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Purpose: Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most prevalent neurodevelopmental disorders in childhood,
with a globally increasing incidence. This study aims to investigate alterations in prefrontal cortical lipid metabolism in ADHD model
rats and following transcutaneous auricular vagus nerve stimulation (taVNS) intervention, and to elucidate the regulatory effects of the
sphingosine kinase inhibitor SKI IT on the SPHK-S1P signaling pathway.

Methods: Lipidomic analysis was performed to profile the lipid spectrum in prefrontal cortex tissues from Wistar-Kyoto (WKY)
control rats, spontaneously hypertensive rat (SHR) ADHD models, sham-operated rats, and taVNS intervention rats. Key sphingolipid
metabolic enzymes were assessed by RT-qPCR and Western blot, while sphingosine-1-phosphate (S1P) levels were quantified via
ELISA. ADHD model rats received intraperitoneal administration of SPHK inhibitor SKI II (15 mg/kg, 16 days). Behavioral tests
evaluated hyperactivity, impulsivity, and anxiety-like phenotypes. Western blot analyzed expression of dopamine synthesis rate-
limiting enzyme.

Results: The ADHD model group exhibited significantly elevated ganglioside and lysophospholipid levels. taVNS intervention
specifically reduced sphingomyelin content. SPHK1 and SPHK2 mRNA and protein expression were markedly upregulated in ADHD
models, concomitant with increased S1P levels. taVNS selectively decreased Sphk2 mRNA expression (without altering protein
levels). SKI II administration significantly ameliorated hyperactivity, impulsivity, and anxiety-like behaviors in ADHD models,
concurrently restoring dopamine B-hydroxylase expression.

Conclusion: The SPHK-S1P signaling axis is a core pathway driving sphingolipid metabolic dysregulation in the prefrontal cortex in
ADHD. Targeted inhibition of this pathway synergistically modulates the expression levels of proteins associated with dopaminergic
neurotransmission. The limited regulatory effect of taVNS on sphingolipid metabolism suggests its clinical benefits may stem from
multi-pathway synergistic mechanisms.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterized by persistent hyper-
activity, impulsivity, and inattention."* These core symptoms typically emerge during preschool and often persist into
adulthood, significantly impairing learning capacity, social adaptation,® and mental health outcomes.* Recent global
epidemiological data highlight the high prevalence of ADHD in pediatric populations,” with estimated rates of 7.6%
(95% CI: 6.1-9.4%) among children aged 3—12 years and 5.6% (95% CI: 4.8-7%) in adolescents aged 12—18 years.® A
pronounced gender disparity exists, with males being disproportionately affected at a 2—4 times higher prevalence than
females.”” While gene-environment interactions are widely recognized as contributors to ADHD pathogenesis, ' its
molecular mechanisms remain elusive. The classical monoamine hypothesis—primarily attributing symptoms to dysre-

gulation of dopamine/norepinephrine systems'*—partially explains clinical manifestations but struggles to account for
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the disorder’s heterogeneity and variability in treatment responses. This limitation underscores the need to explore
complementary biological pathways, such as lipid metabolism, to advance the mechanistic understanding of ADHD
etiology.

The relationship between lipid metabolism and neurological disorders has garnered increasing attention recently.'> As
one of the most abundant macromolecules in the brain,'* lipids regulate neurodevelopment and functional homeostasis
through diverse components such as cholesterol, glycerophospholipids, and sphingolipids.'>'® Specifically, cholesterol
serves as a critical constituent for synaptic formation,'” glycerophospholipids maintain neuronal membrane fluidity and
signaling efficiency,'® while sphingolipids modulate neural plasticity by mediating cell cycle progression, inflammatory
responses, and autophagy.'® Notably, sphingolipid metabolism is pivotal in neurological disorders due to its direct
involvement in myelination and synaptic transmission.” Emerging clinical evidence suggests abnormal central myelina-
tion in ADHD patients.>' Furthermore, whole-exome genotyping has identified significant correlations between genetic
variations in sphingolipid-metabolizing enzyme genes (eg, GALC, CERS2, CERS6, CERK, SMPDI) and ADHD
susceptibility.”! This compelling evidence underscores sphingolipid dysregulation as a potential metabolic hub in
ADHD pathophysiology.

