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Alzheimer’s disease (AD) is characterized by complex, multifacto-
rial neuropathology, suggesting that small molecules targeting
multiple neuropathological factors are likely required to success-
fully impact clinical progression. Acid sphingomyelinase (ASM)
activation has been recognized as an important contributor to
these neuropathological features in AD, leading to the concept of
using ASM inhibitors for the treatment of this disorder. Here we
report the identification of KARI 201, a direct ASM inhibitor evalu-
ated for AD treatment. KARI 201 exhibits highly selective inhibi-
tion effects on ASM, with excellent pharmacokinetic properties,
especially with regard to brain distribution. Unexpectedly, we
found another role of KARI 201 as a ghrelin receptor agonist,
which also has therapeutic potential for AD treatment. This dual
role of KARI 201 in neurons efficiently rescued neuropathological
features in ADmice, including amyloid beta deposition, autophagy
dysfunction, neuroinflammation, synaptic loss, and decreased hip-
pocampal neurogenesis and synaptic plasticity, leading to an
improvement in memory function. Our data highlight the possibil-
ity of potential clinical application of KARI 201 as an innovative
and multifaceted drug for AD treatment.

Alzheimer’s disease j ASM direct inhibitor j GHSR1 alpha agonist j memory
improvement j small compound

A lzheimer’s disease (AD) is a multifaceted neurodegenera-
tive disease with underlying pathologies that extend well

beyond the widely recognized accumulation of amyloid beta
(Aβ). Many studies have demonstrated that memory impair-
ment in AD is driven by the interaction of various pathologic
processes, such as cell death (1), impaired synapse plasticity
(2), neurogenesis loss (3), autophagy dysfunction (4), vascular
abnormalities (5), blood–brain barrier (BBB) damage (6), and
systemic infl ammation (7). Thus, effective drug development
for this disorder must focus on therapeutic strategies that target
the complex and multiple neuropathological features in AD.

We and others have previously reported that the activity
of several sphingolipid-metabolizing enzymes, especially acid
sphingomyelinase (ASM), which is encoded by the SMPD1
gene, is abnormally expressed in AD patients and mouse mod-
els (8–10). The primary role of ASM is to catalyze the conver-
sion of sphingomyelin, a major component of membranes, into
ceramide and phosphocholine (11). The increased ASM activity
in the blood and brain of AD mice contributes to various
pathological features, including cell apoptosis (12), defective
autophagy (8), neurogenesis loss (13), BBB leakage (14), and

inflammation (15, 16), suggesting that ASM inhibition could be
an important therapeutic target that addresses the neuropatho-
logical features of AD (17). Although some studies have previ-
ously identified direct or indirect functional inhibitors (17–20)
of ASM, these inhibitors have lacked specificity, leading to the
potential for off-target effects and unclear potential mecha-
nisms of action in AD. Therefore, there is an important need to
develop new compounds that block ASM activity by direct
interaction with the enzyme.

Here, we identify KARI 201 as a direct, selective, and com-
petitive ASM inhibitor with excellent brain distribution and
druggability. Interestingly, we also found an unexpected role of
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KARI 201 as an agonist of growth hormone secretagogue
receptor 1α (GHSR1α, also known as the ghrelin receptor) via
GPCR (G protein–coupled receptor) screening based on RNA-
sequencing (RNA-seq) analysis in KARI 201–treated AD mice.
This activity is critical for hippocampal synaptic physiology and
may impact neuropathological features in AD as well (21–23).
The dual action in neurons of KARI 201 as a direct ASM inhib-
itor and GHSR1α agonist led to outstanding, synergetic thera-
peutic effects in AD mouse models on neuropathological
features involving learning and memory impairment. Therefore,
our data highlight the possibility of clinical application of
KARI 201 as an innovative and multifaceted drug for AD
treatment.

Results
ASM Activity Increases with AD Progression and KARI Compounds
Directly Inhibit ASM Activity. Based on previous reports (8–10),
we further investigated ASM activity in the plasma of AD
patients with disease progression (SI Appendix, Table S1). The
data showed that ASM activity in plasma increased as the dis-
ease progressed, again suggesting the importance of ASM as a
target to reduce neuropathological features in AD (SI
Appendix, Fig. S1).

Screening through cell-based ASM activity assays was per-
formed using a total of 1,273 chemical compounds obtained
from the Korea Chemical Bank (functional inhibitors of ASM
[FIASMA] derivative-targeted library) and Ulsan National
Institute of Science and Technology (sphingolipid-targeted
library). The screening was carried out in AD patient fibro-
blasts (presenilin 1, PS1-familial AD) with an abundant ASM
activity (8) at a chemical concentration of 10 μM. This led to
discovery of the 2-amino-2-(1,2,3-triazol-4-yl)propane-1,3-diol
(KARI) series of inhibitors. Biochemical potency optimization
of the KARI backbone was performed by the addition of alkyl
groups of varying chain lengths to enhance lipophilicity and
BBB permeability (24, 25). This optimization led to the identifi-
cation of KARI 501 (6-carbon chain), KARI 401 (7-carbon
chain), KARI 301 (8-carbon chain), KARI 201 (9-carbon
chain), and KARI 101 (10-carbon chain). Further assays were
performed to assess the best compound with regard to direct
ASM inhibition, druggability, and therapeutic efficacy for AD,
and KARI 201 was finally chosen as shown in SI Appendix, Fig.
S2.

