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Acid sphingomyelinase as a pathological and therapeutic target
in neurological disorders: focus on Alzheimer’s disease
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Over the past decade, numerous studies have highlighted the importance of acid sphingomyelinase (ASM) in disease treatment in
humans. This enzyme functions primarily to generate ceramide, maintain the cellular membrane, and regulate cellular function.
However, in the blood and brain of patients with neurological disorders, including major depression, ischemic stroke, amyotrophic
lateral sclerosis, multiple sclerosis, and Alzheimer’s disease (AD), elevated ASM levels significantly suggest disease onset or
progression. In these diseases, increased ASM is profoundly involved in neuronal death, abnormal autophagy, neuroinflammation,
blood-brain barrier disruption, hippocampal neurogenesis loss, and immune cell dysfunction. Moreover, genetic and
pharmacological inhibition of ASM can prevent or ameliorate various diseases. The therapeutic effects of ASM inhibition have
prompted the urgent need to develop ASM inhibitors, and several ASM inhibitors have been identified. In this review, we
summarize the current knowledge on the critical roles and mechanisms of ASM in brain cells and blood that are associated with
different neuropathological features, especially those observed in AD. Furthermore, we elucidate the potential possibility and
limitations of existing ASM-targeting drugs according to experimental studies in neurological disorder mouse models.
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INTRODUCTION

An important cellular pathway involved in cell division, survival,
proliferation, immune response, and inflammation is sphingolipid
metabolism'™. Although sphingolipid mediators and their
enzymes contribute to a small proportion of the total cellular
lipid pool, their deficiency or accumulation may result in the
pathogenesis of numerous human diseases®°. Acid sphingomye-
linase (ASM), a significant sphingolipid-metabolizing enzyme,
plays a specific role in sphingomyelin hydrolysis into ceramide
and phosphocholine’. As ASM-generated ceramide is involved in a
variety of cellular processes, including cell death, apoptosis,
differentiation, inflammation, and senescence, in various human
diseases®'2, ASM has been suggested to be an important
pathological target.

The sphingomyelin phosphodiesterase 1 (SMPD1) gene, the
gene encoding ASM, is responsible for the generation of two
distinct ASM types”'*'>. The lysosomal type is targeted to the
endolysosomal compartment upon the processing of a common
ASM precursor protein inside the Golgi, whereas the secreted type
is released into the extracellular space’ ', In the lysosome,
lysosomal ASM serves as a lipase for lipid digestion and helps
regulate lysosomal membrane stabilization'*'®. Lysosomal ASM
genetic deficiency results in Niemann-Pick types A and B, which
are lysosomal storage disorders characterized by progressive
sphingomyelin accumulation and subsequent organ dysfunc-
tion'”. The secretory role and function of ASM have not been
well characterized compared to those of lysosomal ASM. However,

pathological secretory ASM has recently been shown to be
involved in various neurological disorders, particularly major
depression, amyotrophic lateral sclerosis (ALS), Parkinson’s disease
(PD), and Alzheimer's disease (AD)'>'®2'. In these diseases,
abnormal ASM expression or activity in blood and brain cells
induces apoptosis, increased permeability, abnormal autophagy,
neuroinflammation, and immune cell dysfunction®*™%°, thereby
contributing to disease onset and progression.

In this review, we underscore the progress made in recent years,
specifically on the pathological roles and mechanisms of ASM in
several neurological disorders, with a particular focus on AD.
Moreover, we elucidate the potential of existing or promising
ASM-targeting drugs to provide a basis for the prevention and
treatment of neurological disorders.

PATHOLOGICAL ROLES AND MECHANISMS OF ASM RELATED
TO VARIOUS NEUROPATHOLOGICAL FEATURES

Neurological disorders negatively affect the function of the central
nervous system (including the brain and spinal cord) and
peripheral nervous system. These disorders can be triggered by
genetic or congenital abnormalities, infection, environmental
factors, brain damage, nerve injury, autoimmune dysfunction, or
age-related degeneration?’ ', Additionally, brain cell death,
synaptic dysfunction, neuroinflammation, blood-brain barrier
(BBB) disruption, and specific protein aggregation have been
identified as common pathological features in neurological
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disorders®?7%, Previous studies have demonstrated that high ASM
expression or activity is associated with the induction and
progression of these pathological features'>'81921:24°26 | thijs
section, we elucidate how increased ASM in neurons, microglia,
astrocytes, BBB endothelial cells (ECs), plasma, and blood immune
cells contributes to neurological disorder development.

Pathological effects of neuronal ASM

In neurological disorders, the pathological roles of neuronal ASM
are associated with cell death. Previous studies using a stroke
mouse model reported that transient focal cerebral ischemia-
induced heightened neuronal ASM activity and ceramide levels in
wild-type (WT) mice3’. Elevated neuronal ASM/ceramide levels
disrupt cellular calcium homeostasis and increase oxidative stress
in neurons, thus contributing to ischemic neuronal death®”.
Moreover, the production of inflammatory cytokines, such as
tumor necrosis factor-q, interleukin-1f (IL-1f), and interleukin-2,
was also increased in the cortical tissue of ischemia-induced WT
mice. Conversely, ASM knockout mouse neurons exhibited stable
neuronal calcium homeostasis and decreased oxidative stress. No
detectable increase in inflammatory cytokines in the cortex of
ischemia-induced ASM knockout mice was found, leading to a
significant reduction in neuronal cell death and infarct size,
thereby improving behavioral deficits®’. These results indicated
that the ASM/ceramide pathway plays a major role in neuronal
oxidative stress induction and inflammatory cytokine production
through ischemia, suggesting the possible utility of therapeutics
targeting this pathway for the treatment of patients with stroke.
The effects of ASM-mediated neuronal cell death have also been
reported in ALS and AD patients. High ASM or ceramide levels in
the spinal cords of patients with ALS or in model mice result in
neuromuscular junction and motor neuron loss, which are the
primary pathologies of ALS'®%%, Moreover, genetic ASM inhibition
considerably attenuated motor behavioral dysfunction and spinal
cord neuronal loss in an ALS mouse model'®. Although the
underlying molecular mechanism of ASM-mediated motor neuro-
nal loss should be explored further in different ALS mouse models,
this phenomenon could be correlated with neuronal apoptosis,
defective neuronal autophagy, and abnormal protein accumula-
tion in motor neurons. Several studies have shown high ASM and
ceramide levels in the brains of patients with AD and in model
mice'>21252639-41 " Both amyloid beta (AB) oligomers) and
hyperphosphorylated tau in the AD brain may increase ASM and
ceramide levels in neurons*'. Membrane remodeling or oxidation
in neurons by ASM, ceramide, and lipid accumulation could in turn
activate beta-secretase, leading to increased AP formation and
ultimately neuronal death®’.