The sphingolipid metabolic network regulates neural function through the dynamic equilibrium of key enzyme-
substrate axes.”? Ceramide, the central hub of this network, undergoes metabolism via three interconnected pathways: de
novo synthesis, salvage pathway, and catabolism.”* De novo synthesis initiates with the conversion of serine and
palmitoyl-CoA into ceramide through sequential enzymatic reactions. The salvage pathway involves ceramide recycling
through the hydrolysis of sphingomyelin or glycosphingolipids. Specifically, sphingomyelin phosphodiesterase 1
(SMPD1) hydrolyzes sphingomyelin to ceramide, maintaining their homeostatic balance. Glycosphingolipids are cleaved
by glycosidases to release sphingosine or ceramide, while ceramide can also be glycosylated via Golgi-resident
transferases to form gangliosides (GM). Hexosaminidase A (HEXA), essential for degrading GM2 to GM3, has been
implicated in neurodegenerative pathologies—its deficiency leads to GM2 accumulation, triggering neuronal degenera-
tion and neuroinflammation.**

Catabolism involves ceramidase-mediated hydrolysis of ceramide into sphingosine, which is subsequently phos-
phorylated by sphingosine kinases (SPHK1/SPHK?2) to generate sphingosine-1-phosphate (S1P). S1P acts as a bioactive
lipid mediator that modulates neuronal excitability and synaptic plasticity,” crucially maintaining cerebral functional
integrity.”® Conversely, ceramide synthase 1 (CERS1)—predominantly expressed in the brain—catalyzes sphingosine-to-
ceramide conversion, sustaining sphingolipid homeostasis.>” Notably, CERS1 mutations are directly associated with
neuronal apoptosis.?® Furthermore, ceramide kinase (CERK) phosphorylates ceramide to produce ceramide-1-phosphate
(C1P), expanding the functional diversity of sphingolipid signaling.?’ Despite these advances, the dynamic interplay
between sphingolipid dysregulation and ADHD behavioral phenotypes remains unexplored. Critical gaps persist in
understanding node-specific regulatory mechanisms and validating targeted interventions. Spatial lipidomics emerges as
a pivotal tool to resolve region-specific metabolic signatures,*® offering mechanistic insights for this investigation.

This study proposes a novel scientific hypothesis that dysregulation of the sphingolipid metabolic network may
underlie the pathogenesis of ADHD. Building on the neuroregulatory potential of taVNS in metabolic pathways,?’ we
utilized spontaneously hypertensive (SHR) rats as a validated animal model for ADHD. This model replicates the core
clinical features of human ADHD,? including persistent attention deficits, motor impulsivity, and hyperactivity.**> Wistar
Kyoto (WKY) rats were used as normotensive controls. Integrated lipidomic profiling of the prefrontal cortex (PFC), a
brain region central to higher-order cognition and neurodevelopmental disorders,>* was conducted across taVNS-treated,
sham-operated, and untreated groups to elucidate metabolic remodeling mechanisms. Untargeted lipidomics identified
sphingolipid metabolism as the key dysregulated pathway. Subsequent analyses characterized dynamic enzymatic activity
alterations in critical nodes of the sphingolipid network, particularly the SPHK-S1P axis, along with metabolite
accumulation patterns. Pharmacological inhibition of sphingosine kinase using SKI II in SHRs demonstrated dual
therapeutic effects, attenuating ADHD-like behavioral phenotypes while normalizing molecular signatures of sphingo-

lipid dysregulation. These findings advance a theoretical framework for developing metabolism-targeted interventions.
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Materials and Methods

Animals

Specific pathogen-free (SPF) male Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. The rats were housed in five per cage under controlled
conditions (23 £ 1°C, 50 £+ 5% humidity) with ad libitum access to food and water, and maintained on a 12-hour light/
dark cycle. After a 7-day acclimation period, the experiments were initiated. We strictly controlled the number of
experimental animals to the minimum required for obtaining statistically significant results, thereby reducing potential
suffering without compromising scientific validity.