First, ASM binding affinity was evaluated in biosensor
experiments using surface plasmon resonance (SPR) detection.
Sensorgrams for each compound showed dose-dependent bind-
ing to ASM. KARI 501, 301, 201, and 101 exhibited high bind-
ing affinity (KD) according to the number of carbons in the
alkyl chain; KARI 401 showed lower binding affinity than the
other compounds (SI Appendix, Fig. S3A). We also observed
high ASM inhibitory potency by KARI compounds depending
on carbon chain length (SI Appendix, Fig. S3B). Thus, these
results indicated that compounds containing alkyl groups with
longer carbon chains had higher ASM binding and direct inhib-
itory effects, suggesting that the length of alkyl group played an
important role in stable ASM binding.

Next, the cellular activity of the KARI compounds was evalu-
ated in AD patient fibroblasts compared with amitriptyline
(AMI), which is a commonly used functional inhibitor of ASM
(19). After 30 min of treatment with the KARI compounds or
AMI, ASM activity detected in cell lysates was efficiently inhib-
ited. Particularly, KARI 201 and 101 showed higher inhibition
effects than AMI (SI Appendix, Fig. S4A). Although no signifi-
cant differences in sphingomyelin content were observed
between the groups, ceramide production was decreased by
KARI compounds or AMI (SI Appendix, Fig. S4 B and C).

To investigate other potential mechanisms of ASM activity
inhibition, we followed SMPD1 messenger RNA (mRNA) and
ASM protein expression levels. SMPD1 mRNA was not down-
regulated and ASM protein levels were also not significantly
changed by KARI compounds (SI Appendix, Fig. S4 D and E),
indicating that KARI compounds inhibited ASM activity with-
out changing mRNA and protein levels. We further confirmed
the direct inhibition effects of the KARI compounds on the
secretory form of ASM using PS1-derived supernatant medium
(P-sup). For these studies the assay buffer contained zinc to
activate the enzyme, as previously described (19). KARI com-
pounds, especially KARI 201 and 101, exhibited a more signifi-
cant inhibition effect on secretory ASM than others. In
contrast, AMI did not inhibit ASM activity in this setting (SI
Appendix, Fig. S4F). These results showed that KARI com-
pounds directly inhibited both lysosomal and secretory ASM
activity in AD patient cells.

AMI has been reported to induce the proteolytic degrada-
tion of ASM in lysosomes, and this effect was prevented by pre-
treatment with the serine/cysteine protease inhibitor leupeptin
(26). Preincubation with leupeptin prevented ASM inhibition
induced by AMI, confirming these findings, but not by the
KARI compounds (SI Appendix, Fig. S4G). Consistent with
previous results (19), AMI treatment also altered lysosomal
pH, detected by the acidotropic dye LysoTracker red, and
induced accumulation of phospholipids labeled by LipidTOX
reagent, while KARI compounds had no significant effect on
the mean fluorescence intensity (MFI) of either LysoTracker or
LipidTOX (SI Appendix, Fig. S4 H and I). These results sug-
gested that KARI compounds could directly inhibit ASM activ-
ity without an effect on the lysosomal compartment. KARI
compounds also did not cause cell death and alteration of other
sphingolipid metabolic enzymes, sphingolipids, and
sphingolipid-related receptor levels (SI Appendix, Figs. S4 J and
K and S5), indicating the selective effect of KARI compounds
on ASM activity inhibition.

Next, based on the results of the binding affinity, IC50, and
in vitro efficacy, we selected KARI 201 and KARI 101 as highly
potent direct inhibitors of ASM activity for further analysis.
KARI 501 also was selected to help assess the importance of
the number of carbons in the chains. The results of cell-based
IC50 against ASM activity and ceramide production using the
three compounds showed a carbon chain–dependent inhibitory
effect (SI Appendix, Fig. S6), again demonstrating the critical
role of carbon chain length in efficient inhibition of ASM
activity.

KARI 201 Is a Selective and Competitive Inhibitor of ASM with
Excellent Pharmacokinetic Properties. Before investigating the
ASM inhibition effects of KARI compounds in an AD mouse
model, we examined the pharmacokinetic (PK) properties of
three compounds (KARI 501, 201, and 101). First, the single-
dose PK profiles and brain distributions of the three com-
pounds were assessed. We observed that compounds with
longer carbon chains showed lower systemic bioavailability,
while distribution into the brain was higher (SI Appendix, Fig.
S7 A and B). At 24 h post administration, KARI 201 or KARI
101 showed the highest concentrations in the brain, while
KARI 501 exhibited similar distribution tendencies between tis-
sues (SI Appendix, Fig. S7C). In metabolic stability assays using
human and liver microsomes, KARI 501 and 201 exhibited high
stability, while KARI 101 showed weak stability (SI Appendix,
Fig. S8A). These results suggested that the long carbon chain
of KARI 101 might be unstable in vivo, even though this com-
pound exhibited the best ability to cross the BBB. These data
of drug–drug interaction potential of these compounds revealed
that KARI 201 was the best compound with no effects on
inhibition of the seven major cytochrome P450 enzymes
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(SI Appendix, Fig. S8B). Therefore, KARI 201 was finally
selected for further study based on its excellent PK properties.

Next, to assess the effects of KARI 201 (10 μM) on other
enzyme activities, the kinase activities of 430 kinases and 38
additional enzymes were tested. Results exhibiting kinase activ-
ity lower than 30% or other enzyme inhibition higher than 50%
were considered to represent significant effects of KARI 201.
However, we observed no substantial off-target effects of this
compound in these functional panels (SI Appendix, Fig. S9),
highlighting that KARI 201 is a selective ASM inhibitor.