In the hippocampus, the ASM/ceramide pathway is involved in
neuronal proliferation and maturation. In in vitro and in vivo
experiments using AD models, elevated ASM levels in hippocam-
pal neural stem cells and neurons induced a significant decline in
neuronal proliferation, survival, and neurogenesis through an
increase in ceramide production®. These abnormalities contrib-
uted to hippocampal synaptic plasticity derangement and
memory function impairment in AD. Additionally, previous studies
revealed that the hippocampal ASM/ceramide pathway mediated
the neurobiological and behavioral effects associated with major
depression®*°. For example, ASM- or ceramide-overexpressing
mice exhibited hippocampal neurogenesis impairment and
decreased neuronal proliferation, maturation, and survival. These
mice also exhibited depression-like behaviors, such as suppressed
feeding, preference for dark spaces, and reduced grooming and
mobility. ASM/ceramide pathway inhibition via genetic or
pharmacological means normalizes these events**~*, In particular,
several antidepressants increased hippocampal neurogenesis and
reversed hippocampal atrophy associated with major depression
through ASM/ceramide pathway inhibition. The negative effects of
the ASM/ceramide pathway on hippocampal neurons could be
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associated with a decrease in Akt activation, which is vital for
neuronal proliferation, reactive oxygen species formation, and
proinflammatory cytokine production. Moreover, the pathogen-
esis of major depression is related to changes in cellular plasticity
in the hippocampus and hippocampal atrophy*®™%, indicating the
crucial involvement of the ASM/ceramide pathway in major
depression pathologies. Although the exact pathological mechan-
isms of this pathway in major depression are poorly understood,
these observations indicate that ASM/ceramide acts as a negative
regulator of hippocampal neurogenesis and neuronal maturation
and survival in major depression.

In the mammalian nervous system, particularly in neurons,
autophagy plays a central role in maintaining neuronal health
and protein homeostasis through the removal of large and
insoluble protein aggregates*®™>'. Moreover, in the AD brain,
autophagy dysfunction is implicated in AR accumulation. The
high neuronal ASM levels observed in patients with AD and
model mice disrupt the normal autophagy pathway. A previous
study revealed the association between increased neuronal
ASM and autophagy dysfunction®>. In AD neurons, ASM in
lysosomes is primarily increased. Additionally, extracellularly
secreted ASM enters lysosomes via the mannose 6-phosphate
receptor in the cell membrane®®. Increased lysosomal ASM
decreased lysosomal biogenesis through the downregulation
of transcription factor EB target genes in the nuclear compart-
ment of neurons, leading to increased lysosomal disruption.
Thus, the reduction in autolysosome formation was attributed
to a decrease in lysosomes, leading to an impairment of
autophagic AB degradation®® (Fig. 1). Although a previous
study established that neuronal ASM plays a critical role in
autophagic degradation, the relevance of ceramides in this
type of autophagic dysfunction has been poorly explored.
Several studies have reported increased ceramide levels in AD,
and ceramide is also known to be involved in the autophagy
pathway. For example, ceramide can induce autophagy-
mediated cell death through the transcriptional upregulation
of Beclin1 expression®>°3, which acts during the initiation stage
of autophagy®*>>. Ceramide might also affect neuronal cell
death in the AD brain. However, since ASM does not directly
affect Beclin1 expression, as shown in a previous study?>, ASM
and ceramide are deemed to have independent negative
effects on autophagic dysfunction in the AD brain. From this
perspective, neuronal ASM/ceramide pathway inhibition is
expected to have beneficial effects on decreasing A accumu-
lation and neuronal cell death by normalizing autophagic
dysfunction in the AD brain.

Pathological effects of ASM on microglia and astrocytes

In the CNS, microglia are the major immune cells. Microglia play
vital roles in neuroinflammation and in neuronal survival and
death. The microglial inflammasome, one of the major drivers of
neuroinflammation, is an important component of the immune
response to tissue damage, and inflammasome dysregulation has
been implicated in various neurological disorders®®™2, A recent
study reported that ASM is involved in the formation of the NLR
family pyrin domain containing 3 (NLRP3) inflammasome>®.
Elevated ASM concentrations resulted in NLRP3/ASC/caspase-1
inflammasome complex enhancement, caspase-1 activation, and
IL-1B and IL-18 generation through ceramide production. An
increase in the levels of these proinflammatory proteins ultimately
leads to neuroinflammation. Conversely, pharmacological ASM
inhibition markedly attenuated these events in mice with brain
injury®®. Although further studies are warranted to elucidate the
exact molecular mechanism through which ASM regulates
inflammasome signaling in microglia, previous studies have
shown that ASM may be an essential factor for the activation of
the microglial NLRP3 inflammasome complex in the neurological
inflammatory cascade.

Experimental & Molecular Medicine (2024) 56:301-310
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Fig. 1

Neuronal acid sphingomyelinase (ASM) mediates autophagic dysfunction in the Alzheimer’s disease (AD) brain. In AD, neuronal

ASM is increased by environmental or cellular stressors. Intracellular and secreted ASM undergoes lysosomal uptake via M6PR. Excessively
increased lysosomal ASM affects lysosomal disruption, and intracellular ASM decreases lysosomal biogenesis by reducing the expression
levels of the transcription factor EB target gene in the cell nucleus. This lysosomal disruption by ASM leads to the inhibition of autophagic
protein degradation and subsequent autophagosome accumulation, as indicated by the expression of abnormal proteins such as Af and
other cytotoxic proteins. Eventually, autolysosome formation decreases, and autolysosome deposition contributes to AB deposition in the

AD brain.

The pathological effects of ASM on astrocytes have been
investigated in multiple sclerosis (MS)®', a chronic inflammatory
disease characterized by excessive immune cell infiltration into
the CNS, axonal damage, demyelination, and astrogliosis. Astro-
cytes isolated from the brain tissues of patients with MS showed
increased mRNA expression of ASM and ceramide production,
which induced proinflammatory cytokine release and neuroin-
flammatory event promotion. Furthermore, increased levels of
ASM and ceramide, which are found in astrocyte end feet covering
the brain vasculature, directly affected BBB function and increased
the trans-endothelial migration of peripheral immune cells in vitro.
Pharmacological inhibition of ASM in reactive human astrocytes
reduced ceramide production, thereby attenuating neuroinflam-
mation and neurovascular disruption. In astrocytes in the rat
hippocampus, elevated ASM and ceramide levels were also
detected after cerebral ischemia induction®”. Ceramide accumula-
tion in astrocytes induced Jun-N-terminal kinase (JNK) and protein
phosphatase (PP) 2A activation, which is associated with neuronal
damage in cerebral ischemia. Thus, these findings suggest that
astrocyte-derived ASM is a mediator involved in the neuropatho-
logical features of MS and cerebral ischemia.

Pathological effects of brain EC-derived ASM

The prevalence of most neurological disorders increases markedly
with age, suggesting that aging is one of the risk factors for
neurological disorders. A previous study showed that the tissue-
specific contribution of ASM activity was greater in the brain
tissues of 20-month-old mice than in the tissues of other organs,
such as the liver, kidney, spleen, heart, lung, stomach, and genitals,
as well as muscle and fat, in young mice?*. The considerable
increase in ASM levels in the brains of old mice was associated
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with microvessels. More specifically, the ECs that make up the BBB
were the primary contributors to increased ASM activity in the
brains of old mice®®. An increase in brain EC-derived ASM levels
induced apoptosis via p53 signaling activation. The brain vessels
of old mice or ASM-treated brain ECs exhibited an upregulation of
proapoptotic signaling proteins, such as p53 and Bax, and a
downregulation of antiapoptotic signaling proteins, such as Bcl-2,
without ceramide level changes®. This observation indicates that
increased brain EC-derived ASM concentrations directly affect
endothelial apoptosis in old mice.