Lipidomics Analysis

Sample Processing

Rats were anesthetized using isoflurane. After performing a craniotomy, the prefrontal cortex was quickly collected and
stored at —80°C. For lipid extraction, 200 uL of water and 20 pL of an internal lipid standard mixture were added to the
tissue and vortexed. Subsequently, 800 uL of MTBE and 240 pL of precooled methanol were added, and the mixture was
vortexed again before being ultrasonicated in a low-temperature water bath for 20 minutes. After incubation at room
temperature for 30 minutes, the samples were centrifuged at 14000 g and 10°C for 15 minutes. The upper organic phase
was collected, dried under nitrogen, and reconstituted in 200 pL of a 90% isopropanol or acetonitrile solution. A 90 pL
aliquot of the reconstituted solution was centrifuged under the same conditions, and the supernatant was used for mass
spectrometry analysis.

Chromatographic Conditions

The samples were analyzed using the UHPLC Nexera LC-30A system, featuring a C18 column maintained at a
temperature of 45°C, with a flow rate of 300 puL/min. The mobile phase comprised Solution A (60% acetonitrile and
40% water) and Solution B (10% acetonitrile and 90% isopropanol). The gradient elution program was structured as
follows: for the first 2 minutes, 30% of Solution B was utilized; from 2 to 25 minutes, the proportion of Solution B was
gradually increased from 30% to 100%; and from 25 to 35 minutes, it was returned to 30% of Solution B. The samples
were stored in an autosampler at a temperature of 10°C. To minimize fluctuations in the signal, the samples were
analyzed in a random sequence.

Experimental Conditions for Mass Spectrometry Analysis

Detection was performed in both positive and negative ion modes using electrospray ionization. Following separation via
UHPLC, the samples underwent mass spectrometry analysis with a Q Exactive series mass spectrometer (Thermo
Scientific™),

Molecular Analysis of Experiment Rat PFC Tissue

RT-gPCR

Total RNA was extracted from the prefrontal cortex of rats using the EZBioscience®™ Tissue RNA Purification Kit
(EZBioscience, Roseville, MN, USA). The concentration and purity of the isolated RNA were assessed using a
NanoDrop™ Lite spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). An optical density (OD) ratio
(OD260/0D280) between 1.8 and 2.0 indicated high-quality RNA. Next, 1 pg of total RNA was reverse transcribed into
cDNA using the Reverse Transcription Kit (EZBioscience). Quantitative real-time PCR (RT-qPCR) amplification was
performed with the Bestar™ Sybr Green qPCR Master Mix (DBI Bioscience, Shanghai, China). The primer sequences are
provided in Table 1. RT-qPCR reactions were conducted on the CFX96™ Real-Time Touch System (Bio-Rad
Laboratories, Hercules, CA, USA), with glyceraldehyde 3-phosphate dehydrogenase (Gapdh) as the internal reference
gene. Each PCR reaction consisted of 1 pL of cDNA in a final volume of 10 pL. The thermal cycling conditions included
initial denaturation at 95°C for 2 minutes, followed by 40 cycles of denaturation at 95°C for 10 seconds, annealing at 58°
C for 30 seconds, and extension at 72°C for 30 seconds. The specificity of the RT-qPCR products was confirmed through
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Table | Primer Sequence for RT-qPCR Analysis

Gene Forward Primer 5'-3' Reverse Primer 5'-3’'

Gapdh ATTCTTCCACCTTTGATGCTGG TGCTGTAGCCATATTCATTGTCA
Sphk | GGGGAGATTCGTTTCACGGT ACGAGGTATGTGTTGGCAGG

Sphk2 GTTGCTCAACTGCTCGCTTC GAATCCCCAGGCAACTGACA
Cerk TGGCCGATGGCATAGAATGG GCTTCGGTCTTGAAGTCAGGT
Cers| CATCGCCTCTTCCTATGCG CACCCCTGGCCTTGAAGTAG
Smpd| ATGCCTTTGGGTGGAGGAAC CTGGCACACATTTAGTGGCG
Hexa GGCCCCAGTACATCCAAACC GAATGTTCTTCCCCAACGGC
Sgms| GCTGGCCTTTCTTTACGCAC CAGGTACAGCGTGCCAACTA

melting curve analysis. Relative expression levels were calculated using the 22T method. All experiments were
repeated at least three times to ensure reproducibility.

