediated signaling in the development of
neuro-inflammation. It was shown that S1P was able to induce astrocytes activation [109,110] and increase
the inflammatory response of activated microglia, which results in reactive gliosis and the upregulation of
pro-inflammatory cytokines [111,112]. Additionally, S1P modulated neuro-inflammation by regulating
the infiltration of peripheral immune cells in the central nervous system [113,114]. Considering the
emerging importance of S1P metabolism in neuro-inflammation, further studies will be required to
determine the role of S1P signaling in the early onset of hypothalamic inflammation and gliosis in the
context of diet-induced obesity.

The role of hypothalamic S1P in the regulation of obesity and dysregulation of glucose homeostasis
is actually an emerging area. Thus, future studies will be important to determine the role of S1P
metabolism and signaling at the level of the hypothalamus in the context of obesity and T2D. This will
constitute an important step toward identifying new targets for therapeutic intervention in obesity and
obesity-related metabolic disorders.

6. Conclusions and Perspectives

The elevation of S1P levels in tissues and plasma has been associated with obesity, which suggests
that S1P metabolism could be negatively or positively linked to this pathology and to the onset of T2D.
Many studies performed in the last decade suggest that SIP metabolism plays a positive role in insulin
signaling in peripheral tissues, which points to an adaptive role of S1P to counteract the installation
of insulin resistance in muscle, adipose tissue, and liver [54,55,57,69]. However, it should be noted
that some studies argue for a causative role of S1P metabolism in insulin resistance in the liver and in
adipose tissue [58,78]. S1P metabolism has also been linked to pancreatic (3-cell fate during obesity or
T2D with opposite roles of S1P produced by SphK1 or SphK2 on pancreatic (3 cell apoptosis [59,94].
Moreover, the specific role of the SphK1/S1P axis in glucose homeostasis will require further attention
since studies reveal divergent phenotypes of SphK1 KO mice under HFD [59,78].

These discrepancies in the results may be linked to the fact that cellular S1P levels are fine-tuned
by a concerted regulation of S1P synthetizing enzymes (SphK) and S1P degradation enzymes (SPL and
SPPs). The other reason could come from the intrinsic nature of S1P, which is both an intracellular
mediator and a circulating bioactive lipid. This supports the idea that SIP could act not only
intracellularly but also as an endocrine or paracrine signal through its secretion to regulate the insulin
response in distant organs as well as in the pancreatic 3-cell fate. Plasma apoM/HDL-bound S1P has
been shown to regulate brown adipose tissue activity in the context of obesity [115] and also pancreatic
(3-cell survival induced by cytokines [88].

In conclusion, more work is required to understand the role of the enzymes involved in S1P
metabolism/signaling, especially of the catabolizing enzymes SPL and SPPs in the development of
obesity and diabetes. It will also be important to determine the role of its transporters and its receptors.
Due to the duality of actions of S1P (intracellular and extracellular), the development of tissue-specific
disruption of S1P metabolism enzyme genes in mice would also help us understand the divergent
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roles of S1P observed in whole KO models used to date. This would be crucial before the modulation
of S1P metabolism can be considered as a potential therapeutic target for treating obesity/T2D.

Author Contributions: Conceived the idea: H.L.S. Wrote the manuscript: ].G., C.L.B, M.L.M,,S.T.-C., O.B., Y.B.,
E.H. and H.L.S. Figure preparation: S.T.-C. and J.G. Critically reviewed the manuscript and figures: C.L.B., S.T.-C.,
J.G., E-H. and H.L.S. All authors approved the final manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to acknowledge the support by the Centre National de la Recherche Scientifique
(CNRS), the Institut National de la Recherche Médicale (INSERM), the Sorbonne Université, and the Université
Paris Saclay. H.L.S. is funded by the Société Francophone de Diabétologie (SFD). E.H. is funded by the Fondation
de France. J.G. is funded by a scholarship from the French Research Ministry/University Paris Saclay.

Acknowledgments: We are grateful to Froogh Darakhshan-Hajduch (Anglais Pour Vous, Melun, France) for
professional editing of this review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Galgani,].E.; Moro, C.; Ravussin, E. Metabolic flexibility and insulin resistance. Am. J. Physiol. Endocrinol. Metab.
2008, 295, E1009-E1017. [CrossRef] [PubMed]

2. Zacharewicz, E.; Hesselink, M.K.C.; Schrauwen, P. Exercise counteracts lipotoxicity by improving lipid
turnover and lipid droplet quality. J. Intern. Med. 2018, 284, 505-518. [CrossRef] [PubMed]

3. Montgomery, M.K,; De Nardo, W.; Watt, M.J. Impact of Lipotoxicity on Tissue “Cross Talk” and Metabolic
Regulation. Physiol. Bethesda Md. 2019, 34, 134-149. [CrossRef] [PubMed]

4. Torretta, E.; Barbacini, P.; Al-Daghri, N.M.; Gelfi, C. Sphingolipids in Obesity and Correlated Co-Morbidities:
The Contribution of Gender, Age and Environment. Int. . Mol. Sci. 2019, 20, 5901. [CrossRef] [PubMed]

5. Saeedi, P; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.;
Motala, A.A.; Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections
for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res.
Clin. Pract. 2019, 157, 107843. [CrossRef] [PubMed]

6.  Oh, YS,; Bae, G.D.; Baek, D.J.; Park, E.-Y.; Jun, H.-S. Fatty Acid-Induced Lipotoxicity in Pancreatic Beta-Cells
during Development of Type 2 Diabetes. Front. Endocrinol. 2018, 9, 384. [CrossRef] [PubMed]

