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Abstract

promising target for treating anxiety disorders.

Recent studies have shown that abnormal activity of acid sphingomyelinase (Asm) has been associated with a
range of psychiatric disorders including schizophrenia and depression. However, the role of Asm in the regulation
of anxiety remains unclear. In the present study, we employed Asm-knockout (Asm KO) mice to investigate the
association between Asm and anxiety using behavioral tests, RNA sequencing, g-PCR, immunohistochemical
staining, and other methods. The behavioral results showed that Asm KO mice exhibit enhanced anxiety-like
behaviors, such as restricted activity, reduced cumulative times in the central area, diminished exploratory interest,
delayed latency to feed, through behavioral tests including open field, novelty-suppressed feeding test, elevated
plus maze test, ect. Transcriptional profiling combined with bioinformatics analysis revealed the upregulation

of Toll-like receptor signaling pathway related gene including Tir1/2, Ccl3, Ccl4, Ccl5 and Cd86 in Asm KO mice,
which was further confirmed by the detection of activated microglia and astrocytes through iba-1 and GFAP
immunohistochemical staining. Collectively, our findings uncover a role for Asm in regulating anxiety-like behavior
and suggest that it may be essential for the maintenance of emotional stability, indicating its potential as a
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Introduction

Psychiatric disorders represent a significant portion of
the global medical, societal and economic burden, with
an estimated 970 million cases in 2019 [1]. Psychiat-
ric disorders cover a broad spectrum of classifications
including depression, anxiety disorders, bipolar disorder,
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and schizophrenia, etc. Anxiety disorder is one of the
most common mental disorders and characterized by
excessive fear and anxiety, or avoidance of perceived
threats, which are persistent and can impair a person’s
normal life [2], and they frequently exist alongside a
range of psychiatric comorbidities which further com-
plicates their treatment and management [3]. In recent
years, there has been a significant surge in the prevalence
of anxiety disorders, affecting over 2.6 billion individu-
als worldwide [4]. In addition to its detrimental effects
on mental health, anxiety also elevates the risk of vari-
ous physical illnesses including stroke, diabetes, arthri-
tis, and lung disease [5]. The widespread prevalence and
complexity of anxiety disorders emphasizes their sig-
nificance as a crucial public health concern, requiring

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included

in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13041-025-01178-x&domain=pdf&date_stamp=2025-2-4

Yuan et al. Molecular Brain (2025) 18:8

continuous research to gain a deeper understanding of
their intricate pathogenesis and to develop more impact-
ful interventions.

Current research on the pathogenesis of anxiety disor-
ders remains inconclusive and can be interpreted through
various theoretical frameworks like neurotransmitter
dysfunction, neuroendocrine dysfunction, immune dys-
function and neurotrophic factor dysfunction [6]. Fur-
thermore, in recent years, neurolipids emerged as a new
target for understanding the pathogenesis of anxiety.
Sphingomyelin (SM) is one of the major sphingolipids,
accounting for 2 to 15% of total phospholipids in mam-
malian cells [7]. SM is a predominant constituent of
neuronal membranes and myelin, playing a crucial role
in the initial development of neurons and serving as a
significant regulator of synaptogenesis. Moreover, SM
collaborates with cholesterol to form specific lipid raft
domains within the plasma membrane, that serve as plat-
forms for various signal transduction cascades [8]. Con-
sequently, alterations in sphingomyelin metabolism are
intricately linked to the onset and progression of neuro-
logical disorders. Currently, numerous studies have been
conducted on the correlation between sphingomyelin
metabolism and neurological disorders such as depres-
sion and schizophrenia [9]. However, there has been
relatively limited focus on anxiety disorders. An animal
study found that SM 36:1 was found to be upregulated in
the dorsal hippocampus of mice exhibiting high anxiety-
related behavior compared to those with low anxiety-
related behavior [10]. While a study involving human
participants found an inverse correlation between anxi-
ety symptoms and serum concentration of SM 23:1 [11].
Hence, additional research is warranted to further inves-
tigate the involvement of sphingomyelin metabolism in
anxiety disorders.

Numerous enzymes engage in the intricate metabolism
of sphingomyelin. Among them, acid sphingomyelin-
ase (here referred to as ASM for the human enzyme and
Asm for the rodent isoform) is a significant sphingolipid-
metabolizing enzyme, which hydrolyzing sphingomyelin
to ceramide. In addition to its role in regulating sphingo-
myelin metabolism, acid sphingomyelinase is intricately
linked to numerous pathological processes, including
inflammation. ASM plays a pivotal role in diverse cellu-
lar contexts, releasing pro-inflammatory factors and con-
tributing to the inflammatory cascade. Indeed, there is
already some evidence for ASM in relation to other psy-
chiatric disorders, such as depression [12, 13] and schizo-
phrenia [14], but its role in anxiety remains unclear.

Given its role in regulating sphingomyelin metabo-
lism and inflammation, both of which are implicated in
the pathogenesis of anxiety, further investigation into the
role of acid sphingomyelinase in anxiety disorders is war-
ranted. Therefore, the present study aimed to investigate
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the impact of Asm on anxiety using Asm-deficient mice.
Furthermore, through RNA sequencing and subsequent
bioinformatics analysis, we sought to identify key genes
underlying Asm related anxiolytic behaviors, which may
provide a treatment strategy and therapeutic target to
regulate anxiety symptoms.

Materials and methods

Mice

Asm-knockout (Asm KO) mice were acquired from
breeding pairs of ASM heterozygous (+/-) C57BL/6]
mice at the age of 8-12 weeks. Genotyping was verified
by PCR analysis before the initiation of experiments. All
mice were maintained in a pathogen-free environment
with room temperature (22+2°C) under an alternating
12:12 h light: dark cycle; food and water were available ad
libitum. Male and female Asm KO mice, along with their
corresponding wild-type (WT) littermates, were studied
in gender-balanced designs at the age of 2 months (2 m),
3 months (3 m) and 4 months (4 m). Ethical approval
for all animal procedures was obtained from the Beijing
Neurosurgical Institute Laboratory Animal Welfare and
Ethics Committee.

Behavioral tests

To examine the emotional behaviors, a cohort of WT and
Asm KO mice, ranging in age from 2 to 4 months, were
subjected to a series of behavioral tests as illustrated in
Fig. 1. All behavioral tests began 30 min after the mice
had habituated to the test environment. And after con-
ducting each mouse behavioral test, the testing area
was carefully cleaned with 75% alcohol to eliminate any
remaining odors. The behavioral tests were performed
during the light cycle between 09:00 to 16:00 by an inves-
tigator blind to the genotype of the tested animals.

Anxiety-like behavioral tests

Open field test (OFT)

Each single WT and KO mouse was sequentially placed
into a cubic arena (50 x 50 x 50 cm) for 10 min, oriented
towards the same wall, and allowed to explore the arena
freely. Within this space, a virtual square of equal dis-
tance from the periphery (30 x 30 cm) was defined as the
“central area” Video recordings were captured and sub-
sequently analyzed using EthoVision XT software (Nol-
dus, Netherlands). The total distance, time spent in the
center area, rearing times, grooming times were assessed.
Besides, at the end of each session, the fecal pellets were
collected and counted for assessing fecal output.

Novelty-suppressed feeding test (NSFT)

Mice were deprived from food for 24 h before the test.
Subsequent to the fasting period, each mouse was placed
in the corner of a square arena (50 x50 x50 cm), facing
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Fig. 1 Flowchart of the emotional behavioral tests. Created with BioRender.com

the corner, with a piece of food positioned in the cen-
ter. The latency (in seconds) before a mouse initiated
eating within 5 min after being placed in the arena was
recorded.

Elevated plus maze test (EPM)

The device is composed of two open arms (30 cmx5 cm)
and two closed arms (30 cmx5 cmx15 c¢m) intersecting
vertically, with a square area of 5 cmx5 cm in the mid-
dle, elevated 40 cm above the ground. Each mouse was
individually positioned in the 5 cmx5 cm central square,
facing toward one of the open arms, and subsequently
given a 5-minute period to freely explore the maze. The
duration and frequency of their entries into the open and
closed arms were determined and analyzed using EthoVi-
sion XT software (Noldus, Netherlands) as indicators for
anxiety levels.

Depression-like behavioral tests

Forced swimming test (FST)

Behavioral despair was evaluated using FST in a transpar-
ent glass cylinder with a height of 30 cm and a diameter
of 12 cm. The cylinder was filled with water at a tempera-
ture ranging from 23 to 25 °C, reaching a depth of 18 cm
to prevent mice from touching the bottom with their
tails. Mice were placed in water and forced to swim for
6 min, and the cumulative immobility time was recorded
for the last 4 min. The water was changed after each trial.
Immobility time is characterized by the absence of active

movements, which means the mice no longer struggled
in the water, floated, or made only minor movements of
their limbs to maintain their head afloat, except for those
necessary for respiration.