We also carried out molecular docking calculations in order
to better understand the mechanism of ASM inhibition by
KARI 201. The active site in ASM defines a stringent specificity
for two zinc ions, which are coordinated by catalytic residues
containing four histidines, two aspartic acids, and one aspara-
gine (27–29). Recent studies presented the crystal structure of
ASM, with detailed information on how the two zinc ions and
sphingomyelin and/or the product phosphocholine are coordi-
nated by the enzyme (27–29). Based on the crystal structure of
ASM, we began by building a model of KARI 201 bound to
ASM. Docking simulations revealed that KARI 201 occupied
an active-site domain of ASM, which was also the sphingomye-
lin and/or phosphocholine binding site (27–29) (Fig. 1A).
Detailed analysis also suggested that one of hydroxyl groups of
KARI 201 resided within a zinc binding site. Histidine 282
(H282), H319, and H457 are catalytic residues of ASM that
interact with the amino group, triazole group, and hydroxyl
group of KARI 201, respectively (Fig. 1 B and C). These bind-
ing interactions based on our model were consistent with those
in the crystal structure of the ASM–phosphocholine complex,
suggesting that KARI 201 might be compatible with the
phosphocholine-binding pocket of ASM (Fig. 1D).

Based on these data, we further investigated whether KARI
201 inhibited sphingomyelin binding to the ASM active site.
Incorporation of KARI 201 into ASM was decreased with
increasing concentrations of sphingomyelin, yielding KM values
of 332.5, 433.9, and 572.6 μM at 1, 10, and 100 μM KARI 201,
respectively (Fig. 1E). These data demonstrated that KARI 201
exhibited a competitive mode of inhibition versus sphingomye-
lin. Collectively, our results strongly suggested that KARI 201
is a selective and competitive inhibitor of ASM with excellent
PK properties for therapeutic application in AD and potentially
other disorders.

KARI 201 Improves Neuropathological Features in APP/PS1 Mice. To
determine the inhibition effects of ASM activity by KARI 201
on Aβ accumulation and many of the associated neuropatho-
logical features in vivo, we used the APP/PS1 mouse model.
This AD mouse model is characterized by strong and progres-
sive amyloid pathology with concomitant neuroinflammation
(8, 30, 31), synapse and hippocampal neurogenesis loss (2, 32,
33), abnormal autophagy (8), and cognitive impairment (8,
30–32), similar to the disease progression observed in AD
patients. Various doses (1, 5, or 10 mg�kg�1) of KARI 201 were
orally administered to 7.5-mo-old APP/PS1 mice. AMI (100
mg�kg�1) was used to compare the therapeutic effects as previ-
ously reported (8) (Fig. 2A). Survival and body weight were not
affected during administration of KARI 201 or AMI (Fig. 2 B
and C). KARI 201–treated APP/PS1 mice exhibited dose-
dependent reduction of ASM activity in plasma, cortex, and
hippocampus compared with phosphate-buffered saline
(PBS)–treated mice. Notably, the APP/PS1 mice treated with
KARI 201 at a dose of 10 mg�kg�1 showed remarkable restora-
tion of ASM activity to the normal range, a considerably
greater effect compared with APP/PS1 mice treated with AMI
at a dose of 100 mg�kg�1 (Fig. 2 D–F). This indicated the bene-
fit of direct ASM inhibition by KARI 201. Smpd1 mRNA and

ASM protein levels were not changed by KARI 201 administra-
tion in APP/PS1 mice (SI Appendix, Fig. S10).

We next determined the Aβ profile. Thioflavin S and 6E10
staining, enzyme-linked immunosorbent assay (ELISA) of
Aβ40 and Aβ42, and cerebral amyloid angiopathy revealed sig-
nificantly lower Aβ levels in the brains of APP/PS1 mice treated
with KARI 201 at a dose of 10 mg�kg�1 compared with the
PBS- or AMI-treated groups (Fig. 2 G–J). In the KARI
201–treated mice, tau hyperphosphorylation also was reduced
(Fig. 2K). To confirm the mechanism of decrease of Aβ accu-
mulation, we assessed APP processing and the expression of
the Aβ-generating enzyme Bace-1, but there were no significant
differences by KARI 201 treatment (SI Appendix, Fig. S11).
These results suggested that the inhibition of ASM activity by
KARI 201 did not alter expression of APP and the Aβ-
generating enzyme. We also performed Morris water maze test-
ing and fear-conditioning studies, which showed that treatment
with KARI 201 of 10 mg�kg�1 (Fig. 2 L–R) led to the greatest
improvements in learning and memory. We further performed
open-field and dark–light testing to examine locomotion and
spontaneous activity. KARI 201–treated APP/PS1 mice exhib-
ited an improved behavior pattern, similar to AMI-treated
APP/PS1 mice (SI Appendix, Fig. S12). Thus, these results sug-
gested that normalized ASM activity levels by KARI 201
administration, especially at 10 mg�kg�1, reduced the Aβ load
and improved learning and memory in APP/PS1 mice.

Synapse loss and neuroinflammation also are common neu-
ropathological features that accompany Aβ accumulation in
AD (2, 30, 31). To investigate the effects of KARI 201 on these
neuropathological features, we performed immunolabeling for
synaptophysin, PSD95, synapsin1, and MAP2 in cortex and hip-
pocampus. Synapse loss, as observed in PBS-treated APP/PS1
mice, was improved by KARI 201 treatment (SI Appendix, Fig.
S13). Moreover, highly activated microglia and astrocytes in
cortex and hippocampus of PBS-treated APP/PS1 mice were
significantly reduced in KARI 201–treated mice (SI Appendix,
Fig. S14 A and B). Proinflammatory markers, including Tnf-α,
Il-1β, Il-6, and iNos, and the immunoregulatory cytokine Il-10
were decreased by KARI 201 treatment, while antiinflamma-
tory markers, including Il-4, Tgf-β, and Arg1, increased com-
pared with PBS-treated APP/PS1 mice (SI Appendix, Fig.
S14C). Overall, these data revealed the significant therapeutic
effects of the direct ASM inhibitor KARI 201 on Aβ accumula-
tion and associated neuropathological features, such as synapse
loss, neuroinflammation, and learning and memory impairment
in the AD mouse model.