7. Bachmann, O.P; Dahl, D.B.; Brechtel, K.; Machann, J.; Haap, M.; Maier, T.; Loviscach, M.; Stumvoll, M.;
Claussen, C.D.; Schick, F; et al. Effects of intravenous and dietary lipid challenge on intramyocellular lipid
content and the relation with insulin sensitivity in humans. Diabetes 2001, 50, 2579-2584. [CrossRef]

8.  Palomer, X.; Pizarro-Delgado, J.; Barroso, E.; Vazquez-Carrera, M. Palmitic and Oleic Acid: The Yin and
Yang of Fatty Acids in Type 2 Diabetes Mellitus. Trends Endocrinol. Metab. 2018, 29, 178-190. [CrossRef]

9. Ralston, J.C.; Nguyen-Tu, M.-S.; Lyons, C.L.; Cooke, A.A.; Murphy, A.M.; Falvey, A.; Finucane, O.M.;
McGillicuddy, E.C.; Rutter, G.A.; Roche, H.M. Dietary substitution of SFA with MUFA within high-fat diets
attenuates hyperinsulinaemia and pancreatic islet dysfunction. Br. J. Nutr. 2020, 1-9. [CrossRef] [PubMed]

10. Bandet, C.L.; Tan-Chen, S.; Bourron, O.; Stunff, H.L.; Hajduch, E. Sphingolipid Metabolism: New Insight
into Ceramide-Induced Lipotoxicity in Muscle Cells. Int. J. Mol. Sci. 2019, 20, 479. [CrossRef]

11. Hannun, Y.A.; Obeid, L.M. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev.
Mol. Cell Biol. 2008, 9, 139-150. [CrossRef] [PubMed]

12.  Bartke, N.; Hannun, Y.A. Bioactive sphingolipids: Metabolism and function. . Lipid Res. 2009, 50, S91-596.
[CrossRef] [PubMed]

13.  Ségui, B.; Andrieu-Abadie, N.; Jaffrézou, J.-P.; Benoist, H.; Levade, T. Sphingolipids as modulators of cancer
cell death: Potential therapeutic targets. Biochim. Biophys. Acta 2006, 1758, 2104-2120. [CrossRef] [PubMed]

14. Hannun, Y.A.; Obeid, L.M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol.
Cell Biol. 2018, 19, 175-191. [CrossRef] [PubMed]

15.  Mullen, T.D.; Hannun, Y.A.; Obeid, L.M. Ceramide synthases at the centre of sphingolipid metabolism and
biology. Biochem. ]. 2012, 441, 789-802. [CrossRef]

16. Hage Hassan, R.; Bourron, O.; Hajduch, E. Defect of insulin signal in peripheral tissues: Important role of
ceramide. World |. Diabetes 2014, 5, 244-257. [CrossRef]

131



Cells 2020, 9, 1682

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Campana, M.; Bellini, L.; Rouch, C.; Rachdji, L.; Coant, N.; Butin, N.; Bandet, C.L.; Philippe, E.; Meneyrol, K.;
Kassis, N.; et al. Inhibition of central de novo ceramide synthesis restores insulin signaling in hypothalamus
and enhances 3-cell function of obese Zucker rats. Mol. Metab. 2018, 8, 23-36. [CrossRef]

Bellini, L.; Campana, M.; Mahfouz, R.; Carlier, A.; Véret, J.; Magnan, C.; Hajduch, E.; Stunff, H.L. Targeting
sphingolipid metabolism in the treatment of obesity/type 2 diabetes. Expert Opin. Ther. Targets 2015, 19,
1037-1050. [CrossRef]

Maceyka, M.; Harikumar, K.B.; Milstien, S.; Spiegel, S. Sphingosine-1-Phosphate Signaling and Its Role in
Disease. Trends Cell Biol. 2012, 22, 50-60. [CrossRef]

Kowalski, G.M.; Carey, A.L.; Selathurai, A.; Kingwell, B.A_; Bruce, C.R. Plasma Sphingosine-1-Phosphate Is
Elevated in Obesity. PLoS ONE 2013, 8. [CrossRef]

Liu, H.; Sugiura, M.; Nava, V.E.; Edsall, L.C.; Kono, K.; Poulton, S.; Milstien, S.; Kohama, T.; Spiegel, S.
Molecular cloning and functional characterization of a novel mammalian sphingosine kinase type 2 isoform.
J. Biol. Chem. 2000, 275, 19513-19520. [CrossRef] [PubMed]

Ng,M.L.; Wadham, C.; Sukocheva, O.A. The role of sphingolipid signalling in diabetes-associated pathologies
(Review). Int. J. Mol. Med. 2017, 39, 243-252. [CrossRef] [PubMed]

Alemany, R.; van Koppen, C.J.; Danneberg, K.; Ter Braak, M.; Meyer zu Heringdorf, D. Regulation and
functional roles of sphingosine kinases. Naunyn. Schmiedebergs Arch. Pharmacol. 2007, 374, 413-428.
[CrossRef] [PubMed]

Maceyka, M.; Sankala, H.; Hait, N.C.; Le Stunff, H.; Liu, H.; Toman, R.; Collier, C.; Zhang, M.; Satin, L.S.;
Merrill, A.H.; et al. SphK1 and SphK2, Sphingosine Kinase Isoenzymes with Opposing Functions in
Sphingolipid Metabolism. ]. Biol. Chem. 2005, 280, 37118-37129. [CrossRef]

Lysophospholipid Receptors: Signaling and Biochemistry; Chun, J., Ed.; Wiley: Hoboken, NJ, USA, 2013;
ISBN 978-1-118-53130-3.

