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Potential therapeutic target for aging and
age-related neurodegenerative diseases:
the role of acid sphingomyelinase
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Abstract
Aging, which is associated with age-related changes in physiological processes, is the most significant risk factor for
the development and progression of neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s
disease. Accumulating evidence has indicated that sphingolipids are significant regulators that are associated with
pathogenesis in aging and several age-related neurodegenerative diseases. In particular, abnormal levels of acid
sphingomyelinase (ASM), one of the significant sphingolipid-metabolizing enzymes, have been found in the blood
and some tissues under various neuropathological conditions. Moreover, recent studies have reported the importance
of ASM as a critical mediator that contributes to pathologies in aging and age-related neurodegenerative diseases. In
this review, we describe the pathophysiological processes that are regulated by ASM, focusing on the age-related
neurodegenerative environment. Furthermore, we discuss novel insights into how new therapeutics targeting ASM
may potentially lead to effective strategies to combat aging and age-related neurodegenerative diseases.

Introduction
Aging, defined as the progressive decline in physiolo-

gical function with time, is generally characterized by a
reduced ability to cope with stress, failure to maintain
homeostasis and increased risk of various diseases,
including cancer, and cardiovascular and neurological
diseases1,2. In particular, alterations in cellular and
molecular mechanisms in the central nervous system
(CNS) due to aging lead to abnormal aggregation of
proteins, neuroinflammation, neuronal death, and cogni-
tive deficits. These aging-related dysfunctions in the CNS
lead to neurodegenerative diseases such as mild cognitive
impairment, cerebrovascular disease, amyotrophic lateral
sclerosis (ALS), Parkinson’s disease (PD) and Alzheimer’s
disease (AD)3–6. Various hallmarks of aging are associated

with the pathogenesis of neurodegenerative disease2,7. For
example, genomic instability, altered intercellular com-
munication, epigenetic alterations, mitochondrial dys-
function, abnormal protein synthesis, and cell senescence
contribute significantly to the aging process and affect the
pathology of neurodegenerative diseases1,2,7. In addition,
previous studies have reported that slight changes in
sphingolipid metabolism could be intimately related to
aging and age-related neurodegenerative diseases. Thus,
sphingolipid abnormalities are increasingly becoming
recognized as potential causes of several aging-related
neurodegenerative diseases8–16. Recently, blood sphingo-
lipids have been considered to be possible biomarkers for
these diseases17–19.
Sphingolipids are bioactive molecules that include

sphingomyelin, ceramide, sphingosine, and sphingosine-
1-phosphate (S1P) and are produced through enzymatic
pathways. These sphingolipid mediators and their
enzymes regulate aspects of cellular and tissue home-
ostasis, such as the cell cycle, senescence, proliferation,
migration, immune response, and inflammation20–22.
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In the CNS, these mediators are highly enriched in the
brain, where they are pivotal components of cell mem-
branes and play an essential role in proper brain devel-
opment and function23–25. Defects in sphingolipid
metabolism result in disturbances in membrane organi-
zation, suppression of cell growth and promotion of
apoptosis in different cell types, including neurons24–27.
Acid sphingomyelinase (ASM), which is encoded by the
Smpd1 gene, is one of the significant sphingolipid-
metabolizing enzymes28. Two forms of ASM originating
from the Smpd1 gene have been reported: an intracellular
lysosomal form and an extracellular secreted form. Based
on its localization, secretory ASM is particularly asso-
ciated with disease28,29. The primary role of ASM is to
catalyze the conversion of sphingomyelin, a significant
component of membranes, into ceramide and phos-
phocholine28–30. In addition, ASM is involved in multiple
signaling processes, including cell survival, permeability,
proliferation, and differentiation but is also vital in med-
iating senescence, apoptosis, and autophagy31–36.
The importance of ASM has been extensively viewed in

several neurodegenerative diseases. Typically, mutations
in the Smpd1 gene induce type A and type B forms of the
lysosomal storage disorder Niemann-Pick disease
(NPD)37. Recently, many studies have shown that the
activity or expression of ASM is abnormal in age-related
diseases38–44. Thus, some reports have demonstrated that
the molecular mechanisms correlate with altered ASM
levels and pathologies in aging or age-related diseases. In
this review, we focus on recent studies that describe the
association between ASM and its involvement in aging
and age-related neurodegenerative diseases. Furthermore,
we discuss the role of ASM as a potential therapeutic
target that could have a significant impact on anti-aging
and the treatment of neurodegenerative diseases.

Role of ASM in aging
ASM is expressed in virtually all cell types and is located

within the endosomal/lysosomal compartment under
normal conditions30. ASM can also be preferentially
transported to the outer leaflet of the cell membrane and
secreted into the extracellular space during cellular stress
and disease29,30. Previous studies have reported that the
expression and activity of ASM change with age45–47.
Thus, in this section, we review the critical roles of ASM
in association with aging-related dysfunctions in physio-
logical processes.