Western Blotting

Proteins were extracted from the prefrontal cortex of rats using RIPA buffer supplemented with protease inhibitors.
Protein concentrations were quantified using the BCA method. The proteins were denatured at 95°C for 5 minutes. A
total of 30 pg of protein was loaded onto and separated on 10% SDS-PAGE gels, which were subsequently transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% skimmed milk powder for 1 hour at
room temperature. Primary antibodies were incubated overnight at 4°C in the following concentrations: GAPDH
(1:10,000; Proteintech, China), B-Tubulin (1:4000; Proteintech), CERK (1:1000; ABclonal, China), CERS1 (1:1000;
Huamei Bio, China), SMPD1 (1:1500; ABclonal), SGMS1 (1:1000; ABclonal), HEXA (1:700; ABclonal), SPHK1
(1:1000; Proteintech), SPHK2 (1:1000; Wanlei Bio), DBH (1:500; ABclonal), DRD1 (1:700; Proteintech), MAOA
(1:1000; Proteintech), and TH (1:2000; Proteintech). After washing the membranes three times with TBST for 10
minutes each, they were incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000; Proteintech) at
room temperature for 1 hour. Following the final wash, bands were visualized using an enhanced chemiluminescence
reagent (FDbio-Dura ECL, China) and captured using the ChemiDoc™MP imaging system (Bio-Rad Laboratories).
Protein quantification was performed using ImageJ software (version 1.52). All experiments were repeated at least three
times.

ELISA

S1P levels in the prefrontal cortex of rats were measured using an S1P ELISA Kit from MeiMIAN (Salt Lake City, UT,
China). All experimental procedures were strictly conducted following the manufacturer’s protocol. A standard curve
was created based on the protein content of the samples (nmol/L) to determine the concentration of each sample. The
concentration of S1P in the PFC tissues was reported in moles.

Relative Quantitative Analysis of Immunofluorescence

Paraffin from rat prefrontal cortex tissue was dewaxed, subjected to antigen retrieval, and blocked with bovine serum
albumin. The tissue sections were incubated overnight at 4°C with primary antibodies: SPHK1 (1:200; Proteintech,
China) and SPHK2 (1:200; Wanlei Bio, China). Following this incubation, the sections were treated with secondary
antibodies corresponding to the primary antibodies for 1 hour. The cell nuclei were counterstained with DAPI, and the
sections were mounted. Scanning of the sections was performed using a Nikon confocal microscope (model Al (HD25)),
and quantitative analysis was conducted using Image] software (version 1.52). This experiment was repeated at least
three times to ensure reliability.

Animal Intervention

SKI 1II is a synthetic sphingosine kinase (SPHK) inhibitor that specifically targets SPHK1 and SPHK2. When adminis-
tered intraperitoneally, it effectively reduces the levels of SIP in the brain and irreversibly inhibits SPHK1.>> This
mechanism has potential therapeutic applications in the treatment of cancer and neurodegenerative diseases.>® In this
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study, 4-week-old male SHR were randomly assigned to either the SKI II intervention group (SHR + SKI II) or a control
SHR group, while age-matched WKY rats served as further controls. Each group consisted of 5—7 rats. The SHR + SKI I
group received intraperitoneal injections of SKI II at a dose of 15 mg/kg. The diluent composition used was 2% DMSO,
40% PEG300, 5% Tween-80, and 53% saline. Treatments were administered once every other day for a total of 9
injections.

Behavior Analysis

All experiments were carried out in a controlled and quiet environment. One hour before each trial, the animals were
acclimated to the experimental setting by being placed in the behavioral laboratory. To account for the animals’ circadian
rhythms, all trials were conducted within a consistent time window. After each trial, the animals were promptly returned
to their respective breeding cages. The experimental apparatus was thoroughly disinfected with a 75% ethanol solution to
eliminate any residual odors. Trials resumed only after the smell of the alcohol had completely dissipated.

Open Field Test

The open field test (OFT) is designed to evaluate rodents’ spontaneous motor activity and exploration behavior in a novel
environment.>” The experiment utilized a black organic glass cube measuring 100 cmx100 ¢cmx60 cm, with the floor
divided into 16 squares (4x4) using Visu Track software. The central area is defined by the four middle squares and has a
diameter of 50 cm. For the test, animals were taken from their breeding cage and placed in the lower right corner of the
open field, facing away from the experimenter, for a S-minute observation period. Key parameters measured during the
test include total distance traveled, time spent in the central area, and the number of rearing events.