Hait, N.C.; Allegood, J.; Maceyka, M.; Strub, G.M.; Harikumar, K.B.; Singh, S.K.; Luo, C.; Marmorstein, R.;
Kordula, T.; Milstien, S.; et al. Regulation of histone acetylation in the nucleus by sphingosine-1-phosphate.
Science 2009, 325, 1254-1257. [CrossRef]

Kleuser, B. Divergent Role of Sphingosine 1-Phosphate in Liver Health and Disease. Int. ]. Mol. Sci. 2018, 19,
722. [CrossRef]

Strub, G.M; Paillard, M.; Liang, J.; Gomez, L.; Allegood, J.C.; Hait, N.C.; Maceyka, M.; Price, M.M.; Chen, Q.;
Simpson, D.C.; et al. Sphingosine-1-phosphate produced by sphingosine kinase 2 in mitochondria interacts
with prohibitin 2 to regulate complex IV assembly and respiration. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol.
2011, 25, 600-612. [CrossRef]

Le Stunff, H.; Giussani, P.; Maceyka, M.; Lepine, S.; Milstien, S.; Spiegel, S. Recycling of Sphingosine Is
Regulated by the Concerted Actions of Sphingosine-1-phosphate Phosphohydrolase 1 and Sphingosine
Kinase 2. J. Biol. Chem. 2007, 282, 34372-34380. [CrossRef]

Aguilar, A.; Saba, J.D. Truth and consequences of sphingosine-1-phosphate lyase. Adv. Biol. Regul. 2012, 52,
17-30. [CrossRef]

Le Stunff, H. Sphingosine-1-phosphate and lipid phosphohydrolases. Biochim. Biophys. Acta BBA—Mol. Cell
Biol. Lipids 2002, 1582, 8-17. [CrossRef]

Sigal, Y.J.; McDermott, M.I.; Morris, A.J. Integral membrane lipid phosphatases/phosphotransferases:
Common structure and diverse functions. Biochem. |. 2005, 387, 281-293. [CrossRef] [PubMed]
Sphingolipids as Signaling and Regulatory Molecules; Chalfant, C.; Del Poeta, M. (Eds.) Advances in Experimental
Medicine and Biology; Springer Science+Business Media: New York, NY, USA; Landes Bioscience: Austin,
TX, USA, 2010; ISBN 978-1-4419-6740-4.

Lépine, S.; Allegood, ]J.C.; Park, M.; Dent, P; Milstien, S.; Spiegel, S. Sphingosine-1-phosphate
phosphohydrolase-1 regulates ER stress-induced autophagy. Cell Death Differ. 2011, 18, 350-361. [CrossRef]
[PubMed]

Taguchi, Y.; Allende, M.L.; Mizukami, H.; Cook, E.K.; Gavrilova, O.; Tuymetova, G.; Clarke, B.A.; Chen, W.;
Olivera, A.; Proia, R.L. Sphingosine-1-phosphate Phosphatase 2 Regulates Pancreatic Islet 3-Cell Endoplasmic
Reticulum Stress and Proliferation. J. Biol. Chem. 2016, 291, 12029-12038. [CrossRef]

Reitsema, V.; Bouma, H.; Willem Kok, J. Sphingosine-1-phosphate transport and its role in immunology.
AIMS Mol. Sci. 2014, 1, 183-201. [CrossRef]

132



Cells 2020, 9, 1682

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kobayashi, N.; Kawasaki-Nishi, S.; Otsuka, M.; Hisano, Y.; Yamaguchi, A.; Nishi, T. MFSD2B is a sphingosine
1-phosphate transporter in erythroid cells. Sci. Rep. 2018, 8. [CrossRef]

Yatomi, Y. Plasma sphingosine 1-phosphate metabolism and analysis. Glycobiol. Sphingobiology 2008, 1780,
606-611. [CrossRef]

Christoffersen, C.; Obinata, H.; Kumaraswamy, S.B.; Galvani, S.; Ahnstrom, J.; Sevvana, M.; Egerer-Sieber, C.;
Muller, Y.A.; Hla, T.; Nielsen, L.B.; et al. Endothelium-protective sphingosine-1-phosphate provided by
HDL-associated apolipoprotein M. Proc. Natl. Acad. Sci. USA 2011, 108, 9613-9618. [CrossRef] [PubMed]
Blaho, V.A ; Hla, T. An update on the biology of sphingosine 1-phosphate receptors. . Lipid Res. 2014, 55,
1596-1608. [CrossRef]

Venkataraman, K.; Lee, Y.-M.; Michaud, J.; Thangada, S.; Ai, Y.; Bonkovsky, H.L.; Parikh, N.S,;
Habrukowich, C.; Hla, T. Vascular endothelium as a contributor of plasma sphingosine 1-phosphate.
Circ. Res. 2008, 102, 669-676. [CrossRef]

Kimura, T.; Sato, K.; Kuwabara, A.; Tomura, H.; Ishiwara, M.; Kobayashi, I.; Ui, M.; Okajima, F. Sphingosine
1-phosphate may be a major component of plasma lipoproteins responsible for the cytoprotective actions in
human umbilical vein endothelial cells. . Biol. Chem. 2001, 276, 31780-31785. [CrossRef]