BBB leakage is caused by BBB cell death, tight junction damage,
or excessive transcytosis and may lead to abnormal protein
accumulation, neuroinflammation, and neuronal damage in the
brain. Thus, one of the therapeutic strategies for treating aging or
neurological disorders is inhibiting BBB breakdown. Brain EC-
derived ASM in old mice was associated with increased caveolae-
mediated endothelial transcytosis and cell apoptosis, promoting
BBB hyperpermeability?*; conversely, it had no effect on tight
junction damage, which is another probable cause of BBB leakage.
A high ASM concentration in brain ECs induced intracellular actin
cytoskeleton disassembly through an increase in ezrin/radixin/
moesin (ERM) protein dephosphorylation via protein phosphatase
1 (PP1) activation®*. Additionally, it resulted in actin filament loss,
which prevented caveolae internalization in brain ECs®™%,
contributing to BBB hyperpermeability in old mice (Fig. 2). The
systematic gain-of-function of brain EC-derived ASM on BBB
integrity has been well demonstrated in conditional transgenic
mice with brain EC-specific ASM overexpression®*. Despite being
only 13 months old, these mice showed significantly increased
ASM activity in brain microvessels, vessel density reduction, and
increased BBB leakage, all of which were similar to the
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Fig.2 Brain endothelial cell-derived ASM mediates blood-brain barrier (BBB) disruption in the aged brain. In the aged brain, ASM activity
is strongly increased in the endothelial cells that make up the BBB. Brain endothelial ASM induces PP1-mediated ezrin/radixin/moesin
dephosphorylation via autocrine and/or paracrine effects and further causes cytoskeletal disassembly and excessive caveolae internalization.
Increased caveolae-mediated transcytosis by ASM results in BBB hyperpermeability and blood-derived molecule extravasation into the brain

parenchyma, ultimately leading to neuronal cell death.

observations in 20-month-old WT mice. Moreover, caveolae-
mediated transcytosis and ERM dephosphorylation were observed
in the brain microvessels of these mice. Notably, these mice
exhibited reduced neuronal cells and severe memory impairment.
Specifically, the inhibition of BBB EC-derived ASM using Smpd1-
miR RNA interference (RNAi) improved BBB leakage and neuronal
dysfunction in brain EC-specific ASM-overexpressing mice and old
mice. These findings suggest new avenues for understanding the
mechanisms of ASM-mediated BBB disruption and, thereby
neurological brain pathologies in aging. Until now, BBB dysfunc-
tion as a cause or sequela of neurodegeneration has remained a
subject of active debate. Although additional research is
warranted to address this topic, previous findings provide
sufficient data indicating that BBB destruction may be a cause
of neurodegeneration.

In MS, brain EC-derived ASM regulates adhesion molecules in
the vasculature, such as intercellular adhesion molecule-1 (ICAM-
1) in the endothelial plasma membrane, promoting T lymphocyte
migration into the brain®. Specifically, ceramide generated by
ASM facilitated ICAM-1 clustering in the brain endothelial plasma
membrane through the regulation of its interaction with filamin
and ezrin phosphorylation. Consequently, elevated ICAM-1 levels
induced T-cell adhesion and transmigration in the brain endothe-
lium, further exacerbating brain damage. However, in ASM-
deficient brain ECs, these events were less prominent®®®’,
indicating potential therapeutic strategies targeting brain EC-
derived ASM for preventing MS lesion formation. In other
neurological disorders, many speculations have emerged regard-
ing the association between brain EC-derived ASM and patholo-
gical features. This is because ASM is more abundant in the brain
than in other tissues, and ECs, in particular, are a rich source of
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ASM. Thus, to develop new therapeutic interventions for
neurological disorders, further studies that more clearly elucidate
the pathological effects of brain EC-derived ASM are warranted.

Pathological effects of ASM in the blood

For decades, in various neurological disorders, several studies
have reported increased blood ASM levels. Previous research has
demonstrated that plasma ASM activity is significantly increased in
individuals with AD compared with that in healthy-aged
individuals but not in PD?*%. In particular, plasma ASM activity in
patients with AD was shown to be positively correlated with
disease progression®®*?, indicating the critical role of ASM as a
potential biomarker for AD. In patients with MS, ASM activity was
elevated in blood samples. Although no correlation has been
reported between disease progression or clinical score’®, high
blood ASM activity may be related to peripheral pathological
features such as immune cell dysregulation and inflammation in
MS patients. In the plasma of ALS patients with FUS, SOD1, or TBK1
mutations, increased ASM activity was also observed. These gene
mutations affect RNA processing and lead to oxidative stress,
cytoskeletal instability, protein aggregation and degradation, and
autophagy dysfunction’’”3. As ASM can increase during various
pathological processes or environmental stresses, mutations in
these genes may be closely associated with increased ASM in ALS
patients. Despite the importance of blood ASM as a biomarker,
most studies on neurological disorder pathogenesis have focused
on CNS tissues, and the effects on the peripheral nervous system
regarding disease onset and progression have not been fully
elucidated. For major depression, ASM activity is high in the blood
mononuclear cells of patients with severe major depression, and
ASM activity is correlated with disease severity'®”*. Further

Experimental & Molecular Medicine (2024) 56:301-310
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Fig. 3 Blood ASM mediates the promotion of various neuropathological features in AD. Increased blood ASM is recruited to CD4™ T-cell
membranes and induces ceramide level elevation. The Stat3, JNK, and mTOR signaling phosphorylation induced by ceramide promotes
pathogenic Th17 cell differentiation from CD4" T cells. Cytokines secreted from pathogenic Th17 cells lead to BBB disruption through a
reduction in tight junction protein expression, and increased BBB permeability facilitates the entry of these cells into the brain parenchyma.
Pathogenic Th17 cell infiltration affects microglial activation and leads to defective phagocytic functions, consequently accelerating Ap
accumulation, neuroinflammation, synaptic loss, and memory impairment.

exploration of the pathophysiological significance of increased
ASM activity in the blood mononuclear cells of patients with major
depression is needed. However, this is deemed to be related to
the increase in inflammation observed in major depression, as
ASM mediates inflammation via ceramide production®®%°. This
hypothesis is supported by previous studies showing that
increased ASM in macrophages promotes inflammatory signals
and cytokine production’>’%, Proinflammatory cytokines present
in the blood at high levels promote BBB disruption and enter the
brain, leading to neuroinflammation and neuronal death’”™"°,
Thus, elevated ASM in the blood is expected to be significantly
involved in neurological pathologies.