Neuronal ASM Inhibition by KARI 201 Rescues Autophagy
Dysfunction and Microglial Phagocytic Function in APP/PS1 Mice. To
further investigate the therapeutic mechanism of KARI 201, we
assessed cell-specific ASM activity by KARI 201 treatment.
Neurons, which are the main cell type impacted in AD patho-
genesis, and microglia showed better improvement effects than
astrocytes by KARI 201 treatment in cortex and hippocampus
(SI Appendix, Fig. S14). PBS-treated APP/PS1 mice showed
increased ASM activity in neurons derived from both cortex
and hippocampus, but not in microglia, as observed in a previ-
ous study (8). In comparison, KARI 201–treated APP/PS1 mice
exhibited restoration of ASM activity in these neurons. Conse-
quently, elevated ceramide levels in neurons of APP/PS1 mice
also were decreased by KARI 201 treatment. Although cortical
and hippocampal microglia of PBS-treated APP/PS1 mice
showed increased ceramide levels, this was not changed by
KARI 201 treatment. We also confirmed whether KARI 201
impacted other sphingolipids, and did not find significant dif-
ferences in neurons and microglia between the groups (SI
Appendix, Fig. S15). Therefore, these results indicated that
KARI 201 selectively inhibited neuronal ASM activity in cortex
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and hippocampus of APP/PS1 mice, leading to reduced cer-
amide levels.

Previously, we reported that elevated neuronal ASM led to
defective autophagic processing due to impaired lysosomal bio-
genesis in APP/PS1 mice (8). Particularly, the elevated neuronal
ASM activity in APP/PS1 mice caused a defect of autophagic deg-
radation but not induction (8). To examine whether ASM activity
inhibition by KARI 201 could rescue autophagic degradation in
neurons, we performed an autophagic flux assay through immu-
noblotting of microtubule-associated protein 1 light chain 3
(LC3)-II and p62 (8, 34). LC3-II levels are increased by overin-
duction of autophagy or reduction of autophagic turnover in the
latter stages of autophagic degradation, while increased p62 is an
indicator of autophagic turnover and represents defective auto-
phagic degradation (8, 34). Serum starvation (which causes auto-
phagic induction) enhanced LC3-II in neurons, which was further
increased by the addition of ASM, indicating the combined effects

of blocking autophagic degradation and enhancing induction (Fig.
3A). Moreover, the levels of p62 were similarly increased in neu-
rons treated with ASM or NH4Cl (which inhibits autophagic deg-
radation), again showing that elevated ASM caused dysfunction
of autophagic degradation but did not promote induction. Nota-
bly, KARI 201–treated neurons exhibited prevention of increased
LC3-II and p62 in each setting, indicating improvement of the
autophagic degradation (Fig. 3A). Defective autophagic degrada-
tion by ASM elevation is induced by defects in the autophagy-
lysosome pathway (ALP) and lysosome biogenesis (8). Exogenous
ASM was located in lysosomes of neurons, resulting in reduction
of transcription factor EB (TFEB) and expression of lysosomal-
associated membrane protein 1 (Lamp1), which are indicators of
ALP function and lysosomal biogenesis (8, 35). The data showed
decreased levels of TFEB and Lamp1 in ASM-treated neurons,
but these levels were enhanced by KARI 201 treatment (Fig. 3 B
and C). Additionally, ASM-treated neurons showed reduced
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TFEB expression in the nuclear compartment compared with
cytoplasm. The expression levels of TFEB-target genes related to
the lysosome also were significantly decreased by ASM and
improved by KARI 201 treatment (Fig. 3 D and E).

Next, to examine the in vivo effect of KARI 201 on autopha-
gic dysfunction, we analyzed the expression of autophagy path-
way indicators in the brains of wild-type (WT) and APP/PS1
mice treated with PBS or KARI 201. The levels of LC3-II and
p62 were decreased both in cortex and hippocampus of KARI
201–treated APP/PS1 mice compared with PBS-treated APP/
PS1 mice. Also, KARI 201 treatment significantly increased
Lamp1 and TFEB protein levels with increased expression of
TFEB-target genes (Fig. 3 F–H). We further measured the lev-
els of beclin-1 (a part of the kinase complex responsible for
autophagy induction) and cathepsin D (a lysosomal hydrolase)
(8), and found that they did not vary between the groups. Thus,
these findings suggested that inhibition of neuronal ASM activ-
ity by KARI 201 ameliorated the autophagic defect by restoring
lysosomal biogenesis in APP/PS1 mice.

To explore whether the therapeutic effects of KARI 201
observed in the AD mouse model were similar in AD human
neurons, we established induced pluripotent stem cells (iPSCs)
with PS1 mutations and differentiated them into neurons (AD
iPSC-derived neurons), as described in our previous studies (8,
30). ASM activity was significantly elevated in AD iPSC-
derived neurons compared with normal iPSC-derived neurons,
and was decreased by KARI 201 treatment in a time-
dependent manner. The ceramide levels also were decreased in
KARI 201–treated neurons, although the sphingomyelin levels
were not changed (SI Appendix, Fig. S16 A–C). The decreased
ASM activity by KARI 201 in AD iPSC-derived neurons was
not due to down-regulation of SMPD1 mRNA and ASM pro-
tein (SI Appendix, Fig. S16 D and E), indicating that KARI 201
directly inhibited ASM activity in AD patient neurons. Data on
secretory ASM inhibition by KARI 201 in supernatant medium
of AD iPSC-derived neurons or plasma of AD patients also
supported this result (SI Appendix, Fig. S16 F and G). AD
iPSC-derived neurons had significantly higher autophagic
markers than normal iPSC-derived neurons, and KARI 201
treatment significantly restored the levels of these abnormal
autophagic markers and increased expression of TFEB-target
genes in AD iPSC-derived neurons, leading to decreased Aβ
accumulation in these neurons (SI Appendix, Fig. S16 H–J).
These results indicated that inhibition of ASM activity by
KARI 201 led to decreased Aβ accumulation by restoring auto-
phagic dysfunction in AD patient neurons.