Tran-Dinh, A.; Diallo, D.; Delbosc, S.; Varela-Perez, L.M.; Dang, Q.; Lapergue, B.; Burillo, E.; Michel, J.;
Levoye, A.; Martin-Ventura, J.; et al. HDL and endothelial protection: HDL and endothelial protection.
Br. J. Pharmacol. 2013, 169, 493-511. [CrossRef]

Poti, F; Simoni, M.; Nofer, ]J.-R. Atheroprotective role of high-density lipoprotein (HDL)-associated
sphingosine-1-phosphate (S1P). Cardiovasc. Res. 2014, 103, 395-404. [CrossRef] [PubMed]

Cuvillier, O. Les récepteurs de la sphingosine 1-phosphate: De la biologie a la physiopathologie.
Meédecine/Sciences 2012, 28, 951-957. [CrossRef] [PubMed]

Park, S.-J.; Im, D.-S. Sphingosine 1-Phosphate Receptor Modulators and Drug Discovery. Biomol. Ther. 2017,
25, 80-90. [CrossRef] [PubMed]

Cannavo, A.; Liccardo, D.; Komici, K.; Corbi, G.; de Lucia, C.; Femminella, G.D.; Elia, A.; Bencivenga, L.;
Ferrara, N.; Koch, W.J.; et al. Sphingosine Kinases and Sphingosine 1-Phosphate Receptors: Signaling and
Actions in the Cardiovascular System. Front. Pharmacol. 2017, 8, 556. [CrossRef]

Kihara, Y.; Maceyka, M.; Spiegel, S.; Chun, J. Lysophospholipid receptor nomenclature review: IUPHAR
Review 8. Br. J. Pharmacol. 2014, 171, 3575-3594. [CrossRef]

Flamment, M.; Hajduch, E.; Ferré, P,; Foufelle, F. New insights into ER stress-induced insulin resistance.
Trends Endocrinol. Metab. 2012, 23, 381-390. [CrossRef]

Bradham, C.A.; Pliimpe, J.; Manns, M.P,; Brenner, D.A.; Trautwein, C. Mechanisms of hepatic toxicity. 1.
TNF-induced liver injury. Am. . Physiol. 1998, 275, G387-G392. [CrossRef]

Osawa, Y.; Banno, Y.; Nagaki, M.; Brenner, D.A.; Naiki, T.; Nozawa, Y.; Nakashima, S.; Moriwaki, H.
TNEF-«-Induced Sphingosine 1-Phosphate Inhibits Apoptosis Through a Phosphatidylinositol 3-Kinase/Akt
Pathway in Human Hepatocytes. |. Immunol. 2001, 167, 173-180. [CrossRef]

Osawa, Y.; Uchinami, H.; Bielawski, J.; Schwabe, R.F.,; Hannun, Y.A.; Brenner, D.A. Roles for C16-ceramide
and Sphingosine 1-Phosphate in Regulating Hepatocyte Apoptosis in Response to Tumor Necrosis Factor-o.
J. Biol. Chem. 2005, 280, 27879-27887. [CrossRef]

Fang, H.; Feng, Q.; Shi, Y.; Zhou, J.; Wang, Q.; Zhong, L. Hepatic insulin resistance induced by mitochondrial
oxidative stress can be ameliorated by sphingosine 1-phosphate. Mol. Cell. Endocrinol. 2020, 501, 110660.
[CrossRef] [PubMed]

Ma, M.M.; Chen, J.L.; Wang, G.G.; Wang, H.; Lu, Y.; Li, J.E; Yi, J.; Yuan, Y.J.; Zhang, QW.; Mi, J.; et al.
Sphingosine kinase 1 participates in insulin signalling and regulates glucose metabolism and homeostasis in
KK/Ay diabetic mice. Diabetologia 2007, 50, 891-900. [CrossRef] [PubMed]

Osawa, Y.; Seki, E.; Kodama, Y.; Suetsugu, A.; Miura, K.; Adachi, M.; Ito, H.; Shiratori, Y.; Banno, Y.;
Olefsky, ].M.; et al. Acid sphingomyelinase regulates glucose and lipid metabolism in hepatocytes through
AKT activation and AMP-activated protein kinase suppression. FASEB |. 2011, 25, 1133-1144. [CrossRef]
[PubMed]

Chen, J.; Wang, W.; Qi, Y.; Kaczorowski, D.; McCaughan, G.W.; Gamble, ].R.; Don, A.S.; Gao, X.; Vadas, M.A;
Xia, P. Deletion of sphingosine kinase 1 ameliorates hepatic steatosis in diet-induced obese mice: Role of
PPARy. Biochim. Biophys. Acta BBA—Mol. Cell Biol. Lipids 2016, 1861, 138-147. [CrossRef]

133



Cells 2020, 9, 1682

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Lee, S.-Y.; Hong, L.-K.; Kim, B.-R.; Shim, 5.-M.; Sung Lee, J.; Lee, H.-Y.; Soo Choi, C.; Kim, B.-K_; Park, T.-S.
Activation of sphingosine kinase 2 by endoplasmic reticulum stress ameliorates hepatic steatosis and insulin
resistance in mice: LEE, HONG, ET AL. Hepatology 2015, 62, 135-146. [CrossRef]

Fayyaz, S.; Henkel, J.; Japtok, L.; Kramer, S.; Damm, G.; Seehofer, D.; Piischel, G.P.; Kleuser, B. Involvement
of sphingosine 1-phosphate in palmitate-induced insulin resistance of hepatocytes via the S1P2 receptor
subtype. Diabetologia 2014, 57, 373-382. [CrossRef] [PubMed]