ASM in aged brain
A recent study revealed that ASM activity was increased

in the brain compared to that of other tissues in young,
healthy mice, and ASM levels were significantly higher in
the brains of old mice rather than in young mice45. Such
marked elevation in ASM levels in the brains of old mice

was associated with microvessels. In particular, increased
ASM was mainly derived from endothelial cells (ECs) in
the brain. ECs are one of the cell types that compose the
blood–brain barrier (BBB), along with pericytes, astro-
cytes, and other neuronal cells. The BBB has tightly sealed
cell-to-cell contacts and restricts entry of most blood-
derived molecules and immune cells into the brain3,48. In
addition, the interaction between ECs and other neuronal
cells is critical for the maintenance and regulation of
neurological health in the brain3,48. Numerous reports
have demonstrated dysfunction of ECs in the aged brain,
resulting in BBB breakdown3,48–51. Previous data also
showed that the ASM/ceramide system was involved in
the regulation of cell apoptosis and permeability39,44.
Thus, elevated ASM activity in ECs in old murine brains
causes an increase in apoptotic ECs and BBB permeability,
while Smpd1+/– old mice, with genetically reduced ASM,
exhibited restoration of such microvessel impairment45.
BBB hyperpermeability is related to the death of ECs48–50,
and excessive accumulation of ceramide metabolized by
ASM affects cell apoptosis39,44. Although ASM-mediated
apoptosis of ECs was regulated by p53 apoptotic signaling,
apoptotic ECs in the brain did not exhibit vessel leakage in
either old control mice or old Smpd1+/– mice. Moreover,
there were no differences in ceramide levels in micro-
vessels between these two types of mice. These observa-
tions indicate that increased EC-derived ASM directly
affects BBB hyperpermeability in old mice45.
Lipid transport and lipid mediators, including ASM,

regulate the assembly of caveolae, which are involved in
transcytosis across the BBB, at plasma membranes in
brain ECs52,53. Caveolae are submicroscopic vesicles that
are associated with the plasma membrane and consist of
caveolin-1 (Cav-1) membrane proteins and cytoplasmic
cavin proteins54–56. Caveolae are cholesterol-rich and
sphingolipid-rich membrane domains and are highly
abundant in mechanically stressed cells, such as muscle
cells, fibroblasts and ECs57–59. Old mice showed a marked
increase in caveolae-mediated transcytosis in brain ECs.
However, such transcytosis was prevented by genetic
inhibition of ASM in the aged brain45, highlighting that
ASM-regulated caveolae-mediated transcytosis is a pivotal
mechanism for regulating BBB permeability in aging.
Caveolae transcytosis is regulated by ezrin/radixin/moesin
(ERM) proteins, which interact with the actin cytoskele-
ton at the plasma membrane58,60–62. For example,
dephosphorylation of ERM proteins by activation of
protein phosphatase (PP) contributes to disorganization
of the actin cytoskeleton and leads to increases in caveolae
internalization62. In addition, recent studies have descri-
bed sphingolipid-mediated ERM activation:63 S1P induces
ERM phosphorylation and binding to the plasma mem-
brane through phosphatidylinositol biphosphate64. In
contrast, ceramide produced by ASM activates PP2A to
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induce ERM dephosphorylation and detachment from the
cell membrane63,65. Moreover, ASM directly affects ERM
dephosphorylation by inducing the activation of PP145.
Microvessels derived from old murine brains exhibited
significantly increased ERM dephosphorylation, which
was improved by normalization of ASM activity45. This
suggests that EC-derived ASM increases caveolae inter-
nalization by cytoskeleton disruption through PP1-
mediated ERM dephosphorylation, leading to increased
BBB permeability in the aged brain.
Some studies have demonstrated that BBB disruption

causes neurodegeneration48,49,66. Interestingly, brain EC-
specific ASM overexpression induced BBB disruption and
further induced a reduction in neuronal cells and severe
memory impairment in mice45. These findings indicate
that brain endothelial-derived ASM accelerates BBB dys-
function and might promote aging-like brain pathology.
In addition, this study showed that inhibiting brain
endothelial ASM activity improved these pathologies,
suggesting that inhibition of brain endothelial ASM may
be a highly valuable strategy for anti-aging. Although this
result indicated that endothelial ASM mediates BBB
dysfunction by increasing caveolae transcytosis in aged
murine brains, future studies will need to address whether
similar disruption of BBB integrity by endothelial ASM
occurs in the aged human brains.

ASM in aged plasma
Intriguingly, a recent study noted that ASM activity

increased significantly in plasma from older versus
younger individuals45. Similarly, old rodents also showed
high levels of ASM activity in the plasma compared to
that of younger animals45,46. This aging-associated
increase in plasma ASM is probably related to ASM
secreted from ECs in the brain or peripheral blood vessels.
While the specific roles of ASM in the brain have been
reported, little is known about the pathogenic mechan-
isms of abnormal ASM activity in the blood associated
with aging. The blood contains various immune cells that
originate from bone marrow and circulate throughout
blood vessels in the body. Several studies have reported
that aged blood and bone marrow showed abnormalities
in immune cell distribution67,68. The involvement of ASM
bioactivity in regulating the functions of innate and
adaptive immune cells has recently been explored. After
bacterial infection, ASM bioactivity in macrophages
induces inflammatory signals and cytokine produc-
tion69,70. Suppression of ASM activity reduces inflam-
matory cytokine production by macrophages and
increases disease resistance71,72. ASM is also linked with
other immune cell functions, such as T cell differentia-
tion. In particular, ASM is involved in the determination
of T helper (Th) cell responses and regulatory T (Treg)
cell functions through interactions with cell surface