Elevated Plus Maze Experiment

The anxiety-like behavior of rodents was assessed using the elevated plus maze (EPM) test.>® The apparatus consists of
two open arms and two enclosed arms arranged in a cross shape, with a central area at the intersection elevated 60 cm
above the ground. The experiment consisted of two phases: habituation and testing. During the habituation phase,
experimental animals were placed in the testing apparatus for a 5-minute adaptation period. Following a 24-hour interval,
behavioral testing was conducted in the same apparatus. During the experiment, rats were placed in the central area
facing one of the open arms, with their backs toward the experimenter. They were allowed to explore the maze freely for
5 minutes. The total distance traveled, the number of entries into the open arms, and the time spent in the open arms were
recorded.

Y-Maze Experiment

The Y-maze spontaneous alternation test is a behavioral procedure that utilizes animals’ natural exploratory instincts and
is commonly used to evaluate short-term spatial working memory.>® The apparatus consists of a Y-shaped maze made of
black plastic, with three arms, each measuring 40 cm in length, 10 cm in width, and 25 cm in height, arranged at 120°
angles. The experiment consisted of two phases: habituation and testing. During the habituation phase, experimental
animals were placed in the testing apparatus for a 5-minute adaptation period. Following a 24-hour interval, behavioral
testing was conducted in the same apparatus. During the experiment, a mouse is placed at the end of one arm and allowed
to explore the maze freely for 5 minutes. A camera system records the total number of entries into each arm as well as the
order of visits. An alternation event occurs when the mouse enters all three arms consecutively without immediately re-
entering the same arm. The alternation percentage is calculated using the formula: (number of alternations / (total number
of entries - 2)) * 100%.

Marble Burial Test

The marble burial test (MBT) is a well-established method used to assess impulsive behavior in rodents.*® In this
experiment, a standard cage measuring 40 cmx25 cmx20 cm is lined with a 5 cm thick layer of wood shavings. Within
the cage, 24 standardized glass marbles, each approximately 1 cm in diameter, are arranged systematically in a 4x6 grid.
At the start of the experiment, a single rat is placed in one corner of the cage. The observer then discreetly exits the room,
allowing the rat to explore the cage freely for 30 minutes. After this period, the rat is carefully removed without
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disturbing the marbles, and the number of buried marbles is recorded. A marble is considered buried if wood shavings
cover more than two-thirds of its volume.

Data Processing and Statistical Analysis

Statistical analysis of the experimental data was performed using GraphPad Prism 9 software. The results of each group
of experimental data were expressed in the form of mean + standard error (Mean + SEM). Student’s z-test was used to
compare the two groups. One-way analysis of variance (ANOVA) was used for comparison among groups with more
than two groups. p < 0.05 criterion was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001), and ns
indicates p > 0.05.

Results

Identification and Differential Analysis of Lipid Metabolites

Using high-resolution mass spectrometry in both positive and negative ion modes, we identified 42 lipid subclasses and
1633 lipid molecules (Figure 1A). Glycerophospholipids and sphingolipids constituted over 70% of the identified lipids,
representing core lipidomic features (Figure 1B). Circular visualization of lipid subclass relative abundance across groups
(Figure 1C) and ANOVA analysis revealed no significant differences in total lipid content, suggesting metabolic
phenotype alterations are likely driven by specific lipid subclasses or molecules rather than global lipid level changes.
Principal component analysis (PCA) of metabolic profiles demonstrated limited intergroup separation, with the first
principal component (PC1) accounting for 24.95% of the variance and PC2 explaining 12.11% (Figure 1D). The
overlapping distribution pattern indicated relatively low effect sizes between groups in global lipid metabolic profiles.
Notably, orthogonal partial least squares discriminant analysis (OPLS-DA) effectively segregated the four experimental
groups along the T[1] axis (Figure 1E), confirming characteristic lipid metabolic dysregulation in the ADHD model.
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Figure | Lipidomics analysis (A) Number of 42 lipid subclasses and 1633 lipid molecules identified. (B) Ring diagram of lipid subclass composition. (C) Total lipid content. (D) PCA
score plot. Each dot represents an individual sample. The distribution of samples reflects their similarities and differences in lipid metabolic profiles: closer proximity indicates greater
similarity in lipid metabolite types and levels, while larger distances correspond to more significant differences in overall metabolic levels. (E) OPLS-DA score plot. (F) Heatmap of the
mean standardized amount of different lipid molecules in the WKY group versus the SHR group. Red indicates significant upregulation of lipid molecules, and green indicates significant
downregulation; the color gradient reflects the magnitude of their relative changes. (G) Heatmap of the average standardized amount of difference lipid molecules in the Sham group
versus the taVNS group. Color coding follows the same convention as in (F). (H) GM2 lipid content. (I) LPC lipid content. (J) LPI lipid content. (K) SM lipid content. Each value
represents the mean * standard deviation of at least three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001.