Qi, Y,; Chen, J.; Lay, A.; Don, A.; Vadas, M.; Xia, P. Loss of sphingosine kinase 1 predisposes to the onset of
diabetes via promoting pancreatic (3-cell death in diet-induced obese mice. FASEB J. 2013, 27, 4294-4304.
[CrossRef]

Kowalski, G.M.; Kloehn, J.; Burch, M.L.; Selathurai, A.; Hamley, S.; Bayol, S.A.M.; Lamon, S.; Watt, M.J.;
Lee-Young, R.S.; McConville, M.].; et al. Overexpression of sphingosine kinase 1 in liver reduces triglyceride
content in mice fed a low but not high-fat diet. Biochim. Biophys. Acta 2015, 1851, 210-219. [CrossRef]
[PubMed]

Pacana, T.; Sanyal, A.J. Recent advances in understanding/management of non-alcoholic steatohepatitis.
F1000prime Rep. 2015, 7, 28. [CrossRef] [PubMed]

Nagahashi, M.; Takabe, K.; Liu, R.; Peng, K.; Wang, X.; Wang, Y.; Hait, N.C.; Wang, X.; Allegood, J.C.;
Yamada, A.; et al. Conjugated bile acid-activated S1P receptor 2 is a key regulator of sphingosine kinase 2
and hepatic gene expression. Hepatol. Baltim. Md. 2015, 61, 1216-1226. [CrossRef] [PubMed]

Liao, C.-Y;; Song, M.].; Gao, Y.; Mauer, A.S.; Revzin, A.; Malhi, H. Hepatocyte-Derived Lipotoxic Extracellular
Vesicle Sphingosine 1-Phosphate Induces Macrophage Chemotaxis. Front. Immumnol. 2018, 9, 2980. [CrossRef]
[PubMed]

Geng, T,; Sutter, A.; Harland, M.D.; Law, B.A; Ross, ].S.; Lewin, D.; Palanisamy, A.; Russo, S.B.; Chavin, K.D.;
Cowart, L.A. SphK1 mediates hepatic inflammation in a mouse model of NASH induced by high saturated fat
feeding and initiates proinflammatory signaling in hepatocytes. J. Lipid Res. 2015, 56, 2359-2371. [CrossRef]
[PubMed]

DeFronzo, R.A.; Ferrannini, E.; Sato, Y.; Felig, P.; Wahren, J. Synergistic interaction between exercise and
insulin on peripheral glucose uptake. J. Clin. Investig. 1981, 68, 1468-1474. [CrossRef]

Hu, W.; Bielawski, J.; Samad, F.; Merrill, A.H.; Cowart, L.A. Palmitate increases sphingosine-1-phosphate
in C2C12 myotubes via upregulation of sphingosine kinase message and activity. J. Lipid Res. 2009, 50,
1852-1862. [CrossRef]

Ross, J.S.; Hu, W.; Rosen, B.; Snider, A.J.; Obeid, L.M.; Cowart, L.A. Sphingosine Kinase 1 Is Regulated by
Peroxisome Proliferator-activated Receptor o in Response to Free Fatty Acids and Is Essential for Skeletal
Muscle Interleukin-6 Production and Signaling in Diet-induced Obesity. J. Biol. Chem. 2013, 288, 22193-22206.
[CrossRef] [PubMed]

Rapizzi, E.; Taddei, M.L.; Fiaschi, T.; Donati, C.; Bruni, P.; Chiarugi, P. Sphingosine 1-phosphate increases
glucose uptake through trans-activation of insulin receptor. Cell. Mol. Life Sci. 2009, 66, 3207-3218. [CrossRef]
[PubMed]

Bruce, C.R;; Risis, S.; Babb, J.R.; Yang, C.; Kowalski, G.M.; Selathurai, A.; Lee-Young, R.S.; Weir, ] M.;
Yoshioka, K.; Takuwa, Y.; et al. Overexpression of Sphingosine Kinase 1 Prevents Ceramide Accumulation
and Ameliorates Muscle Insulin Resistance in High-Fat Diet-Fed Mice. Diabetes 2012, 61, 3148-3155.
[CrossRef] [PubMed]

Bruce, C.R;; Risis, S.; Babb, J.R.; Yang, C.; Lee-Young, R.S.; Henstridge, D.C.; Febbraio, M.A. The sphingosine-
1-phosphate analog FTY720 reduces muscle ceramide content and improves glucose tolerance in high fat-fed
male mice. Endocrinology 2013, 154, 65-76. [CrossRef]

Kendall, M. FTY720, a sphingosine-1-phosphate receptor modulator, reverses high-fat diet-induced weight
gain, insulin resistance and adipose tissue inflammation in C57BL/6 mice. Diabetes Obes. Metab. 2008, 10,
802-805. [CrossRef]

Brinkmann, V. Sphingosine 1-phosphate receptors in health and disease: Mechanistic insights from gene
deletion studies and reverse pharmacology. Pharmacol. Ther. 2007, 115, 84-105. [CrossRef]

Berdyshev, E.V.; Gorshkova, I.; Skobeleva, A.; Bittman, R.; Lu, X.; Dudek, S.M.; Mirzapoiazova, T.;
Garcia, J.G.N.; Natarajan, V. FTY720 Inhibits Ceramide Synthases and Up-regulates Dihydrosphingosine
1-Phosphate Formation in Human Lung Endothelial Cells. J. Biol. Chem. 2009, 284, 5467-5477. [CrossRef]
[PubMed]