receptors73,74. However, most of these roles are mediated
by ceramide that is generated by ASM. The increase in
ASM activity induces disturbed sphingomyelin degrada-
tion and accumulation of ceramide in cell membranes,
such that ceramide activates downstream signals asso-
ciated with Th cell responses or Treg cell function74.
Sphingosine and S1P, which are downstream sphingolipid
mediators of ceramide, regulate cell death and lymphocyte
migration, respectively20,22. Previous studies showed that
aged blood presented a decreased lymphocyte population
and defective migration into the thymus for lymphocyte
maturation67,68. Although there are few reports on the
cell-specific levels of sphingosine and S1P by ASM-
derived ceramide increases, the accumulation of ceramide
affects the levels of sphingosine and S1P in immune cells,
and it might be associated with the impairment of lym-
phocyte function in aged blood.
Many researchers have studied ASM-mediated immune

cell function, and it has been noted that by generating
ceramide, ASM mediates intracellular signaling. However,
whether ASM directly regulates immune cell function is
mostly unexplored. Therefore, mechanistic studies to
define the pivotal roles of ASM in immune cell regulation
are needed, and further research about how altered ASM
in the plasma affects aging-related pathologies will pro-
vide a greater understanding of the functional role
of ASM.

ASM in aged hearts
ASM secretion is highly related to stressed cells,

including ECs and muscle cells. Thus, increased ASM in
these cells affects the progression and pathology of
numerous diseases associated with vascular dysfunction,
such as cardiovascular disease39. The prevalence of car-
diovascular diseases increases dramatically with age.
Notably, disturbances in sphingolipid metabolism in the
heart are considered a prerequisite for the development of
age-related cardiac pathologies47,67,75. Changes in the
ASM/ceramide system are also one of the main con-
tributors to age-related cardiac dysfunction. Researchers
observed increased ASM activity and ceramide levels in
mitochondria isolated from muscle tissue in aged rat
hearts47,67. Aging-related increases in mitochondrial cer-
amide levels caused a decrease in cardiolipin content,
which leads to mitochondrial dysfunction and contributes
to the development of myocardial infarction, stroke and
heart failure76. ASM suppression by some antidepressant
drugs in old rats caused increased cardiac cardiolipin
levels47, suggesting that the interrelation between the
ASM/ceramide system and cardiolipin could be a new
therapeutic approach to counteract cardiac dysfunction
during aging.
Overall, these findings highlight that ASM increases

with age and may be deeply implicated in
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pathophysiological aging processes (Fig. 1). This hypoth-
esis is also supported by the observation of greater
increases in ASM activity in the spleen, liver and muscles
of old rodents compared to those in the respective tissues
of younger animals45,67. Although further studies are
needed focusing on the molecular mechanisms of
increased ASM in these tissues and plasma under the
aging environment, these findings strongly suggests that
ASM is important therapeutic target for anti-aging.

Role of ASM in aging-related neurodegenerative
diseases
Aging is the most significant risk factor in neurode-

generative diseases. Some age-related neurodegenerative
diseases, including AD, PD and major depression, are also
associated with increased ASM levels39–44. Below, we
highlight recent research into increased ASM and its
potential consequences in these age-related neurodegen-
erative diseases (Table 1).

ASM in Alzheimer’s disease
The specific role and molecular mechanism of ASM

have been demonstrated in AD brain pathologies40,77. As
expected, AD patients had significantly increased plasma
ASM levels compared with those of healthy aged indivi-
duals. Moreover, 9-month-old amyloid precursor protein/
presenilin 1 double mutant (APP/PS1) mice, which are
used as a murine AD model, showed increased ASM
activity in the brain and plasma. Interestingly, increased
ASM in the brains of AD mice was related to neurons and

may have been due to the stress response that is asso-
ciated with the progression of AD-like pathologies, such
as the accumulation of amyloid β-peptide (Aβ) toxic
aggregates in these animals. ASM activity in age-matched
APP/PS1/Smpd1+/– mice was significantly normalized in
the plasma, brain, and neurons compared with that of
APP/PS1 mice. Surprisingly, the restoration of ASM levels
improved major AD brain pathologies, such as Aβ accu-
mulation, and further dysfunction in learning and
memory40.
Aβ accumulation in the brain is a significant feature that

influences progressive memory loss in AD. Autophagy is
an intracellular self-degradation process that mediates
intracellular homeostatic turnover of proteins and orga-
nelles by regulated degradation and recycling of misfolded
or accumulated proteins and damaged organelles78.
Recent evidence demonstrates that sphingolipids are
essential mediators of autophagy; that is, the autophago-
some fuses with the lysosome to form the autolysosome79.
Dysregulated autophagy results in the accumulation of
proteins inside the cell, causing cell death, and various
autophagy dysfunctions are markedly impaired in AD.
Increased autophagosome accumulation has been
demonstrated in AD, and studies revealed that such
accumulation was due to dysregulated autophagy protein
degradation rather than excessive induction of
autophagy40,80.
Regarding the association between ASM and autophagy,

ASM treatment in human neurons enhanced ASM uptake
into lysosomes from the extracellular space via mannose-
6-phosphate receptor (M6PR). ASM further contributed
to autophagosome accumulation due to deficiencies in the
autophagic degradation process. The ASM-induced dys-
function in autophagic degradation was mediated by
transcription factor EB (TFEB), which is a central reg-
ulator of the autophagy-lysosome pathway and lysosome
biogenesis40. ASM-treated neurons had a significant
reduction in TFEB and TFEB target gene expression in
the nuclear compartment. In addition, ASM down-
regulated the lysosomal structural protein LAMP1.
Similarly, APP/PS1 mice showed a marked decrease in
TFEB and LAMP1 expression in brain neurons, although
this was counteracted by genetic ablation or pharmaco-
logical inhibition of ASM40. Therefore, increased ASM
activity in AD contributes to brain pathology through
abnormal autophagic degradation, and restoration of
ASM effectively blocks AD progression by ameliorating
autophagy, suggesting that ASM inhibition is a potential
new therapeutic intervention for AD patients.