Tail suspension test (TST)

Mice were suspended upside down approximately 30 cm
above the floor by using adhesive tape positioned 1 cm
from the tip of their tails. The immobility duration of the
TST was assessed during the final 4 min of a 6-minute
testing session. Mice were considered immobile only
when no limb or body movements were observed, except
those related to respiration.

Cerebral blood flow (CBF) measurement

The mice were placed in a ventral recumbent position on
a heating pad under deep anesthesia induced by tribro-
moethyl alcohol, with the rectal temperature maintained
between 36.5 and 37.5 °C. The fur over the top of the
skull was shaved, followed by a~1 c¢m incision along the
sagittal suture. The skin was then retracted using sutures,
and a thin layer of glycerin was applied to maintain skull
moisture. Subsequently, CBF was monitored through
the skull with a laser speckle blood flow imager (Moor
Instruments, England & Wales). CBF of WT and KO
mice was recorded at different month of ages.
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Brain tissue preparation

At the end of behavioral tests and CBF detection, mice
were anesthetized via intraperitoneal injection of tribro-
moethanol (240 mg/kg) and then transcardially perfused
with 20 ml PBS (pH 7.4) followed by 30 ml 4% parafor-
maldehyde. Brain samples were then rapidly removed
and post-fixed in 4% paraformaldehyde for a minimum of
24 h, followed by dehydration in ethanol and embedding
in paraffin. Coronal sections at the level of the prefrontal
cortex were further processed for immunohistochemistry
staining. For RNA-seq and q-PCR analyses, mice were
transcardially perfused with 50 ml PBS, after which brain
samples were rapidly removed and stored at -80 °C.

RNA-seq

First, total RNA was isolated from the prefrontal cor-
tex using a Total RNA Extractor (Sangon, China). Qubit
2.0 (Invitrogen, USA) was utilized for RNA concentra-
tion measurement, while agarose gel electrophoresis was
employed to assess RNA integrity and detect genome
contamination. The high-quality RNA samples were sub-
sequently utilized for library preparation and sequencing.
Libraries were generated using the VAHTSTM mRNA-
seq V2 Library Prep Kit (Illumina, USA) according to
the manufacturer’s recommendations. Qualified librar-
ies were then sequenced using the Illumina Hiseq plat-
form. FastQC was employed to assess the quality of the
sequenced data. Raw reads were filtered by Trimmomatic
to obtain high-quality clean reads for subsequent analy-
sis. The clean reads were then aligned to the mouse ref-
erence genome using HISAT2. Gene expression levels
of the transcripts were quantified by StringTie. The use
of TPM (Transcripts Per Million) normalizes for gene
lengths and sequencing discrepancies, allowing for direct
comparison of gene expression across samples. DESeq2
was used to identify differentially expressed genes (DEGs)
between WT and ASM KO mice. For gene sequencing,
the Fold Change value and g-value (adjusted p-values fol-
lowing correction) were used as related indicators; nor-
mally, genes were deemed as significant differentially
expressed if g-value < 0.05 and log|2FoldChange|>1.

Table 1 The primer sequences
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Bioinformatics analysis of DEGs

An analysis of Gene Ontology (GO) enrichment, Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment, and protein-protein interaction network (PPI)
was performed to further investigate the differentially
expressed genes. For gene function enrichment analysis,
DEGs were annotated using the GO database (http://ww
w.geneontology.org) to determine the count of genes in
each term and to perform GO function statistics, and
a hypergeometric test was then used to identify signifi-
cantly enriched GO terms within the gene list compared
to the background of the reference gene list. For pathway
enrichment analysis, the KEGG database (https://www
kegg.jp/) was utilized to evaluate significantly pathway
enriched in DEGs compared to a reference gene back-
ground, using the hypergeometric test. GO terms and
KEGG pathways with g-value<0.05 were considered as
significantly altered. A PPI network was established by
integrating the DEGs into the STRING database (http
s://string-db.org/). Subsequent topological analysis of
the network was performed using Cytoscape along with
its NetworkAnalyzer function. Hub genes were then
selected based on their topological properties in the
entire network using the Degree algorithm in the cyto-
Hubba plug-in.

q-PCR
Total RNA was extracted from the prefrontal cortex
using Total RNA Extractor (Sangon, China) according
to the manufacturer’s instructions. RNA concentration
and purity were detected by nucleic acid quantitative
determination meter (Thermo, USA). The total RNA
was reverse transcribed by using SweScript All-in-One
RT SuperMix for qPCR (Servicebio, China). The primer
sequences are detailed in Table 1, with GAPDH serving
as the endogenous control. The relative gene expression
was determined through Real-Time PCR system (Bio-
Rad, USA) by using 2x Universal Blue SYBR Green qPCR
Master Mix (Servicebio, China) according to the manu-
facturer’s recommended protocol.

Gene Forward Reverse

Tr1 GAGGCATGAAGAGAGCGGAA TAGGGGTGTCCACAATTGCC
TIr2 GCCACCATTTCCACGGACT GGCTTCCTCTTGGCCTGG
Ccl3 CCACTGCCCTTGCTGTTCTT GCAAAGGGTGCTGGTTTCAA
Ccla TGTACCATGACACTCTGCAAC CAACGATGAATTGGCGTGGAA
Ccl5 ACTATGGCTCGGACACCA ACACACTTGGCGGTTCCT
Cxcl9 GTGGAGTTCGAGGAACCCTAG ATTGGGGCTTGGGGCAAAC

Cds6
Gadph

ACGGAGTCAATGAAGATTTCCT
AGGTCGGTGTGAACGGATTTG

GATTCGGCTTCTTGTGACATAC
TGTAGACCATGTAGTTGAGGTCA
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Immunohistochemistry staining

After deparaffinization and hydration, the prefrontal cor-
tex slices underwent antigen retrieval in 0.01 M citrate
buffer (pH 6.0). Subsequently, the slices were treated with
3% H,O, for 10 min, followed by blocking in 5% goat
serum and overnight incubation with primary antibod-
ies ionized calcium binding adaptor molecule 1 (iba-1,
1:500, Servicebio, China) and glial fibrillary acidic protein
(GFAP, 1:500, Servicebio, China). This was followed by
incubation with corresponding secondary antibodies and
HRP for two periods of 30 min each. DAB (Vector, USA)
was applied for 2 min. The sections were counterstained
with hematoxylin to staining cell nucleus. After permea-
bilization, the tissue section was preserved by mounting
solution.

Statistical analysis

Data are expressed as mean+ SD. Differences between
groups were assessed by the ¢-test using IBM SPSS Statis-
tics 26.0 software, and pvalue <0.05 was considered sta-
tistically significant. For RNA-seq data analysis, g value
(adjusted pvalues following correction) <0.05 was con-
sidered statistically significant.

Results

Increased anxiety-like behaviors in asm KO mice

To examine the potential involvement of the Asm in anx-
iety-like behavior, a series of anxiety behavioral experi-
ments were conducted. In the open field test, as shown
in Fig. 2A, Asm KO mice exhibited reduced activity
traces and total distance during the 10-minute assess-
ment (p=0.0001, 2 m; p=0.0000, 3 m; p=0.0000, 4 m)
compared to WT mice, as well as a decrease in cumu-
lative times in the central area in OFT (p=0.0454, 2 m;
p=0.0402, 3 m; p=0.0180, 4 m). Moreover, the rearing
times (Fig. 2B, p=0.0003, 2 m; p=0.0223, 3 m; p =0.0026,
4 m) and grooming times (Fig. 2C, p=0.1234, 2 m;
p=0.2124, 3 m; p=0.0304, 4 m) were also decreased in
KO mice, while no significant difference was observed
in the fecal pellet number (Fig. 2D, p=0.0737, 2 m;
p=0.2453, 3 m; p=0.1829, 4 m) between the two geno-
types. These findings collectively indicate a reduction in
spontaneous activity and exploratory behavior, indica-
tive of anxiety in Asm KO mice. In the novelty-sup-
pressed feeding test, compared with the WT mice, KO
mice showed a delayed latency to feed after 24 h of fast-
ing (Fig. 2E, p=0.0329, 2 m; p=0.0143, 3 m; p=0.0000,
4 m), and this delay increased with age. No genotype
effects were observed on the ratio of open arm time
(Fig. 2F, p=0.3783, 2 m; p=0.3180, 3 m; p=0.3790, 4 m)
and open arm entries (Fig. 2G, p=0.0660, 2 m; p=0.1025,
3 m; p=0.1284, 4 m) in the elevated plus maze test. Taken
together, these results suggest that Asm KO mice exhibit
increased anxiety-like behaviors.
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We next assessed the impact of Asm ablation on
depressive-like behavior by using a forced swim test and
tail suspension test. Asm KO mice displayed a significant
decrease in immobility in the tail suspension test at 3 and
4 months of age (Fig. S1A, p=0.0994, 2 m; p =0.0002, 3 m;
p=0.0072, 4 m), with a noticeable difference observed
solely in the forced swim test at 4 months of age (Fig.
S1B, p=0.1764, 2 m; p=0.3655, 3 m; p=0.0285, 4 m).
Although Asm KO mice displayed reduced depressive-
like behaviors compared to WT mice based on our find-
ings, it was crucial to emphasize that WT mice did not
serve as a kind of disease model for depression. There-
fore, the deficiency in ASM did not indicate a reduction
in depressive-like behaviors under pathological condi-
tions but rather a partial amelioration of such behaviors
under normal physiological states. No significant gen-
der differences were observed in the behavioral tests, as
shown in the Supplementary data (Fig. S2 and S1).