134



Cells 2020, 9, 1682

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Zorena, K.; Jachimowicz-Duda, O.; Slezak, D.; Robakowska, M.; Mrugacz, M. Adipokines and Obesity.
Potential Link to Metabolic Disorders and Chronic Complications. Int. J. Mol. Sci. 2020, 21, 3570. [CrossRef]
[PubMed]

Calder, P.C.; Ahluwalia, N.; Brouns, F.; Buetler, T.; Clement, K.; Cunningham, K.; Esposito, K.; Jonsson, L.S.;
Kolb, H.; Lansink, M.; et al. Dietary factors and low-grade inflammation in relation to overweight and
obesity. Br. ]. Nutr. 2011, 106 (Suppl. 3), S5-578. [CrossRef] [PubMed]

Burhans, M.S.; Hagman, D.K.; Kuzma, J.N.; Schmidt, K.A.; Kratz, M. Contribution of adipose tissue
inflammation to the development of type 2 diabetes mellitus. Compr. Physiol. 2018, 9, 1-58. [CrossRef]
Hashimoto, T.; Igarashi, J.; Kosaka, H. Sphingosine kinase is induced in mouse 3T3-L1 cells and promotes
adipogenesis. J. Lipid Res. 2009, 50, 602-610. [CrossRef]

Wang, J.; Badeanlou, L.; Bielawski, J.; Ciaraldi, T.P.; Samad, F. Sphingosine kinase 1 regulates adipose
proinflammatory responses and insulin resistance. Am. ]. Physiol—Endocrinol. Metab. 2014, 306, E756-E768.
[CrossRef]

Blachnio-Zabielska, A.U.; Koutsari, C.; Tchkonia, T.; Jensen, M.D. Sphingolipid content of human adipose
tissue: Relationship to adiponectin and insulin resistance. Obes. Silver Spring Md. 2012, 20, 2341-2347.
[CrossRef]

Lu, J.; Zhao, J.; Meng, H.; Zhang, X. Adipose Tissue-Resident Immune Cells in Obesity and Type 2 Diabetes.
Front. Immunol. 2019, 10, 1173. [CrossRef]

Mandala, S.; Hajdu, R.; Bergstrom, J.; Quackenbush, E.; Xie, J.; Milligan, J.; Thornton, R.; Shei, G.-].; Card, D.;
Keohane, C.; et al. Alteration of lymphocyte trafficking by sphingosine-1-phosphate receptor agonists.
Science 2002, 296, 346-349. [CrossRef] [PubMed]

Gabriel, T.L.; Mirzaian, M.; Hooibrink, B.; Ottenhoff, R.; van Roomen, C.; Aerts, ] M.EG.; van Eijk, M.
Induction of Sphkl activity in obese adipose tissue macrophages promotes survival. PLoS ONE 2017,
12,€0182075. [CrossRef]

Mastrandrea, L.D.; Sessanna, S.M.; Laychock, S.G. Sphingosine kinase activity and sphingosine-1 phosphate
production in rat pancreatic islets and INS-1 cells: Response to cytokines. Diabetes 2005, 54, 1429-1436.
[CrossRef]

Hasan, N.M.; Longacre, M.].; Stoker, S.; Kendrick, M.A.; Druckenbrod, N.R.; Laychock, S.G.; Mastrandrea, L.D.;
MacDonald, M.J. Sphingosine Kinase 1 Knockdown Reduces Insulin Synthesis and Secretion in a Rat
Insulinoma Cell Line. Arch. Biochem. Biophys. 2012, 518, 23-30. [CrossRef] [PubMed]

Stanford, J.C.; Morris, A.J.; Sunkara, M.; Popa, G.J.; Larson, K.L.; Ozcan, S. Sphingosine 1-Phosphate (S1P)
Regulates Glucose-stimulated Insulin Secretion in Pancreatic Beta Cells. J. Biol. Chem. 2012, 287, 13457-13464.
[CrossRef] [PubMed]

Hahn, C.; Tyka, K.; Saba, ].D.; Lenzen, S.; Gurgul-Convey, E. Overexpression of sphingosine-1-phosphate
lyase protects insulin-secreting cells against cytokine toxicity. J. Biol. Chem. 2017, 292,20292-20304. [CrossRef]
Laychock, S.G.; Sessanna, S.M.; Lin, M.-H.; Mastrandrea, L.D. Sphingosine 1-phosphate affects cytokine-
induced apoptosis in rat pancreatic islet beta-cells. Endocrinology 2006, 147, 4705-4712. [CrossRef] [PubMed]
Riitti, S.; Ehses, J.A ; Sibler, R.A.; Prazak, R.; Rohrer, L.; Georgopoulos, S.; Meier, D.T.; Niclauss, N.; Berney, T.;
Donath, M.Y;; et al. Low- and high-density lipoproteins modulate function, apoptosis, and proliferation of
primary human and murine pancreatic beta-cells. Endocrinology 2009, 150, 4521-4530. [CrossRef] [PubMed]
Véret, J.; Coant, N.; Gorshkova, I.A.; Giussani, P.; Fradet, M.; Riccitelli, E.; Skobeleva, A.; Goya, J.; Kassis, N.;
Natarajan, V.; et al. Role of palmitate-induced sphingoid base-1-phosphate biosynthesis in INS-1 3-cell
survival. Biochim. Biophys. Acta BBA—Mol. Cell Biol. Lipids 2013, 1831, 251-262. [CrossRef]