Recently, it has been shown that the critical role and
mechanism of blood ASM are associated with AD brain
pathologies®®. A research group first revealed that ASM activity
in the blood increased with disease progression or age in patients
with AD and model mice without changes in blood ceramide
levels. In vivo experiments employing surgical parabiosis revealed
accelerated neuropathological features, including increased AP
deposition and neuroinflammation, in young AD mice exposed to
the blood of ASM-overexpressing mice. Increased blood ASM was
recruited to CD4" T-cell membranes and led to cell apoptosis and
pathogenic T helper 17 (Th17) cell differentiation through
ceramide production in the cell membrane. The ASM/ceramide
pathway in CD4" T-cell membranes stimulated key signals
involved in Th17 cell differentiation, such as Stat3, JNK, AKT, and
mTOR phosphorylation, and upregulated the expression of
pathogenic Th17 cell genes and cytokines. Cytokines secreted
by pathogenic Th17 cells reduced tight-junction protein expres-
sion in BBB-ECs and contributed to increased BBB permeability
and Th17 cell infiltration from the blood into the brain. Pathogenic
Th17 cells that directly infiltrated into the brain exacerbated the
inflammation and defective AP phagocytic function of the
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microglia, thus accelerating neuroinflammation and AP accumula-
tion in young AD mice (Fig. 3). Conversely, surgical parabiosis of 9-
month-old AD mice and ASM knockout mice led to brain
pathology prevention in AD mice. Blood exchange between these
mice led to elevated levels of ASM antibodies in the blood of AD
mice, and it significantly reduced blood ASM activity but not in the
brain. Specific inhibition of blood ASM activity prevented changes
in immune cell populations, BBB disruption, neuroinflammation,
AB deposition, and synaptic loss through a decrease in pathogenic
Th17 cells in the blood and brain of AD mice. Moreover, ASM
peptide immunization exerted protective effects against these
pathological features and memory impairment in AD mice. These
findings indicate that targeting blood ASM is a promising
therapeutic strategy for the prevention of various neuropatholo-
gical features of AD.

In patients with and mouse models of neurological disorders,
such as major depression, MS, ALS, and AD, an increase in Th17
cells has been observed®2* Moreover, alterations in other
immune cells, including neutrophils, monocytes, and macro-
phages, have been detected in these diseases. Additionally,
increased blood ASM levels were also found in these disorders,
indicating a positive correlation between immune cell alterations
and blood ASM in terms of pathology. Although an increase in
blood ASM directly affected the Th17 cell population, blood ASM
reduction effectively normalized the increase in neutrophils,
proinflammatory monocytes, and M1 macrophages by reducing
the number of pathogenic Th17 cells in the blood and brain in an
AD mouse model®®. These results are likely related to the fact that
pathogenic Th17 cells can induce inflammatory responses or
chemotaxis in other immune cells, such as monocytes, macro-
phages, and neutrophils®*®°, Thus, blood ASM reduction may
contribute to the improvement of pathologies through the
restoration of normal Th17 cell numbers and even other immune
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Table 1. Therapeutic effects of functional inhibitors targeting ASM in neurological pathologies.

Name Target tissue or

cell
Amitriptyline Brain

Disease

Major depression

Brain Ischemic stroke
Brain Alzheimer’s disease
Blood
BBB-ECs Aging
Blood
Fluoxetine Brain Major depression
Brain Ischemic stroke
Imipramine Brain Traumatic brain injury

Mouse model

ASM-transgenic mice
Stress-induced mice

Focal cerebral ischemia-induced
mice

APP/PS1

20-month-old WT mice

ASM-transgenic mice
Stress-induced mice

Focal cerebral ischemia-induced
mice
TBl-induced rat

Therapeutic effects

Hippocampal neuronal loss |
Hippocampal neurogenesis
Behavioral dysfunction |

Leukocyte brain infiltration |
Angiogenesis 1

Neuronal survival 1

AB accumulation |

Abnormal neuronal autophagy |
Memory impairment |

BBB disruption |
Neuronal loss |
Memory impairment |

Hippocampal neuronal loss |
Hippocampal neurogenesis
Behavioral dysfunction |
Angiogenesis 1
Motor-coordination recovery

Hippocampal neuronal death |

Ref

44,92

93

25,43

24

44,92

93

94

cell alterations in these neurological disorders. Although an
investigation of the pathological roles of blood ASM-mediated
immune cell dysregulation in other neurological disorders is
warranted, a therapeutic strategy targeting blood ASM could be
helpful in the prevention and treatment of neurological disorders.

THE POTENTIAL AND LIMITATIONS OF ASM-TARGETING
DRUGS FOR NEUROLOGICAL DISORDERS

Many research groups have attempted to develop ASM inhibitors,
as ASM inhibition has been shown to be vital in various
neurological disorders. Recently, several functional and direct
ASM inhibitors have been identified, and their therapeutic effects
have been observed in mouse models of neurological disorders. In
the following sections, the beneficial effects and limitations of
functional and direct ASM inhibitors in the treatment of
neurological disorders will be reviewed.

Functional inhibitors of ASM (FIASMAs)

FIASMAs functionally inhibit lysosomal ASM activity in a reversible
and additive manner. As small molecules, FIASMAs can easily enter
the inner leaf of lysosomal membranes, and their weak bases
cause ASM to detach from lysosomal membranes, resulting in
ASM degradation within the lysosome. These inhibitors include
several antidepressant drugs and other cationic amphiphilic drugs
that are approved for medical use in humans and have minimal
toxicity?'®”~®1, Thus, these compounds are considered promising
drugs for treating neurological disorders caused by increased ASM
activity. In this regard, previous studies have revealed the ASM-
mediated therapeutic effects of several antidepressant drugs, such
as amitriptyline, fluoxetine, and imipramine, in animal models of
neurological disorders (Table 1). Amitriptyline and fluoxetine
reduced ASM activity and ceramide levels in the brains of major
depression model mice**?, contributing to neuronal loss and
behavioral dysfunction improvement. The decreased ASM activity
caused by amitriptyline and fluoxetine also promoted a reduction
in leukocyte brain infiltration, angiogenesis, neuronal survival, and
motor coordination recovery in an ischemic stroke mouse
model®>. Moreover, long-term amitriptyline treatment in aged or
AD model mice attenuated BBB disruption, neuronal loss,
abnormal neuronal autophagy, AB accumulation, and memory
impairments®*?>*, In these mice, amitriptyline reduced ASM
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Neuroinflammation |
Cognitive dysfunction |

activity in the blood and brain. This observation is speculated to
be an indirect effect of reduced ASM secretion in the brain. In a rat
model of traumatic brain injury (TBI), imipramine reduced
hippocampal neuronal death, neuroinflammation, neurological
deficits, and cognitive dysfunction through the restoration of the
TBI-induced overexpression of ASM and ceramide®. Overall, most
functional ASM inhibitors decrease both ASM activity and
ceramide levels in the brains of major depression, ischemic
stroke, TBI, aging, or AD model mice. The inhibition of the ASM/
ceramide pathway by functional ASM inhibitors has beneficial
effects on improving neuronal death, neuroinflammation, neuro-
logical deficits, and behavioral dysfunction in these neurological
disorders.

To improve neurological pathology, FIASMAs must penetrate
through biological membranes to achieve their inhibitory effects,
similar to how substances must cross the BBB. Therefore, most
FIASMAs can efficiently cross the BBB. Additionally, because
several functional inhibitors are used in the long term and their
side-effect profiles are well known, FIASMAs may become easily
accessible medications for patients with neurological disorders.
However, these functional inhibitors lack specificity, and their off-
target effects and exact molecular mechanisms in neurological
disorders have not yet been characterized. Thus, further studies to
develop more specific and effective ASM inhibitors may be helpful
in the clinical treatment of patients with these disorders.