Reduced cerebral blood flow in asm KO mice

Research has indicated that alterations in cerebral blood
flow are linked to anxiety. Therefore, we investigated the
differences in CBF between WT and Asm KO mice at
various ages. The result indicated a progressive decline in
cerebral blood flow in KO mice with the increase of age
compared to WT mice (Fig. 3 and Fig. S4, p=0.0008, 2 m;
p=0.0000, 3 m; p=0.0000, 4 m).

Alterations in mRNA expression profiling in the prefrontal
cortex following asm KO

To uncover the potential regulation mechanisms of anxi-
ety like behaviors following Asm knockout, we conducted
a transcriptomics analysis of the prefrontal cortex in WT
and KO mice at 4 months of age. RNA-Seq was per-
formed on a total of 8 samples from WT and KO mice.
The overall gene expression distribution of each RNA-
seq library is illustrated in Fig. 4A. A total of 240 DEGs
were identified, with 194 genes showing up-regulation
and 46 genes displaying down-regulation (¢<0.05 and
log|2FoldChange|>1) as shown in Fig. 4B and Dataset S1.
These results provide evidence at the transcriptional level
that Asm knockout altered gene expression profiling in
the prefrontal cortex, suggesting potential involvement of
these DEGs in the development of anxiety.

Identification of key genes associated with anxiety-like
behaviors induced by asm KO

The GO database categorizes gene functions into three
components: Cellular Component (CC), Molecular Func-
tion (MF), and Biological Process (BP). We performed
GO enrichment analysis on the 240 DEGs and found that
they were enriched in 98 GO terms (g <0.05) of BP. Most
of these terms were associated with the immune system
(Fig. 5A), particularly immune system related process



Yuan et al. Molecular Brain

(2025) 18:8

OFT

Page 6 of 15

6000 — 200 — 6000 — 200 — 6000 — 200+
o
= _ = _ = ° —
g b 2 150 § hitd 2 150 § o I
~ P A . ~ [
g 40004 © 5 o g 4000 © g g 4000 £ oo
c H c 5 ° = H S
£ olo o 100 ° % o o o 100 g %00 ° ©
2 % £ 5 £ oo 5 £ 501
2 2000 ° = 2000 © Y 2 2000 @
g E 50 £ ° E 50 g ° E o
= = [ = e [ o
o 0 o 50
v T T T T T T T v T T T T
WT Ko WT Ko WT KO WT KO WT KO WT KO
B OFT C OFT
2m 3m 2m 3m 4m
*k * ns ns *
100 — 100 | — 20 | 20 — 20
804 oo 80 » 2 2 2 15
é [ E g 15 g g 15 E
= 60 olo o E 60 o ° = ;, ; oo ;
2 ° o o 2 £ 10 ocoo £ 10 E 10
é 404 P £ 40 S e g § odo § H
4 060 13 -3 G 5 ER G 5 o0’ o 5
20 20 o & |88
oo ° o ° )
T T ¥ (I’ 0 T T T T 0
WT KO WT KO WT KO WT KO
D OFT E NSFT
2m 3m 4m 2m 3m
ns ns ns * *
109 109 109 /i 400 | 400 — 400
5 8 3 8 g 8 z - 0
i . = ) 0 2
2 o 'E o 'E 300 oo = 300 ) o 30
g 6 o 3 6 o S 64 k] 3 ° 3
s £ o c o & o 2 e
8 4 oobo 2 44 2 44 ° 2 200 ° £ 200 ;20
] o000 © olo [ a > (4 > 2
3‘ 2- oﬁo E' 24 o¢o % 24 § © g = 5
3 3 S £ 100 od £ 100 o & 10
2 o S o 2 o0+ i 8lo 4 -
-2 T T -2 T T 2 T T 0 T T T
WT KO WT KO WT KO WT KO WT Ko
F EPM time G EPM frequency
3m 4m 2m 3m 4m
ns ns ns ns ns
100 | — 1004 1 100 — 100 | — 100 |
—_ — — 9 9 9
g g w0 3 804 E go < 80 % 80 o
g g ° g 60 ° ° 8 % 2 2 o
1 k= =
£ £ E 401 £ E Y E ] o
S < 40 0° < 5 40 s i e 5 4
s < c 20 ©
& & 20 8 g § 2 |%| |° ) § 2 °
o ° Q o )
o o O o0 o o o o
0 20— 0 T T 0 T T T R i
WT KO WT KO WT Ko WT KO WT KO

Fig. 2 Anxiety-like behaviors in Asm KO and WT mice. (A) The representative images depicting the activity traces of mice at different ages in the OFT;
the total distance (left) and the time spent in the center (right) of mice at different ages in the OFT. (B) The rearing times of mice at different ages in the
OFT. (C) The grooming times of mice at different ages in the OFT. (D) The fecal pellet number of mice at different ages in the OFT. (E) The latency to feed
of mice at different ages in the NSFT. (F) The open arm time of mice at different ages in the EPM. (G) The open arm entries of mice at different ages in the
EPM. All data are shown as mean +SD. * p < 0.05; ** p<0.01; ns means no significance vs. WT mice. n=12-14



Yuan et al. Molecular Brain (2025) 18:8 Page 7 of 15

2m 3m 4m

WT KO WT KO WT KO

150 — 150 —
o
o

= o ° = c‘:) g
= 100 p = 100+ pl6eq
L 1 O, 00, b3 o 3
2 °| = 2 % & e
. o £ L] S
w “o w
& 50 & 50 o
o o o

Fig. 3 Cerebral blood flow in Asm KO and WT mice. The representative cortical CBF images (Top) and the quantitative analysis of CBF (Bottom) obtained
from laser speckle blood flow imager in mice at different ages. All data are shown as mean+SD. * p<0.05; ** p<0.01; ns means no significance vs. WT

mice.n=12-14

A B

= [ [T o

| e up-regulated genes (194)
down-regulated genes (46)
o not differential expressed

un
33

20

~logso(qValue)
10
|

T
-10 -5 0 5 10
logz(Fold Change)

F;;—Qﬂw\-mmﬂﬁmmﬁmm

o
centered logo(TPM + 1)

Fig. 4 mRNA expression profiling in the prefrontal cortex of Asm KO and WT mice. (A) The heatmap of RNA-seq data showing the expression levels of
DEGs in ASM KO and WT mice. Four biological replicates were performed for each genotype mice (repeat 1, 2, 3 and 4). The WT mice is denoted as WT.
WT_E7, WT_D99, WT_E4, WT_D98 represent the WT mice. The ASM KO mice is denoted as KO. KO_D96, KO_E10, KO_E17, KO_E13 represent the ASM KO
mice. (B) The volcano plot of differential expression in ASM KO and WT mice. Red dots show the genes that were significantly upregulated following ASM
KO while green dots show genes that were significantly downregulated after ASM KO
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Fig. 5 Analysis of key genes associated with anxiety-like behaviors induced by Asm KO. (A) The bubble chart of GO enrichment analysis of the DGEs (top
30 results). Rich factor refers to the DEGs annotated to a specific GO term, divided by the total number of genes annotated to that GO term. Meanwhile,
Signi Num refer to the number of DEGs annotated to the corresponding GO term. (B) The bubble chart of KEGG pathway enrichment analysis DGEs (top
30 results). Rich factor refers to the DEGs annotated to a specific KEGG pathway, divided by the total number of genes annotated to that KEGG pathway.
Meanwhile, Signi Num refer to the number of DEGs annotated to the corresponding KEGG pathway. (C) The chord diagram of the four pathways involved
in the immune system section and their corresponding DEGs. (D) PPl analysis the 23 differentially expressed immune-related genes

or response, as well as immune cell migration, such as
immune system process, defense response, immune
response, regulation of immune system process, leuko-
cyte migration, granulocyte migration, and others. In
addition, only one MF term, Toll-like receptor binding,
was found to be significantly enriched (g=0.0052), with
no enrichment observed for any CC terms (Dataset S2).
The clustering of all enriched BPs indicated that Asm
KO had the most significant impact on immune system.