In previous results, we observed improvement of microglial
activation in cortex and hippocampus of KARI 201–treated
APP/PS1 mice, despite the fact that ASM activity in microglia
was not changed. These data supported the hypothesis that
these improvements might be due to improvements in neuronal
dysfunction mediated by autophagy normalization in the KARI
201–treated APP/PS1 mice. Several studies have demonstrated
that neuronal damage mediated activated microglial morphol-
ogy by releasing a variety of different signals (30, 36, 37). For
example, “off” signals (Cd47, Cx3cl1, Bdnf, and Cd200) are
responsible for keeping microglia in their resting state and
antagonizing proinflammatory activity. In contrast, “on” signals
(Cxcl10, Ccl21, and Mmp3) are present under conditions of
neuronal damage and can initiate detrimental microglial func-
tion (36). To test whether restoration of autophagic dysfunction
by KARI 201 neurons regulated microglial function through
off/on signals, we assessed these molecules in cortex and hippo-
campus of WT and APP/PS1 mice treated with PBS or KARI
201 and found that alteration of these molecules in PBS-
treated APP/PS1 mice was improved by KARI 201 (SI
Appendix, Fig. S17A). We next examined the change of micro-
glial phagocytic function in these mice, and found that

microglial recruitment surrounding Aβ was increased in KARI
201–treated APP/PS1 mice compared with PBS-treated APP/
PS1 mice (SI Appendix, Fig. S17B). These mice also showed an
increased number of microglia containing costained lysosomes
and Aβ. Additionally, the morphology of microglia, closely
related to this function, displayed phagocytic amoeboid mor-
phology in KARI 201–treated APP/PS1 mice (SI Appendix, Fig.
S17 C and D). Consequently, the KARI 201–treated mice
exhibited increased levels of smaller Aβ species (<25 μm) and
decreased levels of larger Aβ aggregates (25 to 50 μm, >50
μm), compared with those of the PBS-treated APP/PS1 mice
(SI Appendix, Fig. S17E). Thus, it could be inferred that
improvement of the autophagic defect in neurons of APP/PS1
mice by the ASM inhibitor of KARI 201 led to enhancement of
phagocytic function of microglia. In addition, restoration of
neuronal autophagy and microglial function by KARI 201
might lead to synergistic effects on Aβ degradation in APP/PS1
mice.

KARI 201 Is Also a Ghrelin Receptor Agonist, Contributing to
Improvement of Neuropathological Features in Hippocampus of
APP/PS1 Mice. To further investigate the regulation of neurons
and microglia by KARI 201, we analyzed the gene expression
patterns of cortical neurons and microglia derived from WT
and APP/PS1 mice treated with PBS or KARI 201 using RNA-
seq. Importantly, the altered expression of several genes
observed in both cortical neurons and microglia of PBS-treated
APP/PS1 mice was normalized in KARI 201–treated APP/PS1
mice (SI Appendix, Figs. S18A and S19A). Notably, we found
that cortical neurons and microglia isolated from PBS-treated
APP/PS1 mice expressed high levels of genes related to transla-
tion (e.g., neurons: Rpl11, Rpl12, Rpl17, Rpl31, Rpl32, Rpl34-
ps1, Rpl36a, Rpl4, Rps20, Rps23, Rps24, Rps27a, and Rps7;
microglia: Rpl24, Rpl27a, Rpl35, Rpl36, Rps11, Rps14, Rps26,
Rps28, and Rps29) compared with WT cells (with <2 Z score
and P < 0.05). Altered or dysfunctional ribosomal proteins
encoded by these genes have recently been shown to contribute
to neuropathological features of various neurodegenerative dis-
orders, including AD (38–40), such as neuronal loss (38, 39),
defective synaptic plasticity (38), inflammation (41, 42), and
abnormal protein aggregation (38, 40). Interestingly, the abnor-
mal up-regulated expression of these genes was restored in
KARI 201–treated APP/PS1 mice in cortical neurons and
microglia, indicating that KARI 201 could regulate the transla-
tional machinery, including ribosomal proteins and associated
factors necessary for protein biosynthesis. In this regard, func-
tional categorization using the DAVID bioinformatics database
for Gene Ontology term enrichment analysis (biological process
and molecular function) also showed the association with trans-
lation and structural constituents of the ribosome (SI Appendix,
Figs. S18 B and C and S19 B and C). Kyoto Encyclopedia of
Genes and Genomes pathway analysis further identified a con-
siderable enrichment of ribosomal genes in both cell types (SI
Appendix, Figs. S18D and S19D).

Previous studies suggested that GPCRs impact the transla-
tional machinery and subsequent mRNA translation (43, 44).
GPCRs exert their physiological function by transducing a com-
plex signaling network that coordinates gene expression. In this
process, translation responds to the signaling network gener-
ated by extracellular signals targeting GPCRs, leading to pro-
tein synthesis that broadly impacts physiological function (43,
44). This observation led us to focus on the possible interaction
between GPCRs and KARI 201. This interaction was sup-
ported by our data exhibiting the restoration of gene expression
related to regulation of G protein signaling both in cortical
neurons (e.g., Rgs9, Rgs10, and Rgs14) and microglia (e.g., Rgs9
and Rgs11) of KARI 201–treated APP/PS1 mice.
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Based on previous reports and our RNA-seq data, we per-
formed GPCR screening against 170 GPCRs at 10 μM KARI
201. We considered results significant when inhibition or stimu-
lation by the drug was higher than 50%. Surprisingly, we found