ASM in Parkinson’s disease
The exact mechanism by which ASM is involved in PD

pathology remains controversial. One study reported that
the activity of ASM was not increased in PD-derived

Fig. 1 ASM-mediated physiological dysfunction in aging. ASM
activity increases with aging. In the aged brain, ASM levels increase in ECs
of the BBB. EC-derived ASM induces BBB hyperpermeability by excessive
caveolae transcytosis via PP1-mediated ERM dephosphorylation. This
results in extravasation of blood-derived molecules into the brain
parenchyma, leading to neuronal cell death and memory impairment.
Plasma ASM levels also increase with aging, and ASM is likely to promote
inflammation by causing immune cell dysfunction, such as macrophage
activation and dysregulation of T cell differentiation. In aged hearts,
increased ASM in muscle cells induces ceramide production. Ceramide
mediates a decrease in mitochondrial cardiolipin, and this reduction
contributes to mitochondrial dysfunction and cardiac impairment.
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samples compared with that of normal samples40. How-
ever, some researchers suggested that altered ASM
activity was linked to an increased risk of PD81,82,
although this effect was likely mediated via ceramide
because patients with PD with cognitive impairment had
increases in several species of ceramides in the plasma
compared to that of controls82. These results suggest that
lipid mediators that are involved in ceramide metabolism,
such as ASM, might also be altered in PD patients, par-
ticularly in patients with cognitive impairment. Another
study also demonstrated the possibility of ceramide
involvement in the pathogenesis of PD83. Another trial
confirmed that ASM expression was markedly increased
in patients with PD, which might affect lysosomal dys-
function81. Thus, ASM may be directly involved in PD
pathology, prompting further investigation focusing on
the direct correlation between ASM levels and PD
pathology.

ASM in major depression
There is some evidence that elderly people have a

poorer course of major depression that is often associated
with deficits in social and cognitive functions84–86.
Moreover, the role of ASM in depression has been widely
investigated for several years. A previous clinical study
revealed increased ASM and ceramide levels in patients

with major depression43,87. Other researchers confirmed
depressive-like phenotypes in healthy ASM-
overexpressing transgenic (ASMtg) mice of a young
age88,89. These mice had increased ASM activity and
ceramide production in the hippocampus, and enhanced
ceramide in this region caused neuronal loss and impaired
neurogenesis. In contrast, ASM knockout mice had
reduced ceramide levels in the brain and restored
depression-related behaviors88. In addition, the adminis-
tration of antidepressant drugs in ASMtg mice improved
these abnormal behaviors by decreasing ceramide con-
centrations88. Ceramide generated by ASM also mediates
most of these effects, and so whether ASM directly reg-
ulates these effects requires further investigation. Inter-
estingly, although ASMtg mice showed depression-related
behaviors, these mice did not show cognitive dysfunction,
such as memory impairment89. This means that other
triggers, such as aging factors, are involved in inducing
memory dysfunction that is associated with depression
due to increased ASM and ceramide. Brain endothelial
ASM-overexpressing mice in middle age but not young
age showed acceleration of memory dysfunction45, sup-
porting this possibility. Therefore, future research is
needed to determine whether ASM mediates cognitive
dysfunction with depression in age-related depressive
disorder.

Table 1 ASM-mediated pathologies in age-related neurodegenerative disorders.

Disorder ASM Tissue/cell Functional effects Refs.

Alzheimer’s disease Increase Plasma

Neurons

Fibroblasts

Reduction of lysosome biogenesis

Abnormal autophagic degradation process

Aβ accumulation

Cognitive impairment

40,77

Parkinson’s disease No change Plasma

Fibroblasts

— 40

Increase Plasma

CNS tissues

Ceramide-mediated

Altered lysosomal function

Cognitive impairment

81,82

Major

depression

Increase Plasma

Brain

Ceramide-mediated

Neuronal loss

Impaired neurogenesis

47,87–89

Amyotrophic lateral sclerosis Increase Motor neurons Ceramide-mediated

Neuronal apoptosis

41,44

Cerebral ischemia Increase Astrocytes Ceramide-mediated

Inflammatory cytokine production

Neuronal apoptosis

41,44

Multiple sclerosis Increase Astrocytes Ceramide-mediated

Inflammatory cytokine production

Impairment of BBB

Increased leukocyte infiltration

42
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Since ASM is abundant in the brain and increases with
age, ASM-mediated physiological dysfunctions are con-
sidered to contribute significantly to the onset of aging-
related neurodegenerative disease. As observed in AD,
PD, and major depression, other age-related neurode-
generative diseases, such as ALS, cerebral ischemia, and
multiple sclerosis, also show significant increases in ASM
levels in neuronal tissue (Table 1). Upregulated ASM
levels enhance ceramide generation and lead to the pro-
duction of inflammatory cytokines, destabilization of
myelin and neuronal membranes or apoptotic cell death
in these diseases41,42,44. Further, pharmacological block-
ade of ASM activity and ceramide accumulation improved
these neurodegenerations42,90,91, spurring interest in the
development of ASM inhibitors.