Moreover, we conducted KEGG enrichment analysis on
these 240 DEGs and observed significant enrichment
in six KEGG pathways (g<0.05) (Dataset S3; Fig. 5B).
Among these pathways, four were related to the immune
system, including complement and coagulation cascades,
Toll-like receptor signaling pathway, hematopoietic cell
lineage, and B cell receptor signaling pathway, with a total
of 23 corresponding annotated genes (Fig. 5C). These
findings indicate that disruptions in immune system
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signaling might be correlated to anxiety-like behavior in
mice following Asm KO. Immune signaling contributes
to the regulation of neurobiological processes that impact
emotional disorders such as anxiety. To further inves-
tigate the key immune-related genes involved in Asm
KO-induced anxiety-like behavior, we constructed PPI
networks for hub genes derived from the DEGs in KEGG
significantly enriched immune system-related pathways.
As shown in Fig. 5D, based on the Degree algorithm,
genes like cluster of differentiation 86 (Cd86), comple-
ment Clq A chain (Clqa), toll-like receptor 2 (Tlr2) and
others were found to be ranked higher, suggesting their
pivotal roles in the immune signaling pathway network.
Notably, we observed the genes involved in Toll-like
receptor signaling pathway with higher rankings in the
PPI network, including toll-like receptor 1 (TlIrl), Tlr2,
C-C motif chemokine ligand 3/4/5 (Ccl3/4/5), C-X-C
motif chemokine ligand 9 (Cxcl9), Cd86. Consequently,
we hypothesize that the Toll-like receptor signaling path-
way may serve as the underlying mechanism of Asm KO-
induced anxiety-like behavior.

Verification of the mRNA levels of key genes

To validate the RNA-seq data, seven genes enriched in
the Toll-like receptor signaling pathway were be analyzed
by q-PCR. As shown in Fig. 6A-G, compared with WT
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mice, the mRNA expression levels of Tlrl (p=0.0019),
TIr2 (p=0.0038), Ccl3 (p=0.0065), Ccl4 (p=0.0077),
Ccl5 (p=0.0400) and Cd86 (p=0.0021) were significantly
increased in ASM KO mice. Additionally, the expres-
sion level of Cxcl9 was also elevated in Asm KO mice,
although the difference did not reach statistical signifi-
cance (p=0.1549). The q-PCR results generally aligned
with the RNA-seq findings outlined earlier, offering fur-
ther evidence that Toll-like receptor signaling was indeed
activated in Asm KO-induced anxiety-like behavior.

Activated immune response and inflammation in asm KO
mice

Toll-like receptor signaling is involved in activating
innate and adaptive immune responses and plays a piv-
otal role in inflammation related diseases [15]. Macro-
phages constitute a significant group of immune cells
involved in both innate and adaptive immune responses.
Within the nervous system, microglia serve as a special-
ized subtype of macrophage. To verify the effect of Asm
KO on the activation of immune response, iba-1, a spe-
cific marker of microglia, was detected. As shown in
Fig. 7A, Asm KO mice exhibited markedly enhanced iba-
17 positive cells than WT mice (p=0.0001). Interestingly,
we also observed concurrent changes in the morphol-
ogy of microglia in KO mice. Following Asm deficiency,
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Fig. 6 mRNA expression of immune-related genes in Toll-like receptor signaling pathway. (A) The mRNA expression of TIr1 in WT and ASM KO mice. (B)
The mRNA expression of TIr2 in WT and ASM KO mice. (C) The mRNA expression of Ccl3 in WT and ASM KO mice. (D) The mRNA expression of Ccl4 in WT
and ASM KO mice. (E) The mRNA expression of Ccl5 in WT and ASM KO mice. (F) The mRNA expression of Cxcl9 in WT and ASM KO mice. (G) The mRNA
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Fig.7 Immune cell and inflammation in Asm KO and WT mice. (A) The representative PFC immunohistochemical staining of iba-1 (left, Scale bar =20 pum)
and the summary of iba-1 immunohistochemical staining results (right). (B) The quantitative analysis of the soma size. (C) The quantitative analysis of the
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no significance vs. WT mice.n=5

microglia exhibited an increased soma size (Fig. 7B,
p=0.0002), but a decreased total process length (Fig. 7C,
p=0.0056) and endpoints (Fig. 7D, p=0.0018), indicating
microglial activation. Astrocytes can serve as immune
support cells in the nervous system, being activated by
microglia and collaborating in inflammatory responses.
GFAP is commonly used as a marker for astrocyte reac-
tivity and inflammation. Consistent with the result of
microglia, the number of GFPA-positive astrocytes in
KO mice also showed a significant increase (Fig. 7E,
p=0.0030). The findings collectively suggest that the anx-
iety-like behavior induced by Asm KO is associated with
an activated immune response and inflammation.

Discussion

Although abnormal ASM activity has been reported
to be associated with several kinds of psychiatric disor-
ders, its specific role in the pathological process of anxi-
ety remains incompletely understood. In the present
study, we investigated the impact of Asm on emotions
using Asm KO mice. Through a series of behavioral tests
including OFT, NSFT and EPM, we found that Asm KO
mice clearly showed increased anxiety-like behavior as
compared with the WT mice. Importantly, employing
mRNA transcriptional profiling coupled with bioinfor-
matics analysis, we identified the activation of the Tlr1/2
signaling pathway following Asm knockout. This finding
was further confirmed by the observed upregulation of
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Tlr1, Tlr2, Ccl3, Ccl4, Ccl5 and Cd86 mRNA levels using
q-PCR. Additionally, immunohistochemical analysis
revealed an increase in the marker of microglia iba-1 and
the marker of astrocyte GFAP expression. These results
collectively suggest an association between Asm-induced
anxiety and neuroinflammation.

In this study, we performed several classical animal
behavioral tests, including the OFT, NSFT and EPM, to
evaluate the anxiety-like behavior in both WT and Asm
KO mice. These tests are widely recognized for their
high reliability and validity in evaluating anxiety levels
in rodents [16]. The findings indicated that a deficiency
in Asm resulted in anxiety-like behavior in mice in OFT
and NSFT, but not in EPM. Specifically, Asm KO mice
exhibited decreased exploration of a novel environment
and spent less time in the center of the OFT. Addition-
ally, they exhibited an increased latency to feed in the
NSFT. However, in the EPM, there were no obvious dif-
ferences in the percentage of open arm time or entries
between WT and Asm KO mice, thus the results of EPM
showed less evidence for Asm KO-induced anxiety-like
behavior. Overall, the OFT and EPM are designed based
on rodents’ innate aversion to open spaces, utilizing the
conflict between their natural instinct for exploration and
this aversion [17], providing an analogy to human anxi-
ety symptoms. The behavioral profiles elicited in these
tests encompass elements of neophobia, exploration, and
approach/avoidance conflict. The NSFT is built upon the
OFT by introducing the ‘Hunger Factor, thereby creat-
ing a conflict in animals between their urge to feed and
their reluctance to venture into open spaces [18]. In our
tests, Asm KO mice appeared more fearful of the open
field but did not exhibit fear of elevated open arms. The
discrepancies in the outcomes of behavioral tests within
the same study are not coincidental. Previous research
has revealed a primary reason for such variations: little
correlation among anxiety-related behaviors measured
in different tests [19, 20]. Additionally, emotionality is
a multi-dimensional parameter that can be examined
from various perspectives. Consequently, environmental
factors such as open spaces, lighting conditions, or ele-
vated areas may evoke diverse behavioral responses [21].
Therefore, despite the EPM did not providing sufficient
results, the combined results from the OFT and NSFT
support the idea that Asm KO caused mice to enter an
anxious emotional state.