that KARI 201 had a highly potent effect (83.7%) as a ghrelin
receptor (GHSR1α) agonist (Fig. 4). These findings suggested
that KARI 201 might restore the alteration of gene expression
related to translation via interaction with GPCR (ghrelin
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Fig. 3. KARI 201 ameliorates defective autophagy degradation by regulating lysosomal biogenesis in neurons. (A) Autophagic flux assay. Mouse neurons
were cultured in medium with or without ASM (10 μM) or KARI 201 (10 μM) under complete medium or starvation conditions. The LC3-II levels were
examined by Western blotting. The accumulation of p62 was assessed with ASM (10 μM), KARI 201 (10 μM), NH4Cl (20 mM), or starvation (n = 4 per
group). (B) The levels of TFEB and Lamp1 in mouse neurons (n = 4 per group). (C) Immunocytochemistry of Lamp1 in ASM-treated cells with or without
KARI 201 (n = 6 per group). (Scale bars, 5 μm.) (D) Western blot analysis for nuclear localization of TFEB in ASM-treated cells with or without KARI 201 (n
= 4 per group). (E) qRT-PCR analysis of TFEB-target gene expression in each group (n = 4 per group). (F and G) Western blot analyses and quantification
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per group). (H) The expression of TFEB-target genes in each group (n = 4 mice per group). One-way ANOVA, Tukey’s post hoc test. *P < 0.05, **P < 0.01,
***P < 0.001. All error bars indicate SEM. All data analysis was done in 9-mo-old mice.
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receptor) in cortical neurons and microglia of APP/PS1 mice.
GHSR1α has been known to be involved in various physiologi-
cal functions by binding to ghrelin (21–23). In the brain,
GHSR1α is abundantly expressed in hypothalamus and hippo-
campus (22, 45). Ghrelin/GHSR1α signaling in hypothalamus
regulates orexigenic effects (46), and in hippocampus it contrib-
utes to hippocampal synaptic function and neurogenesis
(21–23). Therefore, several studies have demonstrated the ther-
apeutic implications of hippocampal ghrelin/GHSR1α signaling
in learning and memory for AD (21–23, 47). After identifying
the role of KARI 201 as a ghrelin receptor agonist, we investi-
gated whether this activity could be responsible for improved
hippocampal synaptic function and neurogenesis in the AD
mouse model. First, we reconfirmed the effect of KARI 201 as
a GHSR1α agonist on Ca2+ mobilization in HEK293A cells
that overexpressed GHSR1α. KARI compounds, including
KARI 201, and ghrelin (positive control) were added to these
cells, and we observed that KARI 201 and KARI 101, but not
the other compounds, produced a strong agonist effect (Fig.
5A). These results might be related to the number of carbons in
the chains on the compounds and their ability to bind
GHSR1α, similar to the direct ASM inhibition effects. Analysis
of major downstream (AMPK, PI3K, and ERK) targets of
ghrelin/GHSR1α signaling revealed only activation of AMPK
(adenosine monophosphate–activated protein kinase), which is
highly related to Ca2+ release (21, 22), in KARI 201–treated
cells (Fig. 5B). The effects of KARI 201 on GHSR1α internali-
zation, a characteristic of receptor desensitization, also was
examined. Internalization of GHSR1α was observed after treat-
ment with KARI 201 and KARI 101, as shown in ghrelin-
treated cells (Fig. 5C). Therefore, these data suggested that
KARI 201 and KARI 101 could play a role as GHSR1α
agonists.

Next, we evaluated whether GHSR1α activation by KARI
201, which had significantly better pharmacological properties
than KARI 101, could restore hippocampal neurogenesis and
synaptic function in Aβ environments. We applied KARI 201 to
oligomeric Aβ42-exposed mouse hippocampal neural stem cell
(NSC) cultures, and the number of neurospheres was counted
and Edu assays were performed to test self-renewal function
and proliferation capacity. The decrease of these functions by
Aβ42 was restored by KARI 201 treatment, and the levels of
neuronal survival genes (Map2, Gap43, Mbp, and Tuj1) also
were increased (Fig. 5 D–F). Moreover, we confirmed increased
synaptic density in oligomeric Aβ42-treated mouse or human
hippocampal neurons with KARI 201 treatment (Fig. 5G).
These results indicated that GHSR1α activation by KARI 201
promoted hippocampal neurogenesis and synaptic formation in
Aβ42-exposed neurons.

A previous study has reported that elevated ASM could con-
tribute to decreased hippocampal neuronal proliferation and
survival by increasing ceramide production (13). To directly test
this, we measured ASM activity and ceramide levels in oligo-
meric Aβ42-treated mouse hippocampal NSCs or neurons with
and without KARI 201 treatment. ASM activity and ceramide
levels were increased by Aβ42 treatment in both cells, and were
reduced by KARI 201 treatment (Fig. 5H), suggesting that
dual action of KARI 201 as a GHSR1α agonist and ASM
activity inhibitor might impact the restoration of hippocampal
NSC function and synaptic loss. We also further confirmed
improvement of hippocampal dysfunction by KARI 201 in
APP/PS1 mice by additional analyses. KARI 201–treated APP/
PS1 mice showed a significant increase of Ki67+ proliferating
cells, immature neurons (BrdU+/DCX+ cells), and neural pro-
genitors (SOX2+/S100β� cells) in dentate gyrus of hippocam-
pus compared with PBS-treated APP/PS1 mice (Fig. 5 I–K).
The cells detected by c-Fos, which is associated with changes in
neuronal gene expression that promote learning and memory

function (23, 48), also were increased by KARI 201 treatment
in APP/PS1 mice (Fig. 5L). Long-term potentiation (LTP)
induction of the hippocampal Schaffer collateral–CA1 pathway
elicited by high-frequency stimulation (HFS) has been pro-
posed as a candidate for the cellular mechanism of learning
and memory. KARI 201 increased hippocampal LTP in the
CA1 region of WT mice compared with control WT mice, and
also improved expression in APP/PS1 mice (Fig. 5 M and N).
These findings indicated that KARI 201 promoted hippocampal
synaptic plasticity and that this might benefit learning and
memory in normal and even AD mice.