ASM as a potential target for therapeutic
intervention
As described above, ASM has potential as a drug target

for aging and various age-related neurodegenerative dis-
eases. Moreover, the importance of ASM inhibition has
already been established in several animal mod-
els32,39,43,88. In particular, ASM-mediated pathophysiology
and the therapeutic effects of ASM inhibition were well
established in the AD mouse model (Fig. 2). Despite the
significance of ASM, potent and selective inhibitors for
this enzyme are rare92–94. A few direct ASM inhibitors
have been identified, but the systemic availability of these
molecules remains unclear (Table 2). Some studies have
suggested that several antidepressant drugs and other
cationic amphiphilic drugs affect ASM as functional
inhibitors95–99 (Table 2). These agents inhibit ASM
through an indirect, functional mechanism. ASM is
mainly anchored to the inner lysosomal membrane via
electrostatic forces. These agents are weak bases and
accumulate in acidic lysosomal compartments because
they become protonated in acidic environments. These
positively charged agents alter the electrostatic properties
of the inner lysosomal membrane, resulting in detach-
ment of ASM. Upon detachment from the membrane,
ASM is cleaved and degraded within the lysosome97. In
studies aimed at reducing ASM, drugs such as ami-
triptyline or imipramine ameliorated neurodegeneration
in murine models of aging, AD or depression40,45,88.
However, amitriptyline or other available indirect inhibi-
tors of ASM have some significant disadvantages, such as
lack of specificity and the potential for off-target effects.
This suggests the need for the rational development of
compounds that block ASM by direct interaction.
Recently, the organization of the central regions of ASM
was described by determining the crystal structure of
mammalian ASM in various conformations100. This study
provides a broad platform for the rational development of
ASM inhibitors through a better understanding of the

molecular mechanisms of ASM function. Thus, highly
potent and selective direct ASM inhibitors are expected to
be developed soon and will likely become robust ther-
apeutic agents for anti-aging and the treatment of age-
related neurodegenerative diseases.

Future directions
Based on animal experiments, further investigation is

needed to confirm the role of ASM in the human setting
of aging and age-related neurodegenerative diseases.
Moreover, subsequent research focusing on the onset of
neurodegenerative diseases from the perspectives of aging
and altered ASM levels will likely provide new informa-
tion that ASM is a critical link between aging and neu-
rodegenerative diseases. Recently, bacterial infections and

Fig. 2 Schematic summary of ASM-mediated pathophysiology
and therapeutic effects of ASM inhibition in AD. In AD, ASM is
increased in neurons by environmental or cellular stress. Intracellular
and secreted ASM can be taken up into the lysosome via M6PR.
Excessively increased lysosomal ASM affects lysosomal disruption, and
intracellular ASM decreases lysosome biogenesis. This lysosomal
disruption by ASM inhibits autophagic protein degradation and
further leads to the accumulation of autophagosomes and abnormal
proteins, such as Aβ and cytotoxic proteins. Eventually, autophagic
flux decreases and induces Aβ deposition and memory impairment in
AD. ASM inhibition by functional inhibitors such as amitriptyline
blocks AD progression by ameliorating the autophagic process.
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Table 2 Representative direct inhibitors and functional inhibitors of ASM.

Direct inhibitors

Name Structure Mode of action Status Refs 

ARC 39 Direct interaction Discovery 92 

AD2765 Direct interaction Discovery 92,93 

ent-12 Direct interaction Discovery 92,94 

Functional inhibitors of ASM 

Name Structure Mode of action Status 

Amitriptyline Indirect inhibition Clinical use for  
depression 

43,88,95–99 

Desipramine Indirect inhibition Clinical use for  
depression 

95–99 

Clomipramine Indirect inhibition Clinical use for  
depression 

97–99 

Imipramine Indirect inhibition Clinical use for  
depression 

43,97–99 

Doxepine Indirect inhibition Clinical use for  
depression 

97,99 

Lofepramine Indirect inhibition Clinical use for  
depression 

97 

Nortriptyline Indirect inhibition Clinical use for  
depression 

96,97,99 

Protriptyline Indirect inhibition Clinical use for  
depression 

96,97,99 

Trifluoperazine Indirect inhibition Clinical use for  
schizophrenia 

98,99 

Tamoxifen Indirect inhibition Clinical use for  
cancer 

98,99 

Refs 
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various stressors have been shown to increase activation
and secretion of ASM in the blood, and ASM regulates
the functions of blood-derived immune cells73,74. Thus,
studies determining how ASM alterations in the blood
affect various inflammatory disease pathologies will help
to clarify the functional role of ASM.

Acknowledgements
This research was supported by the Basic Science Research Program
(2017R1A2A1A17069686, 2017R1A4A1015652) of the NRF funded by the
Korean government, MSIT. This research was also supported by a grant of the
Korea Health Technology R&D Project through the KHIDI, funded by the
Ministry of Health and Welfare, Republic of Korea (HI16C2131).