Japtok, L.; Schmitz, E.L; Fayyaz, S.; Kramer, S.; Hsu, L.J.; Kleuser, B. Sphingosine 1-phosphate counteracts
insulin signaling in pancreatic 3-cells via the sphingosine 1-phosphate receptor subtype 2. FASEB |. Off.
Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 3357-3369. [CrossRef]

Lacana, E.; Maceyka, M.; Milstien, S.; Spiegel, S. Cloning and Characterization of a Protein Kinase A
Anchoring Protein (AKAP)-related Protein That Interacts with and Regulates Sphingosine Kinase 1 Activity.
J. Biol. Chem. 2002, 277, 32947-32953. [CrossRef]

Liu, Y,; Harashima, S.; Wang, Y.; Suzuki, K,; Tokumoto, S.; Usui, R.; Tatsuoka, H.; Tanaka, D.; Yabe, D.;
Harada, N.; et al. Sphingosine kinase 1-interacting protein is a dual regulator of insulin and incretin secretion.
FASEB ]. 2019, 33, 6239-6253. [CrossRef]

135



Cells 2020, 9, 1682

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

De Souza, A.H.; Tang, ].; Yadev, A K Saghafi, S.T.; Kibbe, C.R.; Linnemann, A K.; Merrins, M.J.; Davis, D.B.
Intra-islet GLP-1, but Not CCK, Is Necessary for 3-Cell Function in Mouse and Human Islets. Available
online: https://pubmed.ncbi.nlm.nih.gov/32071395/ (accessed on 20 May 2020).

Song, Z.; Wang, W.; Li, N.; Yan, S.; Rong, K.; Lan, T.; Xia, P. Sphingosine kinase 2 promotes lipotoxicity in
pancreatic 3-cells and the progression of diabetes. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2019, 33,
3636-3646. [CrossRef] [PubMed]

Morton, G.J.; Cummings, D.E.; Baskin, D.G.; Barsh, G.S.; Schwartz, M.W. Central nervous system control of
food intake and body weight. Nature 2006, 443, 289-295. [CrossRef]

Jeong, ].H.; Lee, D.K.; Jo, Y.-H. Cholinergic neurons in the dorsomedial hypothalamus regulate food intake.
Mol. Metab. 2017, 6, 306-312. [CrossRef] [PubMed]

Koch, M.; Horvath, T.L. Molecular and cellular regulation of hypothalamic melanocortin neurons controlling
food intake and energy metabolism. Mol. Psychiatry 2014, 19, 752-761. [CrossRef] [PubMed]

Jeong, . H.; Lee, D.K,; Liu, S.-M.; Chua, S.C.; Schwartz, G.J.; Jo, Y.-H. Activation of temperature-sensitive
TRPV1-like receptors in ARC POMC neurons reduces food intake. PLoS Biol. 2018, 16, €2004399. [CrossRef]
Picard, A.; Moullé, V.S.; Le Foll, C.; Cansell, C.; Véret, J.; Coant, N.; Le Stunff, H.; Migrenne, S.; Luquet, S.;
Cruciani-Guglielmacci, C.; et al. Physiological and pathophysiological implications of lipid sensing in the
brain. Diabetes Obes. Metab. 2014, 16 (Suppl. 1), 49-55. [CrossRef]

Le Stunff, H.; Coant, N.; Migrenne, S.; Magnan, C. Targeting lipid sensing in the central nervous system:
New therapy against the development of obesity and type 2 diabetes. Expert Opin. Ther. Targets 2013, 17,
545-555. [CrossRef]

Silva, V.R.R.; Micheletti, T.O.; Pimentel, G.D.; Katashima, C.K.; Lenhare, L.; Morari, J.; Mendes, M.C.S.;
Razolli, D.S.; Rocha, G.Z.; de Souza, C.T.; et al. Hypothalamic S1P/S1PR1 axis controls energy homeostasis.
Nat. Commun. 2014, 5, 4859. [CrossRef]

Ito, S.; Iwaki, S.; Koike, K.; Yuda, Y.; Nagasaki, A.; Ohkawa, R.; Yatomi, Y.; Furumoto, T.; Tsutsui, H.;
Sobel, B.E.; et al. Increased plasma sphingosine-1-phosphate in obese individuals and its capacity to increase
the expression of plasminogen activator inhibitor-1 in adipocytes. Coron. Artery Dis. 2013, 24, 642-650.
[CrossRef] [PubMed]

Samad, F; Hester, K.D.; Yang, G.; Hannun, Y.A_; Bielawski, ]. Altered adipose and plasma sphingolipid
metabolism in obesity: A potential mechanism for cardiovascular and metabolic risk. Diabetes 2006, 55,
2579-2587. [CrossRef]

Dorfman, M.D.; Thaler, J.P. Hypothalamic inflammation and gliosis in obesity. Curr. Opin. Endocrinol.
Diabetes Obes. 2015, 22, 325-330. [CrossRef]

Mendes, N.F,; Kim, Y.-B.; Velloso, L.A.; Aratjo, E.P. Hypothalamic Microglial Activation in Obesity:
A Mini-Review. Front. Neurosci. 2018, 12, 846. [CrossRef]

Gregor, M.F,; Hotamisligil, G.S. Inflammatory mechanisms in obesity. Anniu. Rev. Immunol. 2011, 29, 415-445.
[CrossRef] [PubMed]

Thaler, J.P.; Schwartz, M.W. Minireview: Inflammation and obesity pathogenesis: The hypothalamus heats
up. Endocrinology 2010, 151, 4109-4115. [CrossRef] [PubMed]