In support of these results, comparative RNA-seq analysis
surprisingly showed that KARI 201 treatment restored the
alteration of gene expression (Gpr88, Meis2, Npas2, Nrtn, and
Ptgs2) associated with learning, behavior, cognition, and mem-
ory in hippocampus of APP/PS1 mice (SI Appendix, Fig. S20).
These findings strongly suggested a role of KARI 201 as a
GHSR1α agonist in AD hippocampal neurogenesis and synap-
tic improvement, and also indicated that combined action of
GHSR1α activation and ASM activity inhibition by KARI 201
could effectively rescue hippocampal memory impairment in
AD.

Finally, to reconfirm the therapeutic effects of KARI 201, we
repeated these studies in another mouse model of AD, 5xFAD
mice, and found that KARI 201 treatment inhibited ASM activ-
ity in plasma, cortex, and hippocampus in 5xFAD mice, leading
to improvement of Aβ accumulation and associated neuropath-
ological features, including autophagy dysfunction, microglial
phagocytosis, synapse loss, and reduction of hippocampal neu-
rogenesis and neuronal activity (SI Appendix, Figs. S21 and
S22). Collectively, these results demonstrated that KARI 201
treatment efficiently attenuated Aβ accumulation and other
neuropathological features, including memory impairment, by
its dual activity in neurons as an ASM direct inhibitor and
GHSR1α agonist.

Discussion
Considering the many complex pathologic processes in AD, multi-
targeted therapeutic approaches are advantageous for effective
AD treatment. In this study, we focused on identifying an effi-
cient, direct inhibitor of ASM activity based on previous studies
demonstrating the importance of this enzyme for the development
of various neuropathological features in AD. Our efforts led to
the discovery of the KARI series of inhibitors. Further analysis
led to optimization of the shared KARI backbone by the addition
of 6- to 10-carbon chains. This optimization strategy was per-
formed to enhance lipophilicity for effective BBB penetration in
AD (24, 25). Interestingly, a longer length of carbon chain corre-
lated with higher ASM binding and inhibitory effects. Moreover,
we observed that the bioavailability, brain distribution, and micro-
somal stability were also dependent on the number of carbons in
the alkyl chain. These findings indicated that the length of the car-
bon chain in the compound might play a critical role for stable
binding to ASM and enhanced PK properties, especially brain dis-
tribution, leading us to select KARI 201, with a 9-carbon chain,
the most optimal compound with these properties.

We found that KARI 201 was a highly selective and direct
ASM activity inhibitor without off-target effects. Furthermore,
KARI 201 showed selective inhibition of ASM activity in neu-
rons of AD mice, and restored autophagy dysfunction by
improving lysosomal biogenesis. The normalized neuronal
autophagic function in KARI 201–treated AD mice led to
enhancement of the Aβ phagocytic function of microglia, result-
ing in improvements of Aβ deposit, neuroinflammation, syn-
apse plasticity, and memory dysfunction (SI Appendix, Fig.
S23A). These results suggested that KARI 201 could be a
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compound that might be useful for targeting several of the neu-
ropathological features in AD.

RNA-seq analysis in cortex of AD mice also unexpectedly
revealed the possibility of interaction between GPCRs and
KARI 201. We went on to identify a role for KARI 201 as a
ghrelin receptor agonist via GPCR screening. Several studies
have highlighted the importance of ghrelin/ghrelin receptor sig-
naling in the hippocampal synaptic physiology associated with
memory in AD (21–23, 47), although current therapeutic
efforts using ghrelin for AD treatment have not been effective
in correcting hippocampal synaptic deficits and memory impair-
ment. Ghrelin levels are known to be elevated in plasma of AD
patients (49), and this might lead to ghrelin resistance and the
need for high doses of ghrelin in clinical studies. However, high
doses of ghrelin might contribute to tumor growth, as it

increases the levels of growth hormone and insulin-like growth
factor-1, both of which stimulate tumor growth (50). Therefore,
the use of ghrelin receptor agonists is a logical alternative to
using ghrelin directly in clinical practice. We observed that
KARI 201 and KARI 101 both acted as ghrelin receptor ago-
nists, but not the other three KARI compounds in our test
group. This might be related to the carbon chain length of the
compound in binding to the ghrelin receptor, similar to ASM
binding, and the data indicated that chain lengths of 9 carbons
or more provided optimal binding to the ghrelin receptor.
Ghrelin is a 28–amino acid peptide that is acylated at its third
serine residue with an octanoyl group (51). Recently, it has
been reported that the octanoyl chain of ghrelin plays a critical
role in binding to the receptor, supporting our results (52, 53).
Based on our findings and recent reports, we suggest that

% of control agonist responseA % of control agonist response % of control agonist response % of control agonist response % of control agonist response

B % inhibition 
of control agonist response

% inhibition 
of control agonist response

% inhibition 
of control agonist response

% inhibition 
of control agonist response

% inhibition 
of control agonist response

Fig. 4. GPCR screening of KARI 201 was performed at 10 μM concentration. The results are expressed as a percent of control agonist response (A) or
inverse agonist response (measured response/control response × 100, average of two duplicate determinations) and as a percent inhibition of control ago-
nist response (B) (100 � (measured response/control response × 100), average of two duplicate determinations). KARI 201 had an effect as a ghrelin recep-
tor agonist (83.7% of control agonist response). All error bars indicate SEM.
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KARI compounds and ghrelin on Ca2+ mobilization in HEK293 cells transiently transfected with the WT human GhrR (data are mean ± SEM; n = 3 inde-
pendent experiments). (B) Western blot analyses and quantification of pAMPK, APMK, pPI3K, PI3K, pERK, and ERK in ghrelin (10 μM), KARI 101 (10 μM),
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*P < 0.05, **P < 0.01, ***P < 0.001. All error bars indicate SEM. All data analysis was done in 9-mo-old mice.
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further studies are needed to more specifically characterize the
binding action of KARI 201 and KARI 101 with the ghrelin
receptor.