Author details
1KNU Alzheimer’s disease Research Institute, Kyungpook National University,
Daegu 41566, South Korea. 2Department of Physiology, Cell and Matrix
Research Institute, School of Medicine, Kyungpook National University, Daegu
41944, South Korea. 3Department of Biomedical Science, BK21 Plus KNU
Biomedical Convergence Program, Kyungpook National University, Daegu
41944, South Korea. 4Department of Laboratory Animal Medicine, College of
Veterinary Medicine, Kyungpook National University, Daegu 41566,
South Korea

Conflict of interest
The authors declare that they have no conflict of interest.

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

Received: 21 October 2019 Revised: 7 January 2020 Accepted: 15 January
2020.
Published online: 13 March 2020

References
1. Kirkwood, T. B. Understanding the odd science of aging. Cell 120, 437–447

(2005).
2. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The

hallmarks of aging. Cell 153, 1194–1217 (2013).
3. Farkas, E. & Luiten, P. G. Cerebral microvascular pathology in aging and

Alzheimer’s disease. Prog. Neurobiol. 64, 575–611 (2001).
4. Mattson, M. P. & Magnus, T. Ageing and neuronal vulnerability. Nat. Rev.

Neurosci. 7, 278–294 (2006).
5. Oomen, C. A. et al. Resveratrol preserves cerebrovascular density and cog-

nitive function in aging mice. Front. Aging Neurosci. 1, 4 (2009).
6. Saxena, S. & Caroni, P. Selective neuronal vulnerability in neurodegenerative

diseases: from stressor thresholds to degeneration. Neuron 71, 35–48
(2011).

7. Krisko, A. & Radman, M. Protein damage, ageing and age-related diseases.
Open Biol. 9, 180249 (2019).

8. Cutler, R. G. et al. Involvement of oxidative stress-induced abnormalities in
ceramide and cholesterol metabolism in brain aging and Alzheimer’s dis-
ease. Proc. Natl Acad. Sci. USA 101, 2070–2075 (2004).

9. Grimm, M. O. et al. Regulation of cholesterol and sphingomyelin metabolism
by amyloid-beta and presenilin. Nat. Cell Biol. 7, 1118–1123 (2005).

10. Hartmann, T., Kuchenbecker, J. & Grimm, M. O. Alzheimer’s disease: the lipid
connection. J. Neurochem. 103(Suppl 1), 159–170 (2007).

11. Grösgen, S., Grimm, M. O., Friess, P. & Hartmann, T. Role of amyloid beta in
lipid homeostasis. Biochim. Biophys. Acta 1801, 966–974 (2010).

12. Haughey, N. J., Bandaru, V. V., Bae, M. & Mattson, M. P. Roles for dysfunctional
sphingolipid metabolism in Alzheimer’s disease neuropathogenesis. Biochim.
Biophys. Acta 1801, 878–886 (2010).

13. Mielke, M. M. & Lyketsos, C. G. Alterations of the sphingolipid pathway in
Alzheimer’s disease: new biomarkers and treatment targets? Neuromolecular.
Med. 12, 331–340 (2010).

14. Di Paolo, G. & Kim, T. W. Linking lipids to Alzheimer’s disease: cholesterol and
beyond. Nat. Rev. Neurosci. 12, 284–296 (2011).

15. Tamboli, I. Y. et al. Sphingolipid storage affects autophagic metabolism of the
amyloid precursor protein and promotes Abeta generation. J. Neurosci. 31,
1837–1849 (2011).

16. Wymann, M. P. & Schneiter, R. Lipid signalling in disease. Nat. Rev. Mol. Cell
Biol. 9, 162–176 (2008).

17. Yu, J. et al. Ceramide is upregulated and associated with mortality in patients
with chronic heart failure. Can. J. Cardiol. 31, 357–363 (2015).

18. Hughes, J. R. et al. Instability of the cellular lipidome with age. Age 34,
935–947 (2012).

19. Mielke, M. M. et al. Serum ceramides increase the risk of Alzheimer dis-
ease: the Women’s Health and Aging Study II. Neurology 79, 633–641
(2012).

20. Hannun, Y. A. & Obeid, L. M. Principles of bioactive lipid signalling: lessons
from sphingolipids. Nat. Rev. Mol. Cell Biol. 9, 139–150 (2008).

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

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

23. van Echten-Deckert, G. & Herget, T. Sphingolipid metabolism in neural cells.
Biochim. Biophys. Acta 1758, 1978–1994 (2006).

24. Piccinini, M. et al. Deregulated sphingolipid metabolism and membrane
organization in neurodegenerative disorders. Mol. Neurobiol. 41, 314–340
(2010).

25. Gault, C. R., Obeid, L. M. & Hannun, Y. A. An overview of sphingolipid
metabolism: from synthesis to breakdown. Adv. Exp. Med. Biol. 688, 1–23
(2010).

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

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

28. Schissel, S. L., Schuchman, E. H., Williams, K. J. & Tabas, I. 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).

29. Schissel, S. L., Keesler, G. A., Schuchman, E. H., Williams, K. J. & Tabas, I. The
cellular trafficking and zinc dependence of secretory and lysosomal sphin-
gomyelinase, two products of the acid sphingomyelinase gene. J. Biol. Chem.
273, 18250–18259 (1998).

30. Jenkins, R. W., Canals, D. & Hannun, Y. A. Roles and regulation of secretory
and lysosomal acid sphingomyelinase. Cell Signal. 21, 836–846 (2009).

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

32. Zeidan, Y. H. & Hannun, Y. A. The acid sphingomyelinase/ceramide pathway:
biomedical significance and mechanisms of regulation. Curr. Mol. Med. 10,
454–466 (2010).