Direct inhibitors of ASM

To overcome the limitations of FIASMAs, several direct ASM
inhibitors, such as arc39, ad2765, and ent-12, have been identi-
fied® %, These compounds act on ASM with high potency in cells;
however, in vivo, their efficacy remains unclear. The pharmacological
properties and in vivo efficacy of a recently discovered direct
inhibitor of ASM, KARI 201, have been demonstrated, especially in AD
mouse models*. This small compound demonstrated a competitive
mode of inhibition versus sphingomyelin by binding at ASM active
sites, leading to the inhibition of ASM activity and ceramide
production. Moreover, KARI 201 selectively inhibited ASM activity
with no substantial off-target effects on other enzymes or
sphingolipids. The pharmacokinetic results also suggested excellent
brain distribution of KARI 201. In in vivo experiments, KARI 201 had a
considerably greater inhibitory effect on ASM in the blood and brain
of AD mice than did amitriptyline despite the short administration
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Table 2. Therapeutic effects of direct inhibitors targeting ASM in neurological pathologies.
Name Target tissue or cell Disease Mouse model Therapeutic effect Ref
ARC 39 Not proven
AD 2765
ent-12
KARI 201 Neurons Alzheimer’s disease APP/PS1 AP accumulation | 43
Blood 5xFAD Abnormal neuronal autophagy |
Neuroinflammation |
Synaptic loss |
Hippocampal neurogenesis
Synaptic plasticity 1
Memory impairment |
23A12C3 CD4" T cells Alzheimer’s disease APP/PS1 Pathogenic Th17 cells | 26
Blood Ap accumulation |
Neuroinflammation |
Memory impairment |
Microglia . i
Neurons 9 Endothelial cells Blood immune cells
/Astrocytes /Plasma
/Ceramide-mediated\ /Ceramide-mediated \ /Ceramide-mediated \ Ceramide-mediated \
effects effects effects effects
* Cell death 1 * Microglial NLRP3 * Immune cell * Proinflammation 1

* Proliferation | inflammasome 1

migration via BBB 1 « Pathogenic Th17 cell|

* Survival |
* Neurogenesis |

* Maturation | .

Proinflammation 1
Neurovascular
disruption 1 .

Direct effects

differentiation 1
+ BBB permeability

* Immune cell

Direct effects migration via BBB 1

« Autophagy

dysfunction 1 Related neurological

Related neurological disorders
disorders * Ischemia
+ Ischemia + Ms

« ALS

« AD

Cell apoptosis 1

+ Synaptic loss 1

K Major depressiory \ )

+ Caveolae-mediated

transcytosis 1 Related neurological

- BBB permeability 1 disorders
* Major depression
« AD

Related neurological

disorders

* Aging

« MS

. AN J

Fig. 4 Pathological effects of elevated ASM in brain cells or blood from patients with various neurological disorders. ALS amyotrophic

lateral sclerosis, AD Alzheimer’s disease, MS multiple sclerosis.

period and low dose. In particular, KARI 201 blocked neuronal ASM
activity and reduced ceramide levels, contributing to the rescue of
various neuropathological features in the brains of AD mice,
including AR deposition, neuronal autophagic dysfunction, neuroin-
flammation, synaptic loss, decreased hippocampal neurogenesis and
synaptic plasticity, and memory impairment (Table 2). The efficacy of
KARI 201 in terms of improving these neuropathological features was
superior to that of amitriptyline. Unexpectedly, KARI 201 has been
found to act as a ghrelin receptor agonist that exerts synergetic
effects on improving hippocampal neurogenesis and memory
impairment in AD mice. A previous study has shown the therapeutic
roles and mechanisms of KARI 201 focused on brain pathologies in
AD mice®. However, direct ASM inhibitors, including KARI 201, are
expected to have systemic beneficial effects on BBB damage,
pathogenic Th17 cells, and immune cell dysregulation in AD*'*>%°,
Thus, future studies exploring the therapeutic effects of direct ASM
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inhibitors on ASM-mediated systemic pathological features may
provide additional concrete evidence that a direct ASM inhibitor
could be a promising drug for treating numerous diseases
characterized by increased ASM activity.

A recent study elucidating the critical role of blood ASM in
relation to various AD pathologies indicated the potential of
immunotherapy for targeting blood ASM for AD prevention®.
Based on this possibility, the newly generated monoclonal ASM
antibody 23A12C3 displayed high ASM inhibitory potency and
selective binding to ASM?. Moreover, this antibody efficiently
decreased the blood ASM activity of AD mice, resulting in the
inhibition of ASM activity and the accumulation of various kinds
of ceramide in the CD4% T-cell membrane. Consequently,
23A12C3 led to a reduction in pathogenic Th17 cells in the
blood and brain and exerted prophylactic effects on neuroin-
flammation, A accumulation, and memory impairment (Table 2).

SPRINGER NATURE

307



B.J. Choi et al.

308

High target accuracy and specificity, reduced off-target effects,
and a known pharmacokinetic profile are among the features of
the antibody-based immunotherapeutic approach; however, this
approach also has disadvantages, such as an unexpected immune
response and high cost for designing, generating, and humaniz-
ing antibodies. Nevertheless, immunotherapy targeting specific
pathological factors has emerged as a promising approach for
treating neurological disorders because existing drugs aid only in
managing or delaying symptoms. In this regard, some of the
AB-targeting antibodies developed for AD treatment have been
shown to reduce the load of amyloid and inhibit cognitive decline
in a clinical study'®® %2, However, further investigation is needed
for the prevention of side effects and BBB penetration require.
Thus, many researchers have attempted to develop an antibody
to improve BBB penetration as well as antibody specificity and
affinity. Unlike AB-targeting antibodies, blood ASM-targeting
immunotherapy exerted significant therapeutic effects on an
AD mouse model despite the absence of BBB penetration.
Although further preclinical and clinical studies are warranted in
the future, this approach is anticipated to constitute a next-
generation immunotherapy for AD and even other neurological
disorders.

CONCLUDING REMARKS

In this paper, the pivotal roles and pathological mechanisms of ASM
in neurological disorders were summarized (Fig. 4). An increased ASM
level in brain cells and the blood was found to be involved in the
onset or progression of various neuropathological diseases. However,
because the specific pathological roles of ASM have been
demonstrated in only a few diseases, especially AD, further research
on other neurological disorders is warranted. ASM is also activated
and increased in response to various stressors, such as inflammation,
infection, and harmful environmental factors, and can lead to
systemic diseases. Additionally, elevated ASM levels are observed in
severe inflammatory diseases, such as hepatitis C infection, sepsis,
systemic inflammatory response syndrome, inflammatory bowel
disease, systemic vasculitis, and lymphohistiocytosis'®. Thus, future
extensive studies on ASM-mediated systemic pathologies are needed
to broaden the scope of the disease applications of ASM-targeting
drugs.