The action of KARI 201 as a ghrelin receptor agonist induced
Ca2+ influx and downstream activation of AMPK. In previous
studies, AMPK activation has been reported to be involved in
improvement of hippocampal neurogenesis by increasing tran-
scription of proneurogenesis genes such as BDNF (brain-derived
neurotrophic factor) (22, 54). We also observed increased BDNF
expression in the brain of KARI 201–treated AD mice. Further-
more, KARI 201 restored the loss of hippocampal neurogenesis
and synapse plasticity in Aβ-exposed NSCs, neurons, and AD
mice. The effects on mitigation of hippocampal neurogenesis
could also result from ceramide reduction by ASM activity inhibi-
tion, and these combined effects of KARI 201 contributed to an
overall effective improvement of hippocampal memory impair-
ment of AD mice (SI Appendix, Fig. S23B).

Numerous studies have reported that ghrelin agonists
improve diverse AD-related neuropathological features (21–23,
47, 54), similar to ASM inhibition. For example, ghrelin recep-
tor stimulation through ghrelin and its analogs promotes the
autophagic degradation of Aβ-containing autophagosomes by
regulating autophagy mediators through the AMPK pathway.
This pathway also reduces abnormal hyperphosphorylation of
tau by phosphorylating GSK-3β (21, 22). Moreover, the activa-
tion of the ghrelin receptor prevents neuroinflammation,
although the majority of studies suggest that this effect is indi-
rect and through its cytoprotective properties in neurons and
other cerebral cells (21, 22). Hence, targeting the ghrelin recep-
tor could be an efficient therapeutic strategy for neuropatholog-
ical features in AD, similar to targeting ASM inhibition (SI
Appendix, Fig. S23B). We also suggest that the therapeutic
effects of KARI 201 as a ghrelin receptor agonist are more
dominant in hippocampus because the expression of the ghrelin
receptor is more abundant in hippocampus than other brain
regions (22), while the effects of KARI 201 as an ASM inhibi-
tor are broader and include cortex and other regions.

Chronic systemic inflammation is one of the important path-
ological features in AD (7, 21). Aggregated amyloids or frag-
ments of apoptotic neurons may reach the circulatory stream
following BBB breaching, leading to subsequent peripheral infl
ammatory responses by antigen-presenting cells and lympho-
cytes (T cells) and resulting in immune cell entry into the brain
in AD (21, 55, 56). In the process of immune cell infiltration,
proinflammatory immune cells enhance BBB disruption and
exacerbate neuroinflammation (55, 56). Several studies
reported that ASM inhibition and ghrelin receptor activation
could both have beneficial effects on peripheral inflammation,
as well as BBB abnormalities (14–17, 21, 22). We previously
reported ASM-mediated BBB disruption (14) and others

demonstrated pathogenic T cell activation by ASM (16), sug-
gesting that ASM inhibition might contribute to improvement
of BBB damage and systemic inflammation. The activation of
the ghrelin receptor also suppresses proinflammatory immune
cells and blocks immune cell invasion into the brain, resulting
in the prevention of infl ammation-driven permeabilization
of the BBB (21, 22). Thus, we propose that KARI 201 acts
as both an ASM inhibitor and ghrelin receptor agonist to
improve the systemic pathological features of AD (SI Appendix,
Fig. S23C).

Collectively, the fact that ASM and the ghrelin receptor in
neurons are both considered valuable therapeutic targets for
Aβ deposit and other neuropathological features in AD indi-
cates that KARI 201 could be a potential multifaceted drug
with excellent pharmacological properties for therapeutic appli-
cation in AD. Further, the combination of KARI 201 with cur-
rent therapeutic agents such as anti-Aβ and tau antibodies
might present synergetic effects in improvement of several
AD-related neuropathological features. However, we are aware
of the limitations of using AD mouse and cell models for drug
development, and that many drugs which have been efficacious
in these model systems have not been effective in humans.
Nonetheless, many of the neuropathological features observed
in these models are associated with human AD, and we believe
that KARI 201 may be a promising drug for AD and perhaps
other neurologic diseases in which ASM activity is increased or
ghrelin receptor signaling is dysregulated. For this, further pre-
clinical and clinical studies should be carried out in the future.

Materials and Methods
Chemical Compound Screening. Chemical compounds (1,273) from a
sphingolipid-targeted library and a FIASMA derivative–targeted library were
tested in triplicate assays at 10 μM compound (stock at 50 mM diluted in
dimethyl sulfoxide) for 30 min in PS1 fibroblasts with an abundant ASM activ-
ity. An ultra-performance liquid chromatography system (Waters) was used for
analysis of ASM activity. The common backbone of compounds with a percent
inhibition>30%was identified and further optimizationwas performed based
on lipophilicity. Hits were further qualified through direct binding to ASM by
SPR, confirmation of direct and selective ASM inhibition in biochemical and cel-
lular assays, pharmacokinetics, drug ability, and in vivo efficacy. The details of
experimental protocols and analytical methods are presented in SI Appendix.

Data Availability. All study data are included in the article and/or SI Appendix.
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