33. Santana, P. L. A. et al. Acid sphingomyelinase-deficient human lymphoblasts
and mice are defective in radiation-induced apoptosis. Cell 86, 189–199
(1996).

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

35. Sentelle, R. D. et al. Ceramide targets autophagosomes to mitochondria and
induces lethal mitophagy. Nat. Chem. Biol. 8, 831–838 (2012).

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

37. 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).

38. Gorska, M., Baranczuk, E. & Dobrzyn, A. Secretory Zn2+-dependent sphin-
gomyelinase activity in the serum of patients with type 2 diabetes is ele-
vated. Horm. Metab. Res. 35, 506–507 (2003).

39. Kornhuber, J., Rhein, C., Muller, C. P. & Muhle, C. Secretory sphingomyelinase
in health and disease. Biol. Chem. 396, 707–736 (2015).

40. 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).

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

Park et al. Experimental & Molecular Medicine (2020) 52:380–389 387

Official journal of the Korean Society for Biochemistry and Molecular Biology



42. van Doorn, R. et al. Fingolimod attenuates ceramide-induced blood-brain
barrier dysfunction in multiple sclerosis by targeting reactive astrocytes. Acta
Neuropathol. 124, 397–410 (2012).

43. Kornhuber, J. et al. High activity of acid sphingomyelinase in major
depression. J. Neural Transm. 112, 1583–1590 (2005).

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

45. Park, M. H. et al. Vascular and neurogenic rejuvenation in aging mice by
modulation of ASM. Neuron 100, 167–182.e9 (2018).

46. Babenko, N. A., Garkavenko, V. V., Storozhenko, G. V. & Timofiychuk, O. A. Role
of acid sphingomyelinase in the age-dependent dysregulation of sphingo-
lipids turnover in the tissues of rats. Gen. Physiol. Biophys. 35, 195–205 (2016).

47. Babenko, N. A. & Storozhenko, G. V. Role of ceramide in reduction of the
cardiolipin content in the heart during aging. Adv. Gerontol. 30, 43–48 (2017).

48. Zlokovic, B. V. The blood-brain barrier in health and chronic neurodegen-
erative disorders. Neuron 57, 178–201 (2008).

49. Sweeney, M. D., Sagare, A. P. & Zlokovic, B. V. Blood-brain barrier breakdown
in Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol.
14, 133–150 (2018).

50. Zhao, Z., Nelson, A. R., Betsholtz, C. & Zlokovic, B. V. Establishment and
dysfunction of the blood-brain barrier. Cell 163, 1064–1078 (2015).

51. Farrall, A. J. & Wardlaw, J. M. Blood-brain barrier: ageing and microvascular
disease–systematic review and meta-analysis. Neurobiol. Aging 30, 337–352
(2009).

52. Andreone, B. J. et al. Blood-brain barrier permeability is regulated by lipid
transport-dependent suppression of caveolae-mediated transcytosis. Neuron
94, 581–594 (2017).

53. Villaseñor, 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).

54. Cheng, J. P. X. & Nichols, B. J. Caveolae: one function or many? Trends Cell Biol.
26, 177–189 (2016).

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

56. 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).

57. Schroeder, F. et al. Membrane cholesterol dynamics: cholesterol domains
and kinetic pools. Proc. Soc. Exp. Biol. Med. 196, 235–252 (1991).

58. Rothberg, K. G. et al. Caveolin, a protein component of caveolae membrane
coats. Cell 68, 673–682 (1992).

59. Nassoy, P. & Lamaze, C. Stressing caveolae new role in cell mechanics. Trends
Cell Biol. 22, 381–389 (2012).

60. 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).

61. 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).

62. Bretscher, A., Edwards, K. & Fehon, R. G. ERM proteins and merlin: integrators
at the cell cortex. Nat. Rev. Mol. Cell Biol. 3, 586–599 (2002).

63. Adada, M., Canals, D., Hannun, Y. A. & Obeid, L. M. Sphingolipid regulation of
ezrin, radixin, and moesin proteins family: implications for cell dynamics.
Biochim. Biophys. Acta 1841, 727–737 (2014).

64. Gandy, K. A. et al. Sphingosine 1-phosphate induces filopodia formation
through S1PR2 activation of ERM proteins. Biochem. J. 449, 661–672 (2013).

65. Zeidan, Y. H., Jenkins, R. W. & Hannun, Y. A. Remodeling of cellular cytos-
keleton by the acid sphingomyelinase/ceramide pathway. J. Cell Biol. 181,
335–350 (2008).

66. Montagne, A. et al. Blood-brain barrier breakdown in the aging human
hippocampus. Neuron 85, 296–302 (2015).

67. Geiger, H., de Haan, G. & Florian, M. C. The ageing haematopoietic stem cell
compartment. Nat. Rev. Immunol. 13, 376–89 (2013).

68. Akunuru, S. & Geiger, H. Aging, clonality, and rejuvenation of hematopoietic
stem cells. Trends Mol. Med. 22, 701–712 (2016).

69. Jin, J. et al. Acid sphingomyelinase plays a key role in palmitic acid-amplified
inflammatory signaling triggered by lipopolysaccharide at low concentra-
tions in macrophages. Am. J. Physiol. Endocrinol. Metab. 305, E853–E867
(2013).