REFERENCES

1. Lahiri, S. & Futerman, A. H. The metabolism and function of sphingolipids and
glycosphingolipids. Cell. Mol. Life Sci. 64, 2270-2284 (2007).

2. Hannun, Y. A. & Obeid, L. M. Sphingolipids and their metabolism in physiology
and disease. Nat. Rev. Mol. Cell Biol. 19, 175-191 (2018).

3. Lee, M., Lee, S. Y. & Bae, Y. S. Functional roles of sphingolipids in immunity and
their implication in disease. Exp. Mol. Med. 55, 1110-1130 (2023).

4. Piccinini, M. et al. Deregulated sphingolipid metabolism and membrane orga-
nization in neurodegenerative disorders. Mol. Neurobiol. 41, 314-340 (2010).

5. Olsen, A. S. B. & Feergeman, N. J. Sphingolipids: membrane microdomains in
brain development, function and neurological diseases. Open Biol. 7, 170069
(2017).

6. Astudillo, L. et al. Human genetic disorders of sphingolipid biosynthesis. J.
Inherit. Metab. Dis. 38, 65-76 (2015).

7. Schissel, S. L., Schuchman, E. H., Williams, K. J. & Tabas, |. Zn2+-stimulated
sphingomyelinase is secreted by many cell types and is a product of the acid
sphingomyelinase gene. J. Biol. Chem. 271, 18431-18436 (1996).

8. Jana, A, Hogan, E. L. & Pahan, K. Ceramide and neurodegeneration: suscept-
ibility of neurons and oligodendrocytes to cell damage and death. J. Neurol. Sci.
278, 5-15 (2009).

9. Petrache, . et al. Ceramide upregulation causes pulmonary cell apoptosis and
emphysema-like disease in mice. Nat. Med. 11, 491-498 (2005).

10. Toman, R. E., Spiegel, S. & Faden, A. I. Role of ceramide in neuronal cell death
and differentiation. J. Neurotrauma 17, 891-898 (2000).

11. Gaggini, M., Ndreu, R., Michelucci, E., Rocchiccioli, S. & Vassalle, C. Ceramides as
mediators of oxidative stress and inflammation in cardiometabolic disease. Int. J.
Mol. Sci. 23, 2719 (2022).

SPRINGER NATURE

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41,

. Trayssac, M., Hannun, Y. A. & Obeid, L. M. Role of sphingolipids in senescence:

implication in aging and age-related diseases. J. Clin. Investig. 128, 2702-2712
(2018).

. Schissel, S. L, Keesler, G. A, Schuchman, E. H., Williams, K. J. & Tabas, I. The

cellular trafficking and zinc dependence of secretory and lysosomal sphingo-
myelinase, two products of the acid sphingomyelinase gene. J. Biol. Chem. 273,
18250-18259 (1998).

. Jenkins, R. W,, Canals, D. & Hannun, Y. A. Roles and regulation of secretory and

lysosomal acid sphingomyelinase. Cell Signal. 21, 836-846 (2009).

. Kornhuber, J,, Rhein, C,, Muller, C. P. & Muhle, C. Secretory sphingomyelinase in

health and disease. Biol. Chem. 396, 707-736 (2015).

. Breiden, B. & Sandhoff, K. Acid sphingomyelinase, a lysosomal and secretory

phospholipase C, is key for cellular phospholipid catabolism. Int. J. Mol. Sci. 22,
9001 (2021).

. Ferlinz, K, Hurwitz, R. & Sandhoff, K. Molecular basis of acid sphingomyelinase

deficiency in a patient with Niemann-Pick disease type A. Biochem. Biophys. Res.
Commun. 179, 1187-1191 (1991).

. Kornhuber, J. et al. High activity of acid sphingomyelinase in major depression.

J. Neural Transm. 112, 1583-1590 (2005).

. Choi, B. J. et al. Acid sphingomyelinase inhibition improves motor behavioral

deficits and neuronal loss in an amyotrophic lateral sclerosis mouse model. BMB
Rep. 55, 62-626 (2022).

Ong, W. Y., Herr, D. R, Farooqui, T, Ling, E. A. & Farooqui, A. A. Role of sphin-
gomyelinases in neurological disorders. Expert. Opin. Ther. Targets 19,
1725-1742 (2015).

Park, M. H., Jin, H. K. & Bae, J. S. Potential therapeutic target for aging and age-
related neurodegenerative diseases: the role of acid sphingomyelinase. Exp. Mol.
Med. 52, 380-389 (2020).

Kirschnek, S. et al. CD95-mediated apoptosis in vivo involves acid sphingo-
myelinase. J. Biol. Chem. 275, 27316-23723 (2000).

Smith, E. L. & Schuchman, E. H. The unexpected role of acid sphingomyelinase in
cell death and the pathophysiology of common diseases. FASEB J. 22,
3419-3431 (2008).

Park, M. H. et al. Vascular and neurogenic rejuvenation in aging mice by
modulation of ASM. Neuron 100, 167-182.€9 (2018).

Lee, J. K. et al. Acid sphingomyelinase modulates the autophagic process by
controlling lysosomal biogenesis in Alzheimer's disease. J. Exp. Med. 211,
1551-1570 (2014).

Choi, B. J. et al. Inmunotherapy targeting plasma ASM is protective in a mouse
model of Alzheimer's disease. Nat. Commun. 14, 1631 (2023).

Burgunder, J. M. Mechanisms underlying phenotypic variation in neurogenetic
disorders. Nat. Rev. Neurol. 19, 363-370 (2023).

Wouk, J.,, Rechenchoski, D. Z., Rodrigues, B. C. D., Ribelato, E. V. & Faccin-Gal-
hardi, L. C. Viral infections and their relationship to neurological disorders. Arch.
Virol. 166, 733-753 (2021).

Aleya, L. & Uddin, M. S. Environmental pollutants and the risk of neurological
disorders. Environ. Sci. Pollut. Res. Int. 27, 44657-44658 (2020).

Liewluck, T. & Miravalle, A. Immune-mediated neurological disorders. Curr.
Neurol. Neurosci. Rep. 15, 61 (2015).

Dumurgier, J. & Tzourio, C. Epidemiology of neurological diseases in older
adults. Rev. Neurol. 176, 642-648 (2020).

Mouijalled, D., Strasser, A. & Liddell, J. R. Molecular mechanisms of cell death in
neurological diseases. Cell Death Differ. 28, 2029-2044 (2021).

Lepeta, K. et al. Synaptopathies: synaptic dysfunction in neurological disorders
—a review from students to students. J. Neurochem. 138, 785-805 (2016).
Mishra, A. et al. Neuroinflammation in neurological disorders: pharmacother-
apeutic targets from bench to bedside. Metab. Brain Dis. 36, 1591-1626 (2021).
Rosenberg, G. A. Neurological diseases in relation to the blood-brain barrier. J.
Cereb. Blood Flow. Metab. 32, 1139-1151 (2012).

Ross, C. A. & Poirier, M. A. Protein aggregation and neurodegenerative disease.
Nat. Med. 10, Suppl:S10-Suppl:S17 (2004).

Yu, Z. F. et al. Pivotal role for acidic sphingomyelinase in cerebral ischemia-
induced ceramide and cytokine production, and neuronal apoptosis. J. Mol.
Neurosci. 15, 85-97 (2000).