Furthermore, our study revealed a significant decrease
in CBF in Asm KO mice compared to WT mice. There
seems to be a relationship between anxiety levels and
cerebral blood flow. It was found in clinical study that
subjects with high state anxiety exhibited lower CBF [22].
The CBF of the right insula/Heschl’s cortex decreased in
patients with pulmonary nodules in an anxiety state [23].
Additionally, individuals suffering from ischemic stroke
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were more susceptible to developing anxiety disorders
[24]. The CBF was significantly decreased in Omentin-1
knockout mice, which were susceptibility to anxiety-like
behaviors [25]. In rats with hemorrhagic shock reperfu-
sion, CBF in the bilateral hippocampus CA1 area showed
a positive correlation with spatial exploration ability in
the OFT [26]. The nervous system impairment caused
by ischemia involves multiple pathways, including apop-
tosis, necroptosis, autophagy, pyroptosis and ferropto-
sis, which are associated with glutamate excitotoxicity,
inflammation, and oxidative stress [27]. During cerebral
ischemia, the elevated levels of extracellular glutamate
initiated a positive feedback loop, whereby the activation
of glutamate receptors further diminished ionic gradients
and depleted ATP, both of which facilitated subsequent
release of glutamate. While the hyperactivated glutamate
system is considered one of the pathological mechanisms
underlying anxiety disorders. Furthermore, ischemia can
induce activation of resident microglia and astrocytes, as
well as invasion of peripheral immune cells. These cells
release cytokines and chemokines, such as TNF-a, IL-1f,
IFN-y, IL-6, iNOS, etc., which ultimately lead to neuro-
nal death and trigger anxiety [28]. At present, the specific
mechanisms through which ASM deficiency influences
cerebral blood flow remain unknown, but certain stud-
ies might have provided some clues into this issue. Vas-
cular smooth muscle cells (VSMCs) constitute one of
the crucial cells governing the contraction and relax-
ation of vascular. A study revealed that Asm-deficient
VSMCs displayed a distinct contractile phenotype com-
pared to WT VSMCs [29], which might account for the
reduced CBF in Asm-deficient mice. More experiments
are needed to further investigate the specific mechanism
by which Asm affects VSMCs phenotype and its relation-
ship with the regulation of CBFE.

Mice expose to an inescapable aversive situation will,
following periods of agitation, cease attempting to escape
and display an emotion similar to human despair. FST
and TST are two commonly used tests for depression-
like behavior [30], both of which are based on that prin-
ciple. Asm KO mice exhibited a significant reduction in
the duration of immobility when placed in a water-filled
cylinder or suspended upside down by their tails. Our
results revealed that mice lacking Asm showed decreased
depressive-like behavior. It is imperative to note that this
reduction did not manifest in a pathological context. This
observation arose from the fact that the WT mice used
for comparison were in a state of normal physiological
state, rather than being in a depressive state. Clinically,
elevated ASM activity was observed in patients with
depression [12]. Antidepressants, such as the tricyclic
antidepressant amitriptyline and the serotonin reup-
take inhibitor fluoxetine, are known functional ASM
inhibitors commonly prescribed for depressive disorder
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treatment [31]. Taken together, these findings suggested
a potential association between high ASM expression
and depression, supported by our observation of a partial
amelioration of depression-like behaviors under normal
physiological states induced by Asm deficiency.

The prefrontal cortex (PFC), a critical cortical region,
plays a pivotal role in integrating and processing informa-
tion to regulate negative emotional stimuli, such as anxi-
ety. Consistent aberrations in PFC activity were observed
in individuals with anxiety disorders [32]. To investigate
the potential regulatory mechanisms underlying anxiety-
like behaviors induced by Asm KO, we conducted a tran-
scriptomic analysis on the PFC in both WT and KO mice.
The findings revealed that the absence of Asm had a sig-
nificant impact on the transcriptional profile in the PFC
of mice, leading to the identification of 240 DEGs, includ-
ing 194 significantly up-regulated genes and 46 signifi-
cantly down-regulated genes. The depletion of Asm gene
resulted in a significantly higher number of up-regulated
genes compared to down-regulated genes, indicating that
reduced Asm expression may lead to the activation of a
larger set of genes. Some of the up-regulated DEGs with
a higher fold change have been found to be associated
with the immune system, such as lymphocyte antigen 9
(Ly9), Ccl3, Cd22 and Cxcl9. Additionally, other up-reg-
ulated DEGs, like C-type lectin domain family 7 member
A (Clec7a) and lysozyme 2 (Lyz2), have been reported to
have detrimental effects on other neurological disorders.
A recent study demonstrated that Clec7a could exacer-
bate microglia-mediated synapse elimination, leading
to the impairment of neurological function in ischemic
stroke [33]. In a murine model of neurodegenerative
disease, the in vivo expression level of Lyz2 exhibited
an increase concomitant with disease progression [34].
These up-regulated genes might have been be implicated
in the pathogenesis of anxiety disorders, necessitating
further investigation to substantiate this association.

Moreover, we conducted GO functional enrichment
analysis and KEGG pathway enrichment analysis of the
DEGs to further explore the potential molecular mecha-
nism underlying Asm KO-induced anxiety. Interestingly,
all DEGs, except for one GO term of MF named Toll-like
receptor binding, were enriched in 98 GO terms of BP,
with the majority being associated with immune sys-
tem, such as immune system process, defense response
and immune response, etc. Similarly, with the exception
of the osteoclast differentiation pathway and cytokine-
cytokine receptor interaction pathway, four out of the
six significantly enriched KEGG pathways were found to
be associated with the immune system. These included
complement and coagulation cascades, Toll-like receptor
signaling pathway, hematopoietic cell lineage, and B cell
receptor signaling pathway. These analyses once again
demonstrated that alterations in the immune system
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might represent a potential mechanism for anxiety-like
behavior mediated by Asm KO. The concept of neuro-
immunology was established by Han Selye in the 1950s,
marking the inception of research into the intricate
interplay between the immune system and the nervous
system [35]. Recent evidence increasingly supports the
notion that neuroimmune system activation can influ-
ence changes in behavior. Accordingly, we conducted a
PPI network analysis on 23 DEGs significantly enriched
in immune system-related pathways in KEGG to further
explore the key immune-related genes involved in Asm
KO-induced anxiety-like behaviors. Through the PPI
analysis, we discerned the crucial involvement of DEGs
(TIr1, TIr2, Ccl3, Ccl4, Ccl5, Cxcl9, Cd86) that were sig-
nificantly enriched in the Toll-like receptor signaling
pathway. Furthermore, the expression of these key genes
was confirmed through q-PCR. All of these results indi-
cate that the Toll-like receptor signaling pathway could
be the underlying mechanism of Asm KO-induced anx-
iety-like behavior.

Recent research has uncovered the intricate correla-
tion between anxiety disorders and the immune system.
Experimental evidences had demonstrated that the acti-
vation and dysregulation of immune cells and following
inflammation could impact the neurotransmitter system,
thereby influencing emotions and states of anxiety [36].
Toll-like receptor signaling pathway is intricately linked
to the regulation of immune responses and inflammation.
Toll-like receptors (Tlrs) are membrane-bound receptors
predominantly expressed on innate immune cells. As the
initiating molecules in signaling cascades, Tlrs promptly
trigger innate immune responses by stimulating the syn-
thesis of pro-inflammatory cytokines and enhancing the
expression of costimulatory molecules upon recognition
of pathogens. Tlrl formed heterodimers with TIr2 and
became activated in response to neuropathogenesis [37].
Female offspring of mice fed with 2.5 times the recom-
mended amount of folic acid exhibited increased anxiety
behaviors, accompanied by an increase in Tlrl mRNA
expression levels in their brains [38]. Chronic stress is
recognized as a severe risk factor leading to anxiety.
Increased TIr2 mRNA expression level was observed
in a rat model of chronic unpredictable stress induced
anxiety, which was reduced by the administration of the
anxiolytic oregano extract [39]. Treatment with TIr2
agonist lipoteichoic acid was found to induce anxiety-
related behaviors in mice [40]. Furthermore, ethanol-
withdrawal induced anxiogenic-like effects in WT mice,
but not in TIr2 KO mice [41]. Thus, Tlr1/2 could be the
crucial inflammatory mediators in anxiety disorder. In
our study, the increased expression levels of Tlr1/2 were
also observed in Asm KO mice, indicating an association
between activated TIrl/2 and the anxiety-like behav-
ior in Asm KO mice. Currently, there is a lack of direct
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evidence regarding the regulatory mechanism of Tlr1/2
expression by Asm. It is hypothesized that this may be
associated with lipotoxicity resulting from sphingolipid
accumulation. A study had shown that SM16:0 led to
increased lysosomal membrane permeability, leading to
efflux and subsequent induction of oxidative stress and
neuronal death [42]. The damaged cell can activate Tlr1/2
by releasing damage-associated molecular patterns.