70. Rozenova, K. A., Deevska, G. M., Karakashian, A. A. & Nikolova-Karakashian, M.
N. Studies on the role of acid sphingomyelinase and ceramide in the reg-
ulation of tumor necrosis factor alpha (TNFalpha)-converting enzyme activity
and TNFalpha secretion in macrophages. J. Biol. Chem. 285, 21103–21113
(2010).

71. Sakata, A. et al. Acid sphingomyelinase inhibition suppresses
lipopolysaccharide-mediated release of inflammatory cytokines from mac-
rophages and protects against disease pathology in dextran sulphate
sodium-induced colitis in mice. Immunology 122, 54–64 (2007).

72. Peng, H. et al. Acid sphingomyelinase inhibition protects mice from lung
edema and lethal Staphylococcus aureus sepsis. J. Mol. Med. 93, 675–689
(2015).

73. Bai, A., Kokkotou, E., Zheng, Y. & Robson, S. C. Role of acid sphingomyelinase
bioactivity in human CD4+ T-cell activation and immune responses. Cell
Death Dis. 6, e1828 (2015).

74. Bai, A. & Guo, Y. Acid sphingomyelinase mediates human CD4+ T-cell sig-
naling: potential roles in T-cell responses and diseases. Cell Death Dis. 8,
e2963 (2017).

75. Monette, J. S. et al. (R)-α-Lipoic acid treatment restores ceramide balance in
aging rat cardiac mitochondria. Pharmacol. Res. 63, 23–29 (2011).

76. Paradies, G., Petrosillo, G., Paradies, V. & Ruggiero, F. M. Oxidative stress,
mitochondrial bioenergetics, and cardiolipin in aging. Free Radic. Biol. Med.
48, 1286–1295 (2010).

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

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

79. Harvald, E. B., Olsen, A. S. & Færgeman, N. J. Autophagy in the light of
sphingolipid metabolism. Apoptosis 20, 658–670 (2015).

80. Uddin, M. S. et al. Autophagy and Alzheimer’s disease: from molecular
mechanisms to therapeutic implications. Front. Aging Neurosci. 10, 4 (2018).

81. Gan-Or, Z. et al. The p.L302P mutation in the lysosomal enzyme gene SMPD1
is a risk factor for Parkinson disease. Neurology 80, 1606–1610 (2013).

82. Mielke, M. M. et al. Plasma ceramide and glucosylceramide metabolism is
altered in sporadic Parkinson’s disease and associated with cognitive
impairment: a pilot study. PLoS ONE 8, e73094 (2013).

83. Sofic, E. et al. Antioxidant and pro-oxidant capacity of catecholamines and
related compounds. Effects of hydrogen peroxide on glutathione and
sphingomyelinase activity in pheochromocytoma PC12 cells: potential rele-
vance to age-related diseases. J. Neural Transm. 108, 541–557 (2001).

84. Schaakxs, R. et al. Associations between age and the course of major
depressive disorder: a 2-year longitudinal cohort study. Lancet Psychiatry 5,
581–590 (2018).

85. Tse, W. S. & Bond, A. J. The impact of depression on social skills. J. Nerv. Ment.
Dis. 192, 260–268 (2004).

86. Carvalho, A. F. et al. Cognitive dysfunction in depression—pathophysiology
and novel targets. CNS Neurol. Disord. Drug Targets 13, 1819–1835 (2014).

87. Gracia-Garcia, P. et al. Elevated plasma ceramides in depression. J. Neu-
ropsychiatry Clin. Neurosci. 23, 215–218 (2011).

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

89. Zoicas, I., Reichel, M., Gulbins, E. & Kornhuber, J. Role of acid sphingomyeli-
nase in the regulation of social behavior and memory. PLoS ONE 11,
e0162498 (2016).

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

91. 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).

92. Arenz, C. Small molecule inhibitors of acid sphingomyelinase. Cell Physiol.
Biochem. 26, 1–8 (2010).

93. 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).

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

Park et al. Experimental & Molecular Medicine (2020) 52:380–389 388

Official journal of the Korean Society for Biochemistry and Molecular Biology



95. 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).

96. 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).

97. 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).

98. Jaffrézou, J. P. et al. Inhibition of lysosomal acid sphingomyelinase by
agents which reverse multidrug resistance. Biochim. Biophys. Acta 1266,
1–8 (1995).

99. Kornhuber, J. et al. Identification of new functional inhibitors of acid sphin-
gomyelinase using a structure-property-activity relation model. J. Med. Chem.
51, 219–237 (2008).

100. Gorelik, A., Illes, K., Heinz, L. X., Superti-Furga, G. & Nagar, B. Crystal
structure of mammalian acid sphingomyelinase. Nat. Commun. 7, 12196
(2016).

Park et al. Experimental & Molecular Medicine (2020) 52:380–389 389

Official journal of the Korean Society for Biochemistry and Molecular Biology


	Potential therapeutic target for aging and age-�related neurodegenerative diseases: the�role�of�acid sphingomyelinase
	Introduction
	Role of ASM in aging
	ASM in aged brain
	ASM in aged plasma
	ASM in aged hearts

	Role of ASM in aging-related neurodegenerative diseases
	ASM in Alzheimer&#x02019;s disease
	ASM in Parkinson&#x02019;s disease
	ASM in major depression

	ASM as a potential target for therapeutic intervention
	Future directions
	Acknowledgements