Abbreviation: ns, not statistically significant.

Through OPLS-DA modeling (VIP > 1 and p < 0.05), we identified 19 differentially expressed lipids between WKY and
SHR groups (Figure 1F), and 16 differential lipids between Sham and taVNS groups (Figure 1G). The standardized
heatmap, generated following mean-centering normalization, reveals that differential lipid molecules across groups
exhibit distinct upregulated or downregulated patterns (Figure 1H-J). Absolute quantification demonstrated significant
elevations of ganglioside GM2, lysophosphatidylcholines (LPC), and lysophosphatidylinositols (LPI) in SHR versus
WKY controls. Conversely, taVNS intervention markedly reduced sphingomyelin (SM) levels compared to the Sham
group (Figure 1K).
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Sphingolipid Metabolic Enzyme Expression at mRNA and Protein Levels

We first illustrated the distribution and functional roles of key enzymes in the sphingolipid metabolic pathway by a
schematic diagram (Figure 2). Subsequent analyses quantified mRNA and protein expression levels of these enzymes in
the prefrontal cortex. SHR rats exhibited significant upregulation of Sphk! and Sphk2 mRNA compared to WKY controls
(Figure 3A and B). While taVNS intervention reduced Sphk2 expression versus the Sham group (Figure 3B), it did not
alter SphklI levels (Figure 3A). Cers! and Cerk mRNA were downregulated in SHR rats (Figure 3C and D), with no
rescue effect observed after taVNS treatment. taVNS significantly upregulated Hexa and Smpd! mRNA compared to the
Sham group (Figure 3E and F), though no intergroup differences were detected between WKY and SHR. Sgms/ mRNA
showed no significant variation across all groups (Figure 3G). SPHK1 and SPHK?2 protein levels were elevated in SHR
rats versus WKY controls (Figure 4A—C), aligning with mRNA trends. However, taVNS did not significantly modulate
these proteins. No intergroup differences were detected for CERS1, CERK, HEXA, SMPDI1, or SGMSI proteins
(Figure 4D-J). These findings indicate selective dysregulation of SPHK isoforms at both transcriptional and translational
levels in the SHR prefrontal cortex, suggesting sustained activation of the SPHK-SIP signaling axis may contribute to
ADHD pathophysiology.
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Sphingomyelin Ceramide Glucosyl Ceramide
SGMS1
AV
Lactosyl Ceramide
CERS1 CDase
N
GM3
Sphingosine HEXA//’
GM2
SGPP1 SPHK1, SPHK2 \
Synthesis ——> \
GM1
Degradation . Sphinganine-1-phosphate

Figure 2 Schematic Diagram of Sphingolipid Metabolism Red arrows indicate synthesis pathways and green arrows denote degradation pathways.
Abbreviations: SMPDI, Sphingomyelin phosphodiesterase |; SGMSI, Sphingomyelin synthase |; CERK, Ceramide kinase; CERSI, Ceramide synthase |; CDase,
Ceramidase; SGPPI, Sphingosine-|-phosphate phosphatase |; SPHKI, Sphingosine kinase |; SPHK2, Sphingosine kinase 2; HEXA, Hexosaminidase A.
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Altered SPHK Expression and SIP Accumulation in the Prefrontal Cortex of SHR Rats
The aforementioned findings suggested potential dysregulation of SPHK protein expression in the prefrontal cortex of
SHR rats. To validate this hypothesis, we performed immunofluorescence analysis targeting SPHK 1 and SPHK2. Results
demonstrated marked elevation of both SPHK1 and SPHK2 protein levels in SHR rats compared to WKY controls,
whereas no significant differences were observed between taVNS and Sham groups (Figures 5, 6 and 7A, B).