Cutler, R. G,, Pedersen, W. A, Camandola, S., Rothstein, J. D. & Mattson, M. P.
Evidence that accumulation of ceramides and cholesterol esters mediates oxi-
dative stress-induced death of motor neurons in amyotrophic lateral sclerosis.
Ann. Neurol. 52, 448-457 (2002).

Han, X. Lipid alterations in the earliest clinically recognizable stage of Alzhei-
mer’s disease: implication of the role of lipids in the pathogenesis of Alzheimer’s
disease. Curr. Alzheimer Res. 2, 65-77 (2005).

Lee, J. K, Jin, H. K. & Bae, J. S. ASM in Alzheimer’s disease. Oncotarget 6,
39389-39390 (2015).

He, X. et al. Deregulation of sphingolipid metabolism in Alzheimer's disease.
Neurobiol. Aging 31, 398-408 (2010).

Experimental & Molecular Medicine (2024) 56:301-310



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Dias, I. H. et al. Oxidized LDL lipids increase beta-amyloid production by SH-
SY5Y cells through glutathione depletion and lipid raft formation. Free Radic.
Biol. Med. 75, 48-59 (2014). 23004.

Park, M. H. et al. Discovery of a dual-action small molecule that improves
neuropathological features of Alzheimer’s disease mice. Proc. Nat/ Acad. Sci. USA
119, 2115082119 (2022).

Gulbins, E. et al. Acid sphingomyelinase-ceramide system mediates effects of
antidepressant drugs. Nat. Med. 19, 934-938 (2013).

Gulbins, E. et al. A central role for the acid sphingomyelinase/ceramide system
in neurogenesis and major depression. J. Neurochem. 134, 183-192 (2015).
David, D. J. et al. Neurogenesis-dependent and -independent effects of fluox-
etine in an animal model of anxiety/depression. Neuron 62, 479-493 (2009).
Santarelli, L. et al. Requirement of hippocampal neurogenesis for the behavioral
effects of antidepressants. Science 301, 805-809 (2003).

Warner-Schmidt, J. L. & Duman, R. S. Hippocampal neurogenesis: opposing effects
of stress and antidepressant treatment. Hippocampus 16, 239-249 (2006).

Glick, D., Barth, S. & Macleod, K. F. Autophagy: cellular and molecular
mechanisms. J. Pathol. 221, 3-12 (2010).

Nixon, R. A. The role of autophagy in neurodegenerative disease. Nat. Med. 19,
983-997 (2013).

Bento, C. F. et al. Mammalian autophagy: how does it work? Annu. Rev. Biochem.
85, 685-713 (2016).

Pattingre, S., Bauvy, C, Levade, T., Levine, B. & Codogno, P. Ceramide-induced
autophagy: to junk or to protect cells? Autophagy 5, 558-560 (2009).

Jiang, W. & Ogretmen, B. Autophagy paradox and ceramide. Biochim Biophys.
Acta 1841, 783-792 (2014).

Menon, M. B. & Dhamija, S. Beclin 1 phosphorylation - at the center of autop-
hagy regulation. Front Cell Dev. Biol. 6, 137 (2018).

Tran, S. Fairlie, W. D. & Lee, E. F. BECLINT: protein structure, function and
regulation. Cells 10, 1522 (2021).

O'Brien, W. T. et al. The NLRP3 inflammasome in traumatic brain injury: potential
as a biomarker and therapeutic target. J. Neuroinflamm. 17, 104 (2020).
Hanslik, K. L. & Ulland, T. K. The role of microglia and the NIrp3 inflammasome in
Alzheimer’s disease. Front. Neurol. 11, 570711 (2020).

Song, L., Pei, L, Yao, S., Wu, Y. & Shang, Y. NLRP3 inflammasome in neurological
diseases, from functions to therapies. Front. Cell Neurosci. 11, 63 (2017).

Li, C, Guo, S., Pang, W. & Zhao, Z. Crosstalk between acid sphingomyelinase and
inflammasome signaling and their emerging roles in tissue injury and fibrosis.
Front. Cell Dev. Biol. 7, 378 (2020).

Novgorodov, S. A. et al. Acid sphingomyelinase deficiency protects mitochondria
and improves function recovery after brain injury. J. Lipid Res. 60, 609-623 (2019).
van Doorn, R. et al. Fingolimod attenuates ceramide-induced blood-brain barrier
dysfunction in multiple sclerosis by targeting reactive astrocytes. Acta Neuro-
pathol. 124, 397-410 (2012).

Tian, H. P, Qiu, T. Z,, Zhao, J,, Li, L. X. & Guo, J. Sphingomyelinase-induced
ceramide production stimulate calcium-independent JNK and PP2A activation
following cerebral ischemia. Brain Inj. 23, 1073-1080 (2009).

Parton, R. G. & del Pozo, M. A. Caveolae as plasma membrane sensors, protectors
and organizers. Nat. Rev. Mol. Cell Biol. 14, 98-112 (2013).

Villasefior, R., Lampe, J., Schwaninger, M. & Collin, L. Intracellular transport and
regulation of transcytosis across the blood-brain barrier. Cell. Mol. Life Sci. 76,
1081-1092 (2019).

Zhao, Y.L, Song, J. N. & Zhang, M. Role of caveolin-1 in the biology of the blood-
brain barrier. Rev. Neurosci. 25, 247-254 (2014).

Stahlhut, M. & van Deurs, B. Identification of filamin as a novel ligand for
caveolin-1: evidence for the organization of caveolin-1-associated membrane
domains by the actin cytoskeleton. Mol. Biol. Cell 11, 325-337 (2000).
Sverdlov, M., Shinin, V., Place, A. T., Castellon, M. & Minshall, R. D. Filamin A
regulates caveolae internalization and trafficking in endothelial cells. Mol. Biol.
Cell 20, 4531-4540 (2009).

Pinheiro, M. A. L. et al. Acid sphingomyelinase-derived ceramide regulates ICAM-
1 function during T cell transmigration across brain endothelial cells. J. Immunol.
196, 72-79 (2016).

Becker, K. A. et al. Blockade of experimental multiple sclerosis by inhibition of
the acid sphingomyelinase/ceramide system. Neurosignals 25, 88-97 (2017).
Leurs, C. E. et al. Acid sphingomyelinase: no potential as a biomarker for mul-
tiple sclerosis. Mult. Scler. Relat. Disord. 28, 44-49 (2019).

Mejzini, R. et al. ALS genetics, mechanisms, and therapeutics: where are we
now? Front Neurosci. 13, 1310 (2019).

Kim, G., Gautier, O., Tassoni-Tsuchida, E., Ma, X. R. & Gitler, A. D. ALS genetics:
gains, losses, and implications for future therapies. Neuron 108, 822-842 (2020).
Vance, C. et al. Mutations in FUS, an RNA processing protein, cause familial
amyotrophic lateral sclerosis type 6. Science 323, 1208-1211 (2009).

Lang, U. E. & Borgwardt, S. Molecular mechanisms of depression: perspectives
on new treatment strategies. Cell Physiol. Biochem. 31, 761-777 (2013).