Milanski, M.; Degasperi, G.; Coope, A.; Morari, J.; Denis, R.; Cintra, D.E.; Tsukumo, D.M.L.; Anhe, G.;
Amaral, M.E.; Takahashi, HK,; et al. Saturated fatty acids produce an inflammatory response predominantly
through the activation of TLR4 signaling in hypothalamus: Implications for the pathogenesis of obesity.
J. Neurosci. Off. ]. Soc. Neurosci. 2009, 29, 359-370. [CrossRef] [PubMed]

Choi, J.W.; Gardell, S.E.; Herr, D.R; Rivera, R.; Lee, C.-W.; Noguchi, K.; Teo, S.T.; Yung, Y.C,; Lu, M,;
Kennedy, G.; et al. FTY720 (fingolimod) efficacy in an animal model of multiple sclerosis requires astrocyte
sphingosine 1-phosphate receptor 1 (S1P1) modulation. Proc. Natl. Acad. Sci. USA 2011, 108, 751-756.
[CrossRef]

Dusaban, S.S.; Chun, J.; Rosen, H.; Purcell, N.H.; Brown, ].H. Sphingosine 1-phosphate receptor 3 and RhoA
signaling mediate inflammatory gene expression in astrocytes. |. Neuroinflamm. 2017, 14, 111. [CrossRef]
Assi, E.; Cazzato, D.; De Palma, C.; Perrotta, C.; Clementi, E.; Cervia, D. Sphingolipids and brain resident
macrophages in neuroinflammation: An emerging aspect of nervous system pathology. Clin. Dev. Immunol.
2013, 2013, 309302. [CrossRef]

136



Cells 2020, 9, 1682

112.

113.

114.

115.

Lv, M.; Zhang, D.; Dai, D.; Zhang, W.; Zhang, L. Sphingosine kinase 1/sphingosine-1-phosphate regulates the
expression of interleukin-17A in activated microglia in cerebral ischemia/reperfusion. Inflamm. Res. Off. J.
Eur. Histamine Res. Soc. Al 2016, 65, 551-562. [CrossRef]

Rothhammer, V.; Kenison, J.E.; Tjon, E.; Takenaka, M.C.; de Lima, K.A.; Borucki, D.M.; Chao, C.-C.; Wilz, A.;
Blain, M.; Healy, L.; et al. Sphingosine 1-phosphate receptor modulation suppresses pathogenic astrocyte
activation and chronic progressive CNS inflammation. Proc. Natl. Acad. Sci. USA 2017, 114, 2012-2017.
[CrossRef]

Karunakaran, I.; van Echten-Deckert, G. Sphingosine 1-phosphate—A double edged sword in the brain.
Biochim. Biophys. Acta Biomembr. 2017, 1859, 1573-1582. [CrossRef] [PubMed]

Christoffersen, C.; Federspiel, C.K.; Borup, A.; Christensen, PM.; Madsen, A.N.; Heine, M.; Nielsen, C.H.;
Kjaer, A.; Holst, B.; Heeren, ] ; et al. The Apolipoprotein M/S1P Axis Controls Triglyceride Metabolism and
Brown Fat Activity. Cell Rep. 2018, 22, 175-188. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

137






cells ﬁw\n\l’y

Review

Sphingolipids in Type 1 Diabetes: Focus on Beta-Cells

Ewa Gurgul-Convey

Institute of Clinical Biochemistry, Hannover Medical School, Carl-Neuberg-Str.1, 30625 Hannover, Germany;
Gurgul-Convey. Ewa@mh-hannover.de

Received: 30 June 2020; Accepted: 3 August 2020; Published: 4 August 2020

Abstract: Type 1 diabetes (T1DM) is a chronic autoimmune disease, with a strong genetic background,
leading to a gradual loss of pancreatic beta-cells, which secrete insulin and control glucose homeostasis.
Patients with TIDM require life-long substitution with insulin and are at high risk for development
of severe secondary complications. The incidence of TIDM has been continuously growing in the last
decades, indicating an important contribution of environmental factors. Accumulating data indicates
that sphingolipids may be crucially involved in TIDM development. The serum lipidome of TIDM
patients is characterized by significantly altered sphingolipid composition compared to nondiabetic,
healthy probands. Recently, several polymorphisms in the genes encoding the enzymatic machinery
for sphingolipid production have been identified in TIDM individuals. Evidence gained from studies
in rodent islets and beta-cells exposed to cytokines indicates dysregulation of the sphingolipid
biosynthetic pathway and impaired function of several sphingolipids. Moreover, a number of
glycosphingolipids have been suggested to act as beta-cell autoantigens. Studies in animal models
of autoimmune diabetes, such as the Non Obese Diabetic (NOD) mouse and the LEW.1AR1-iddm
(IDDM) rat, indicate a crucial role of sphingolipids in immune cell trafficking, islet infiltration and
diabetes development. In this review, the up-to-date status on the findings about sphingolipids in
T1DM will be provided, the under-investigated research areas will be identified and perspectives for
future studies will be given.

Keywords: type 1 diabetes; beta-cells; islets; insulin; cytokines; sphingolipids; S1P; animal models

1. Introduction

Sphingolipids (SLs) are a diverse family of lipid molecules playing a pivotal role in a number of
autoimmune and inflammatory disorders [1-4]. The role of SLs in glucose homeostasis and insulin
sensitivity is relatively well described in the context of metabo