Given the critical role of SPHK1/2 in catalyzing sphingosine phosphorylation to generate S1P, we further quantified
S1P concentrations via ELISA. The SHR rats exhibited significantly higher prefrontal cortical S1P levels than WKY rats,
with taVNS intervention showing no modulatory effect compared to the Sham group (Figure 7C). This multi-level
validation strongly implicates SPHK-S1P pathway hyperactivity as a potential pathological mechanism underlying
ADHD. Furthermore, the absence of taVNS-mediated modulation on this pathway suggests its therapeutic effects may
involve alternative signaling axes.

SKI Il Intervention Attenuates Hyperactivity and Impulsivity in SHR Rats
In OFT, Compared to the WKY controls, SHR rats displayed significantly increased total movement distance (Figure 8A and B)
and rearing frequency (Figure 8C), indicative of locomotor hyperactivity and disinhibited exploratory behavior. SKI II
intervention markedly reduced both total ambulatory distance (Figure 8B) and rearing events (Figure 8C). Paradoxically, SHR
rats exhibited prolonged central zone occupancy compared to WKY controls (Figure 8D), which normalized toward WKY levels
following SKI II treatment, potentially attributable to reduced locomotor output.

MBT assays revealed compulsive behavior in SHR rats, with higher burying rates compared to WKY control. SKI IT
administration decreased SHR burying activity by demonstrating improved impulse control (Figure 8E).

EPM analyses showed SHR rats maintained greater total locomotion than the WKY control, which SKI II suppressed.
Intriguingly, despite their hyperactivity, SHR rats displayed longer open-arm dwell time than the WKY control. SKI II
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Abbreviation: ns, not statistically significant.

further enhanced this parameter while increasing open-arm entries, suggesting specific anxiolytic effects beyond
locomotor modulation (Figure 8F—H).

The Y-maze experiment assessed the spatial working memory ability. In Y-maze assessments, SHR rats showed a
higher number of alternations compared to the WKY control, likely reflecting hyperactivity-driven artifacts rather than
cognitive enhancement (Figure 8J). SKI II restored alternation frequency to WKY levels while reducing total movement
distance, consistent with OFT and EPM findings (Figure 8I).

Collectively, these behavioral improvements confirm that SPHK-S1P pathway inhibition alleviates ADHD-relevant
phenotypes through mechanisms involving both motor activity regulation and impulsivity modulation.

SKI'II Intervention Downregulates SPHK-SIP Signaling in the Prefrontal Cortex of
SHR Rats

To elucidate the molecular mechanism underlying SKI II intervention, we analyzed SPHK1 and SPHK2 expression
dynamics in the prefrontal cortex across experimental groups. RT-qPCR revealed a significant reduction in Sphk/ mRNA
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Sham taVNS

Figure 5 Representative immunofluorescence images of SPHK| expression in rat PFC tissue sections. Scale bar = 50 um. SPHK (red); DAPI nuclear counterstain (blue).

DAPI SphK1

Merge

Figure 6 Representative immunofluorescence images of SPHK2 expression in rat PFC tissue sections. Scale bar = 50 um. SPHK2 (green); DAPI nuclear counterstain (blue).

levels in SKI II treated SHR rats compared to untreated SHR rats (Figure 9A), while Sphk2 mRNA showed a non-
significant downward trend (Figure 9B). Western blot analysis confirmed parallel suppression at the protein level, with
SKI II treatment markedly decreasing both SPHK1 (Figure 9C and D) and SPHK?2 (Figure 9C and E) expression. ELISA
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quantification further demonstrated a reduction in prefrontal cortical S1P content following SKI II intervention relative to
untreated SHR rats (Figure 9F). These multi-omics findings establish that SKI II exerts its therapeutic effects by dual
inhibition of SPHK1/SPHK?2 expression, thereby attenuating S1P biosynthesis in the ADHD model.