Chemokines and inflammatory mediators act as effec-
tor molecules in the downstream of the Toll-like recep-
tor signaling pathway, playing a crucial role in recruiting
immune cells to engage in inflammatory responses. Our
findings revealed significant upregulation of chemokines
Ccl3, Ccl4, Ccl5 and the inflammatory mediator Cd86 in
Asm KO-induced anxiety. Tay-Sachs disease (TSD) is a
fatal inherited lysosomal storage disorder. The early onset
TSD mouse model Hexa-/-Neu3-/- mice demonstrated
a high level of anxiety, along with elevated levels of Ccl2,
Ccl3, Ccl4, Cxcl10 [43]. In mice with Autism spectrum
disorder, gut microbiota transplantation treatment sig-
nificantly ameliorated anxiety-like and repetitive behav-
iors and reduced levels of chemokines including Ccl3
and Ccl5 [44]. Acute restraint stress induced anxiety-like
behavior in rats, accompanied by a significant upregula-
tion of Ccl5. Similarly, stressed human participants also
displayed elevated levels of Ccl5 [45]. All of these results
further confirm our findings that dysregulation of che-
mokine expression is associated with anxiety. There was
limited report on the direct correlation between Asm
and these chemokines, and one of the studies in question
appeared to yield conflicting results. They found Asm
was essential for the production of Ccl5, and overexpres-
sion of Asm could lead to an up-regulation of Ccl5 [46].
This difference could be attributed to varying pathologi-
cal conditions. The upregulation of chemokines, such
as Ccl5, observed in our study was primarily associated
with the downstream impacts of Tlr1/2 activation, which
may be triggered by lipotoxicity resulting from Asm
deficiency.

To further validated the downstream impacts of Tlr1/2
activation on immune cells in Asm KO induced anxi-
ety, we assessed the expression of iba-1, a marker of
microglial activation, and observed an increased num-
ber of microglia with the activated morphology. Besides,
the increased Cd86 level also indicated Asm KO induce
microglia towards an activated state. Activated microg-
lia can induce astrocyte activation, thereby exacerbating
neuroinflammation. Through GFAP immunohistochemi-
cal staining, we observed astrocyte activation in Asm KO
mice. Taken together, these findings suggest that neuro-
inflammation may play a crucial role in the development
of anxiety-like behavior in Asm KO mice.

As two of the most common psychiatric disorders, anx-
iety and depression usually occur simultaneously. About
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40% of patients with depression were also diagnosed with
anxiety disorders [47]. Additionally, several studies indi-
cated a positive association between the upregulation of
neuroinflammation and depression [48-50]. Interest-
ingly, in our investigation, the upregulation of neuroin-
flammation triggered by Asm deficiency elicited changes
in anxiety-like behaviors without a concomitant increase
in depression-like behaviors; instead, a decrease was
observed. This reduction, as previously mentioned, did
not hold pathological significance, as the WT mice used
as controls did not represent a type of disease model of
depressive disorder. The intricate interplay among vari-
ous neurobiological pathways implicated in anxiety and
depression remains incompletely understood. It is plau-
sible that compensatory mechanisms or the activation
of alternative pathways in Asm KO mice may counter-
balance the depression associated with typical neuro-
inflammatory response, thereby resulting in a distinct
behavioral outcome. A study demonstrated an increase
in p38-Kinase (p38K)-mediated neurogenesis in the
hippocampus of Asm-deficient mice [51], indicating a
potential alternative pathway to mitigate the depression
linked with neuroinflammatory response. This finding
might have elucidated the relatively lower level of depres-
sion observed in Asm KO mice despite the activation of
a neuroinflammatory response compared to the normal
physiological state seen in WT mice.

This study had some limitations. First, we utilized mice
with systemic Asm deficiency and were unable to dis-
cern the impact of specific cell types such as neurons or
microglia, deficient in Asm, on anxiety. Therefore, condi-
tional knockout mice with different cell types need to be
established for further research. Second, we did not fur-
ther investigate the mechanism by how Asm upregulates
TIr1/2 expression, and whether there is a direct protein
interaction with Tlr1/2 or indirect activation of Tlr1/2
through other pathways such as accumulated sphingo-
myelin needs to be verified by additional experiments.

In conclusion, our findings demonstrated that Asm KO
mice exhibited emotional alterations characterized by
enhanced anxiety-like behavior. This effect might have
been achieved through modulating neuroinflammation
by activating microglial and astrocyte. The underlying
molecular mechanism was attributed to the activation
of Tlr1/2 signaling pathway and subsequent induction of
chemokines and inflammatory mediators. These results
suggested that Asm represents a potential novel target
for the treatment of anxiety disorders.
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TSD Tay-Sachs disease

TST Tail suspension test

VSMCs Vascular smooth muscle cells

WT Wild-type

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513041-025-01178-x.

Supplementary Material 1: Fig. S1 Depression-like behaviors in Asm
KO and WT mice. Fig. S2 Anxiety-like behaviors in female and male Asm
KO and WT mice. Fig. S3 Depression-like behaviors in female and male
Asm KO and WT mice. Fig. S4 Cerebral blood flow in female and male
Asm KO and WT mice

Supplementary Material 2: Dataset S1 Up and down regulation of
DEGs identified by Asm-knockout

Supplementary Material 3: Dataset S2 GO enrichment results of DEGs

Supplementary Material 4: Dataset S3 KEGG enrichment results of
DEGs

Acknowledgements
Not applicable.

Author contributions

CL and ZZ designed this project; HY conducted the experiments, analyzed
the data and wrote the manuscript; YX and HJ bred the Asm KO mice; MJ,
LZ and SW conducted the behavioral experiments. All authors reviewed the
manuscript.

Funding

This work was supported by the Hospital Pharmacy Association of Chinese
Pharmaceutical Association (CPA-Z05-ZC-2022-002), the Qingmiao Project of
Beijing Hospital Authority (QML20230511), and the MiaoPu Project of Beijing
Tiantan Hospital (2022MP08).

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Page 14 of 15

Declarations

Ethics approval

Ethical approval for all animal procedures was obtained from the Beijing
Neurosurgical Institute Laboratory Animal Welfare and Ethics Committee
(BNI202305003).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 13 December 2024 / Accepted: 23 January 2025
Published online: 04 February 2025

References

1. Zeng, Chourpiliadis C, Hammar N, Seitz C, Valdimarsdottir UA, Fang F, et al.
Inflammatory biomarkers and risk of psychiatric disorders. JAMA Psychiatry.
2024;81(11):1118-29. https://doi.org/10.1001/jamapsychiatry.2024.2185

2. Penninx BW, Pine DS, Holmes EA, Reif A. Anxiety disorders. Lancet.
2021;397(10277):914-27. https://doi.org/10.1016/50140-6736(21)00359-7

3. Nel C, Augustyn L, Bartman N, Koen M, Liebenberg M, Naude J, et al. Anxiety
disorders: psychiatric comorbidities and psychosocial stressors among adult
outpatients. S Afr J Psychiatr. 2018;24:1138. https://doi.org/10.4102/sajpsychia
try.v24i0.1138

4. JiS,GuoY,Yan W, Wei F, Ding J, Hong W, et al. PM(2.5) exposure con-
tributes to anxiety and depression-like behaviors via phenyl-containing
compounds interfering with dopamine receptor. Proc Natl Acad Sci U S A.
2024;121(21):22319595121. https://doi.org/10.1073/pnas.2319595121

5. Momen NC, Ostergaard SD, Heide-Jorgensen U, Sorensen HT, McGrath JJ,
Plana-Ripoll O. Associations between physical diseases and subsequent
mental disorders: a longitudinal study in a population-based cohort. World
Psychiatry. 2024,23(3):421-31. https://doi.org/10.1002/wps.21242

6. ZhaoH, Zhou M, LiuYY, Jiang J, Wang Y. Recent advances in anxiety disorders:
focus on animal models and pathological mechanisms. Anim Model Exp
Med. 2023;6(6):559-72. https://doi.org/10.1002/ame2.12360

7. KobayashiT. Mapping trasmembrane distribution of sphingomyelin. Emerg
Top Life Sci. 2023;7(1):31-45. https://doi.org/10.1042/ETLS20220086

8. Levental I Lipid rafts come of age. Nat Rev Mol Cell Biol. 2020;21(8):420. https:
//doi.org/10.1038/541580-020-0252-x

9. Muhle C, Reichel M, Gulbins E, Kornhuber J. Sphingolipids in psychiatric disor-
ders and pain syndromes. Handb Exp Pharmacol. 2013;216431-56. https://do
i.0rg/10.1007/978-3-7091-1511-4_22

10.  Berkecz R, Tomosi F, Kormoczi T, Szegedi V, Horvath J, Janaky T. Comprehen-
sive phospholipid and sphingomyelin profiling of different brain regions in
mouse model of anxiety disorder using online two-dimensional (HILIC/RP)-
LC/MS method. J Pharm Biomed Anal. 2018;149:308-17. https://doi.org/10.10
16/}jpba.2017.10.043

11. Demirkan A, Isaacs A, Ugocsai P, Liebisch G, Struchalin M, Rudan |, et al.
Plasma phosphatidylcholine and sphingomyelin concentrations are asso-
ciated with depression and anxiety symptoms in a Dutch family-based lipido-
mics study. J Psychiatr Res. 2013;47(3):357-62. https://doi.org/10.1016/j.jpsyc
hires.2012.11.001

12. Kornhuber J, Medlin A, Bleich S, Jendrossek V, Henkel AW, Wiltfang J, et al.
High activity of acid sphingomyelinase in major depression. J Neural Transm
(Vienna). 2005;112(11):1583-90. https://doi.org/10.1007/500702-005-0374-5