Experimental & Molecular Medicine (2024) 56:301-310

B.J.

Choi et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

AC

. Jin, J. et al. Acid sphingomyelinase plays a key role in palmitic acid-amplified
inflammatory signaling triggered by lipopolysaccharide at low concentrations in
macrophages. Am. J. Physiol. Endocrinol. Metab. 305, E853-E867 (2013).
Rozenova, K. A, Deevska, G. M., Karakashian, A. A. & Nikolova-Karakashian, M. N.
Studies on the role of acid sphingomyelinase and ceramide in the regulation of
tumor necrosis factor alpha (TNFalpha)-converting enzyme activity and TNFal-
pha secretion in macrophages. J. Biol. Chem. 285, 21103-21113 (2010).
Rochfort, K. D. & Cummins, P. M. The blood-brain barrier endothelium: a target
for pro-inflammatory cytokines. Biochem. Soc. Trans. 43, 702-706 (2015).
Huang, X, Hussain, B. & Chang, J. Peripheral inflammation and blood-brain
barrier disruption: effects and mechanisms. CNS Neurosci. Ther. 27, 36-47 (2021).
Yang, J. et al. New insight into neurological degeneration: Inflammatory cyto-
kines and blood-brain barrier. Front. Mol. Neurosci. 15, 1013933 (2022).
Beurel, E. & Lowell, J. A. Th17 cells in depression. Brain Behav. Immun. 69, 28-34
(2018).

Moser, T., Akglin, K, Proschmann, U, Sellner, J. & Ziemssen, T. The role of TH17 cells
in multiple sclerosis: therapeutic implications. Autoimmun. Rev. 19, 102647 (2020).
Jin, M., Gunther, R, Akgin, K, Hermann, A. & Ziemssen, T. Peripheral proin-
flammatory Th1/Th17 immune cell shift is linked to disease severity in amyo-
trophic lateral sclerosis. Sci. Rep. 10, 5941 (2020).

Oberstein, T. J. et al. Imbalance of circulating Th17 and regulatory T cells in
Alzheimer’s disease: a case control study. Front. Imnmunol. 9, 1213 (2018).
Tahmasebinia, F. & Pourgholaminejad, A. The role of Th17 cells in autoin-
flammatory neurological disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry
79, 408-416 (2017).

Miossec, P. & Kolls, J. K. Targeting IL-17 and TH17 cells in chronic inflammation.
Nat. Rev. Drug Discov. 11, 763-776 (2012).

Maddur, M. S., Miossec, P., Kaveri, S. V. & Bayry, J. Th17 cells: biology, patho-
genesis of autoimmune and inflammatory diseases, and therapeutic strategies.
Am. J. Pathol. 181, 8-18 (2012).

Albouz, S., Le Saux, F., Wenger, D., Hauw, J. J. & Baumann, N. Modifications of
sphingomyelin and phosphatidylcholine metabolism by tricyclic anti-
depressants and phenothiazines. Life Sci. 38, 357-363 (1986).

Kornhuber, J. et al. Functional inhibitors of acid sphingomyelinase (FIASMAs): a
novel pharmacological group of drugs with broad clinical applications. Cell
Physiol. Biochem. 26, 9-20 (2010).

Beckmann, N., Sharma, D., Gulbins, E., Becker, K. A. & Edelmann, B. Inhibition of
acid sphingomyelinase by tricyclic antidepressants and analogons. Front Physiol.
5,331 (2014).

Jaffrézou, J. P. et al. Inhibition of lysosomal acid sphingomyelinase by agents
which reverse multidrug resistance. Biochim. Biophys. Acta 1266, 1-8 (1995).
Kornhuber, J. et al. Identification of new functional inhibitors of acid sphingo-
myelinase using a structure-property-activity relation model. J. Med. Chem. 51,
219-237 (2008).

Kornhuber, J,, Miiller, C. P., Becker, K. A, Reichel, M. & Gulbins, E. The ceramide
system as a novel antidepressant target. Trends Pharmacol. Sci. 35, 293-304 (2014).
Yusuf, A. M. et al. Acid sphingomyelinase deactivation post-ischemia promotes
brain angiogenesis and remodeling by small extracellular vesicles. Basic Res.
Cardiol. 117, 43 (2022).

Lee, S. H. et al. Acid sphingomyelinase inhibitor, imipramine, reduces hippocampal
neuronal death after traumatic brain injury. Int. J. Mol. Sci. 23, 14749 (2022).
Arenz, C. Small molecule inhibitors of acid sphingomyelinase. Cell Physiol. Biochem.
26, 1-8 (2010).

Naser, E. et al. Characterization of the small molecule ARC39, a direct and specific
inhibitor of acid sphingomyelinase in vitro. J. Lipid Res. 61, 896-891 (2020).
Darroch, P. I. et al. A lipid analogue that inhibits sphingomyelin hydrolysis and
synthesis, increases ceramide, and leads to cell death. J. Lipid Res. 46, 2315-2324
(2005).

Yokomatsu, T. et al. Synthesis of non-competitive inhibitors of sphingomyelinases
with significant activity. Bioorg. Med. Chem. Lett. 13, 229-236 (2003).

Park, M. H., Jin, H. K. & Bae, J. S. Multi-faceted small molecule for Alzheimer’s
disease. Neural Regen. Res. 18, 2198-2199 (2023).

Sevigny, J. et al. The antibody aducanumab reduces AB plaques in Alzheimer's
disease. Nature 537, 50-56 (2016).

Schilling, S., Rahfeld, J. U, Lues, I. & Lemere, C. A. Passive AR immunotherapy:
current achievements and future perspectives. Molecules 23, 1068 (2018).

Song, C. et al. Inmunotherapy for Alzheimer’s disease: targeting -amyloid and
beyond. Transl. Neurodegener. 11, 18 (2022).

KNOWLEDGEMENTS

This research was supported by the K-Brain Project of the National Research

Fou

ndation (NRF) funded by the Korean government (MSIT) (RS-2023-00265915). This

work was also supported by the Korea Health Technology R&D Project through the
Korea Health Industry Development Institute (KHIDI) and Korea Dementia Research

SPRINGER NATURE

309



B.J. Choi et al.

310

Center (KDRC), funded by the Ministry of Health & Welfare and Ministry of Science
and ICT, Republic of Korea (HU23C0257).

CONFLICT OF INTEREST

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Jae-sung Bae.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Experimental & Molecular Medicine (2024) 56:301-310


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Acid sphingomyelinase as a pathological and therapeutic target in neurological disorders: focus on Alzheimer&#x02019;s disease
	Introduction
	Pathological roles and mechanisms of ASM related to various neuropathological features
	Pathological effects of neuronal�ASM
	Pathological effects of ASM on microglia and astrocytes
	Pathological effects of brain EC-derived�ASM
	Pathological effects of ASM in the�blood

	The potential and limitations of ASM-targeting drugs for neurological disorders
	Functional inhibitors of ASM (FIASMAs)
	Direct inhibitors�of ASM

	Concluding remarks
	Acknowledgements
	ACKNOWLEDGMENTS
	Conflict of interest
	ADDITIONAL INFORMATION