13. Muhle C, Wagner CJ, Farber K, Richter-Schmidinger T, Gulbins E, Lenz B, et
al. Secretory acid sphingomyelinase in the serum of medicated patients
predicts the prospective course of depression. J Clin Med. 2019;8(6). https://d
0i.0rg/10.3390/jcm8060846

14.  UsenkoT, Bezrukova A, Basharova K, Baydakova G, Shagimardanova E, Blatt
N, et al. Altered sphingolipid hydrolase activities and alpha-synuclein level in
late-onset schizophrenia. Metabolites. 2023;14(1). https://doi.org/10.3390/me
tabo14010030

15. Moradi-Marjaneh R, Hassanian SM, Fiuji H, Soleimanpour S, Ferns GA, Avan A,
et al. Toll like receptor signaling pathway as a potential therapeutic target in
colorectal cancer. J Cell Physiol. 2018;233(8):5613-22. https://doi.org/10.1002
/jcp.26273


https://doi.org/10.1186/s13041-025-01178-x
https://doi.org/10.1186/s13041-025-01178-x
https://doi.org/10.1001/jamapsychiatry.2024.2185
https://doi.org/10.1016/S0140-6736(21)00359-7
https://doi.org/10.4102/sajpsychiatry.v24i0.1138
https://doi.org/10.4102/sajpsychiatry.v24i0.1138
https://doi.org/10.1073/pnas.2319595121
https://doi.org/10.1002/wps.21242
https://doi.org/10.1002/ame2.12360
https://doi.org/10.1042/ETLS20220086
https://doi.org/10.1038/s41580-020-0252-x
https://doi.org/10.1038/s41580-020-0252-x
https://doi.org/10.1007/978-3-7091-1511-4_22
https://doi.org/10.1007/978-3-7091-1511-4_22
https://doi.org/10.1016/j.jpba.2017.10.043
https://doi.org/10.1016/j.jpba.2017.10.043
https://doi.org/10.1016/j.jpsychires.2012.11.001
https://doi.org/10.1016/j.jpsychires.2012.11.001
https://doi.org/10.1007/s00702-005-0374-5
https://doi.org/10.3390/jcm8060846
https://doi.org/10.3390/jcm8060846
https://doi.org/10.3390/metabo14010030
https://doi.org/10.3390/metabo14010030
https://doi.org/10.1002/jcp.26273
https://doi.org/10.1002/jcp.26273

Yuan et al. Molecular Brain

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

(2025) 18:8

Bourin M. Animal models for screening anxiolytic-like drugs: a perspective.
Dialogues Clin Neurosci. 2015;17(3):295-303. https://doi.org/10.31887/DCNS.
2015.17.3/mbourin

Griebel G, Holmes A. 50 years of hurdles and hope in anxiolytic drug discov-
ery. Nat Rev Drug Discov. 2013;12(9):667-87. https://doi.org/10.1038/nrd4075
Abderrahim L, Hicham EM, Aboubaker E, Fatima A, Tarik T, Soufiane B, et al.
Sex differences in behavioral, cognitive and voluntary ethanol-intake effects
in dexamethasone-induced depression-like state in Wistar rat. AIMS Neurosci.
2022;9(2):228-49. https://doi.org/10.3934/Neuroscience.2022012

Moy SS, Nadler JJ, Young NB, Perez A, Holloway LP, Barbaro RP, et al. Mouse
behavioral tasks relevant to autism: phenotypes of 10 inbred strains. Behav
Brain Res. 2007;176(1):4-20. https://doi.org/10.1016/j.bbr.2006.07.030
Anchan D, Clark S, Pollard K, Vasudevan N. GPR30 activation decreases anxiety
in the open field test but not in the elevated plus maze test in female mice.
Brain Behav. 2014;4(1):51-9. https://doi.org/10.1002/brb3.197

Ramos A. Animal models of anxiety: do | need multiple tests? Trends Pharma-
col Sci. 2008;29(10):493-8. https://doi.org/10.1016/.tips.2008.07.005
Naveteur J, Roy JC, Ovelac E, Steinling M. Anxiety, emotion and cerebral
blood flow. Int J Psychophysiol. 1992;13(2):137-46. https://doi.org/10.1016/0
167-8760(92)90053-e

Wang XH, Liu XF, Ao M, Wang T, He J, Gu YW, et al. Cerebral perfusion patterns
of anxiety state in patients with pulmonary nodules: a study of cerebral
blood flow based on arterial spin labeling. Front Neurosci. 2022;16:912665. ht
tps://doi.org/10.3389/fnins.2022.912665

Li W, Xiao WM, Chen YK, Qu JF, Liu YL, Fang XW, et al. Anxiety in patients with
acute ischemic stroke: risk factors and effects on functional status. Front
Psychiatry. 2019;10:257. https://doi.org/10.3389/fpsyt.2019.00257

JiL, Zhang L, Liang Z, Zhong S, Liu X, Liu Z, et al. Role of omentin-1 in
susceptibility to anxiety and depression like behaviors. Mol Cell Endocrinol.
2023;574:111990. https://doi.org/10.1016/j.mce.2023.111990

Fu L, Guan LN. Long period changes of hippocampal cerebral blood flow
and its correlation with anxiety-like behavior and inflammation after
incomplete cerebral ischemia reperfusion in rats. Clin Hemorheol Microcirc.
2023;84(4):425-34. https://doi.org/10.3233/CH-231770

Mao R, Zong N, Hu Y, Chen Y, Xu Y. Neuronal death mechanisms and thera-
peutic strategy in ischemic stroke. Neurosci Bull. 2022;38(10):1229-47. https:/
/doi.org/10.1007/512264-022-00859-0

Lin W, Zhao XY, Cheng JW, Li LT, Jiang Q, Zhang YX, et al. Signaling pathways
in brain ischemia: mechanisms and therapeutic implications. Pharmacol Ther.
2023;251:108541. https://doi.org/10.1016/j.pharmthera.2023.108541

Zhang P, Guan'Y, Chen J, Li X, McConnell BK, Zhou W, et al. Contribution of
p62/SQSTM1 to PDGF-BB-induced myofibroblast-like phenotypic transi-

tion in vascular smooth muscle cells lacking Smpd1 gene. Cell Death Dis.
2018;9(12):1145. https://doi.org/10.1038/541419-018-1197-2

Li GX, Yan JZ, Sun SR, Hou XJ, Yin YY, Li YF. The role of 5-HTergic neuron
activation in the rapid antidepressant-like effects of hypidone hydrochloride
(YL-0919) in mice. Front Pharmacol. 2024;15:1428485. https://doi.org/10.3389
/fphar.2024.1428485

Mohamud Yusuf A, Borbor M, Hussner T, Weghs C, Kaltwasser B, Pillath-Eilers
M, et al. Acid sphingomyelinase inhibition induces cerebral angiogenesis
post-ischemia/reperfusion in an oxidative stress-dependent way and
promotes endothelial survival by regulating mitochondrial metabolism. Cell
Death Dis. 2024;15(9):650. https://doi.org/10.1038/541419-024-06935-9
Wang Z, Zheng X, Fong TH, Liu X, Gong Z, Zhou Q, et al. Contribution of pre-
frontal cortex and ventral hippocampus to anxiety in young epileptic mice.
Biochem Biophys Res Commun. 2024;734:150789. https://doi.org/10.1016/j.b
brc.2024.150789

Wan H, He M, Cheng C, Yang K, Wu H, Cong P, et al. Clec7a worsens long-term
outcomes after ischemic stroke by aggravating microglia-mediated synapse
elimination. Adv Sci (Weinh). 2024;11(36):e2403064. https://doi.org/10.1002/a
dvs.202403064

Domowicz MS, Chan WC, Claudio-Vazquez P, Gonzalez T, Schwartz NB. Brain
transcriptome analysis of a CLN2 mouse model as a function of disease
progression. J Neuroinflammation. 2021;18(1):262. https://doi.org/10.1186/s1
2974-021-02302-z

Selye H. A syndrome produced by diverse nocuous agents. 1936. J Neuropsy-
chiatry Clin Neurosci. 1998;10(2):230-1. https://doi.org/10.1176/jnp.10.2.230a
Ma Z, Zhao M, Zhao H, Qu N. Causal role of immune cells in general-

ized anxiety disorder: Mendelian randomization study. Front Immunol.
2023;14:1338083. https://doi.org/10.3389/fimmu.2023.1338083

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

Page 15 of 15

Daniele SG, Beraud D, Davenport C, Cheng K, Yin H, Maguire-Zeiss KA. Activa-
tion of MyD88-dependent TLR1/2 signaling by misfolded alpha-synuclein, a
protein linked to neurodegenerative disorders. Sci Signal. 2015,8(376):ra45. ht
tps://doi.org/10.1126/scisignal. 2005965

Yang X, Sun W, Wu Q, Lin H, Lu Z, Shen X, et al. Excess folic acid supplementa-
tion before and during pregnancy and lactation alters behaviors and brain
gene expression in female mouse offspring. Nutrients. 2021;14(1). https://doi.
0rg/10.3390/nu14010066

Mohseni-Moghaddam P, Dogani M, Hatami M, Roohollahi S, Amiresmaeli A,
Askari N. A behavioral and molecular study; ameliorated anxiety-like behavior
and cognitive dysfunction in a rat model of chronic unpredictable stress
treated with oregano extract. Brain Behav. 2022;12(8):e2727. https://doi.org/1
0.1002/brb3.2727

Mayerhofer R, Frohlich EE, Reichmann F, Farzi A, Kogelnik N, Frohlich E, et al.
Diverse action of lipoteichoic acid and lipopolysaccharide on neuroinflam-
mation, blood-brain barrier disruption, and anxiety in mice. Brain Behav
Immun. 2017,60:174-87. https://doi.org/10.1016/j.bbi.2016.10.011

Pascual M, Balino P, Aragon CM, Guerri C. Cytokines and chemokines as
biomarkers of ethanol-induced neuroinflammation and anxiety-related
behavior: role of TLR4 and TLR2. Neuropharmacology. 2015;89:352-9. https//
doi.org/10.1016/j.neuropharm.2014.10.014

Gaudioso A, Jiang X, Casas J, Schuchman EH, Ledesma MD. Sphingomyelin
16:0 is a therapeutic target for neuronal death in acid sphingomyelinase
deficiency. Cell Death Dis. 2023;14(4):248. https://doi.org/10.1038/541419-02
3-05784-2

Demir SA, Timur ZK, Ates N, Martinez LA, Seyrantepe V. GM2 ganglioside
accumulation causes neuroinflammation and behavioral alterations in

a mouse model of early onset Tay-Sachs disease. J Neuroinflammation.
2020;17(1):277. https://doi.org/10.1186/512974-020-01947-6

Chen K, FuY,Wang, Liao L, Xu H, Zhang A, et al. Therapeutic effects of the

in vitro cultured human gut microbiota as transplants on altering gut micro-
biota and improving symptoms associated with autism spectrum disorder.
Microb Ecol. 2020;80(2):475-86. https://doi.org/10.1007/500248-020-01494-w
ShiDD, Zhang YD, Zhang S, Liao BB, Chu MY, Su S, et al. Stress-induced red
nucleus attenuation induces anxiety-like behavior and lymph node CCL5
secretion. Nat Commun. 2023;14(1):6923. https://doi.org/10.1038/541467-02
3-42814-1

Jenkins RW, Clarke CJ, Canals D, Snider AJ, Gault CR, Heffernan-Stroud L, et

al. Regulation of CC ligand 5/RANTES by acid sphingomyelinase and acid
ceramidase. J Biol Chem. 2011,286(15):13292-303. https://doi.org/10.1074/jb
cM110.163378

Choi KW, Kim YK, Jeon HJ. Comorbid anxiety and depression: clinical and
conceptual consideration and transdiagnostic treatment. Adv Exp Med Biol.
2020;1191:219-35. https://doi.org/10.1007/978-981-32-9705-0_14

AliT, Rahman SU, Hao Q, Li W, Liu Z, Ali Shah F, et al. Melatonin prevents
neuroinflammation and relieves depression by attenuating autophagy
impairment through FOXO3a regulation. J Pineal Res. 2020,69(2):e12667. http
s://doi.org/10.1111/jpi.12667

JiC, Tang Y, Zhang Y, Li C, Liang H, Ding L, et al. Microglial glutaminase 1
deficiency mitigates neuroinflammation associated depression. Brain Behav
Immun. 2022;99:231-45. https://doi.org/10.1016/j.bbi.2021.10.009

Zabot GC, Medeiros EB, Macarini BMIN, Peruchi BB, Keller GS, Lidio AV, et al.
The involvement of neuroinflammation in an animal model of dementia and
depression. Prog Neuropsychopharmacol Biol Psychiatry. 2024;133:110999. ht
tps://doi.org/10.1016/j.pnpbp.2024.110999

Grassme H, Jernigan PL, Hoehn RS, Wilker B, Soddemann M, Edwards MJ,

et al. Inhibition of acid sphingomyelinase by antidepressants counteracts
stress-induced activation of P38-kinase in major depression. Neurosignals.
2015;23(1):84-92. https://doi.org/10.1159/000442606

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


https://doi.org/10.31887/DCNS.2015.17.3/mbourin
https://doi.org/10.31887/DCNS.2015.17.3/mbourin
https://doi.org/10.1038/nrd4075
https://doi.org/10.3934/Neuroscience.2022012
https://doi.org/10.1016/j.bbr.2006.07.030
https://doi.org/10.1002/brb3.197
https://doi.org/10.1016/j.tips.2008.07.005
https://doi.org/10.1016/0167-8760(92)90053-e
https://doi.org/10.1016/0167-8760(92)90053-e
https://doi.org/10.3389/fnins.2022.912665
https://doi.org/10.3389/fnins.2022.912665
https://doi.org/10.3389/fpsyt.2019.00257
https://doi.org/10.1016/j.mce.2023.111990
https://doi.org/10.3233/CH-231770
https://doi.org/10.1007/s12264-022-00859-0
https://doi.org/10.1007/s12264-022-00859-0
https://doi.org/10.1016/j.pharmthera.2023.108541
https://doi.org/10.1038/s41419-018-1197-2
https://doi.org/10.3389/fphar.2024.1428485
https://doi.org/10.3389/fphar.2024.1428485
https://doi.org/10.1038/s41419-024-06935-9
https://doi.org/10.1016/j.bbrc.2024.150789
https://doi.org/10.1016/j.bbrc.2024.150789
https://doi.org/10.1002/advs.202403064
https://doi.org/10.1002/advs.202403064
https://doi.org/10.1186/s12974-021-02302-z
https://doi.org/10.1186/s12974-021-02302-z
https://doi.org/10.1176/jnp.10.2.230a
https://doi.org/10.3389/fimmu.2023.1338083
https://doi.org/10.1126/scisignal.2005965
https://doi.org/10.1126/scisignal.2005965
https://doi.org/10.3390/nu14010066
https://doi.org/10.3390/nu14010066
https://doi.org/10.1002/brb3.2727
https://doi.org/10.1002/brb3.2727
https://doi.org/10.1016/j.bbi.2016.10.011
https://doi.org/10.1016/j.neuropharm.2014.10.014
https://doi.org/10.1016/j.neuropharm.2014.10.014
https://doi.org/10.1038/s41419-023-05784-2
https://doi.org/10.1038/s41419-023-05784-2
https://doi.org/10.1186/s12974-020-01947-6
https://doi.org/10.1007/s00248-020-01494-w
https://doi.org/10.1038/s41467-023-42814-1
https://doi.org/10.1038/s41467-023-42814-1
https://doi.org/10.1074/jbc.M110.163378
https://doi.org/10.1074/jbc.M110.163378
https://doi.org/10.1007/978-981-32-9705-0_14
https://doi.org/10.1111/jpi.12667
https://doi.org/10.1111/jpi.12667
https://doi.org/10.1016/j.bbi.2021.10.009
https://doi.org/10.1016/j.pnpbp.2024.110999
https://doi.org/10.1016/j.pnpbp.2024.110999
https://doi.org/10.1159/000442606

	﻿Acid sphingomyelinase modulates anxiety-like behavior likely through toll-like receptor signaling pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Mice
	﻿Behavioral tests
	﻿Anxiety-like behavioral tests
	﻿Open field test (OFT)
	﻿Novelty-suppressed feeding test (NSFT)
	﻿Elevated plus maze test (EPM)


	﻿Depression-like behavioral tests
	﻿Forced swimming test (FST)
	﻿Tail suspension test (TST)

	﻿Cerebral blood flow (CBF) measurement
	﻿Brain tissue preparation
	﻿RNA-seq
	﻿Bioinformatics analysis of DEGs
	﻿q-PCR
	﻿Immunohistochemistry staining
	﻿Statistical analysis
	﻿Results
	﻿Increased anxiety-like behaviors in asm KO mice
	﻿Reduced cerebral blood flow in asm KO mice
	﻿Alterations in mRNA expression profiling in the prefrontal cortex following asm KO
	﻿Identification of key genes associated with anxiety-like behaviors induced by asm KO
	﻿Verification of the mRNA levels of key genes
	﻿Activated immune response and inflammation in asm KO mice

	﻿Discussion
	﻿References