SKI Il Modulates Dopaminergic Protein Expression in the Prefrontal Cortex of SHR
Rats

We systematically evaluated molecular alterations in the dopaminergic system using Western blot analysis, focusing on
dopamine B-hydroxylase (DBH), tyrosine hydroxylase (TH), dopamine D1 receptor (DRD1), and monoamine oxidase A
(MAOA). SHR rats exhibited significantly reduced DBH protein levels compared to WKY controls, which were restored
to baseline by SKI II intervention (Figure 9G and H). TH and DRD1 showed downward trends in SHR rats, but SKI II
treatment failed to reverse these alterations (Figure 9G). MAOA protein abundance remained unchanged across all
groups (Figure 9G). These results demonstrate that SKI II specifically rectifies DBH deficiency while exhibiting limited
modulatory effects on other dopaminergic markers in the prefrontal cortex of the SHR rats.

Discussion
Sphingolipids, as highly enriched bioactive components in the central nervous system, have been extensively implicated
in the pathogenesis of various neurological disorders and neurodegenerative diseases.*' Our previous integrated bioinfor-
matics analysis of GEO datasets combined with molecular validation revealed significant dysregulation of key sulfatide
metabolic pathway genes in ADHD model rats.*> These differentially expressed genes are functionally interconnected
within the sphingolipid metabolic network. Given the established regulatory role of sphingolipid metabolism in
myelination,** such dysregulation may disrupt sphingolipid homeostasis, thereby interfering with myelination processes
and contributing to the neuroconductive dysfunction characteristic of ADHD. The uniqueness of this study, compared
with previous research, lies in the following: It is the first to conduct a systematic untargeted lipidomic analysis on
prefrontal cortex tissues in an ADHD animal model, clarifying the core role of the SPHK-S1P pathway in ADHD-related
sphingolipid metabolic abnormalities. Additionally, it systematically analyzes the activity changes of the SPHK-S1P
pathway (including SPHK enzyme activity and S1P levels) in the ADHD animal model, as well as its dose-dependent
relationship with behavioral phenotypes such as hyperactivity and impulsivity—an association that has not yet been
reported in existing ADHD studies.

The mechanisms underlying lipid metabolic dysregulation in ADHD exhibit remarkable complexity and diversity.
Lipids not only govern the localization and functionality of membrane-bound proteins** but also modulate neurotrans-
mission by regulating synaptic flux.*> Recent studies have identified significant alterations in serum lipid and lipoprotein
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Figure 8 Improvement of ADHD-like behavior in SHR rats by SKI Il inhibitors (A) Representative map in the OFT field. (B) Quantitative plot of the distance traveled in the
OFT. (C) Number of uprights in the OFT. (D) Time spent in the central zone in the OFT. (E) Marble burial rate for the marble burial experiment. (F) Quantitative plot of
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Abbreviation: ns, not statistically significant.
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profiles in ADHD patients compared to healthy controls.!” Our findings further substantiate lipid metabolic abnormalities
in the SHR rat model, reinforcing the hypothesis that lipid dyshomeostasis may play a pivotal role in ADHD
pathophysiology. While earlier research predominantly focused on the association between fatty acid deficiencies
(notably omega-3 polyunsaturated fatty acids) and ADHD symptom exacerbation,’® emerging evidence has shifted
attention toward sphingolipid metabolism. Genetic polymorphisms in sphingolipid-related pathways have demonstrated
significant associations with ADHD susceptibility.”’ Recent work by Giileg et al further links altered sphingomyelin and
ceramide levels to ADHD symptom severity.*” As major structural components of central nervous system membranes,
sphingolipids are highly enriched in myelin sheaths,*® and their metabolic imbalance may disrupt neurodevelopmental
processes,'” thereby elevating risks for neurological disorders including ADHD. However, current investigations remain
largely descriptive, emphasizing sphingolipid-associated genetic mutations and quantitative lipid alterations. The precise
mechanistic pathways through which these changes impair neurodevelopment and manifest as ADHD behavioral
phenotypes remain to be fully elucidated.

Emerging evidence indicates reduced serum sphingomyelin and ceramide levels in ADHD patients,**-°

while plasma
concentrations of S1P-d18:1 and S1P-d18:0, exhibit an opposing trend toward elevation.’® Our findings align with these
observations, demonstrating significantly increased S1P levels in the prefrontal cortex of SHR rats. These molecular
alterations underscore the intricate balance between ceramide and S1P within sphingolipid metabolism, two metabolites
with divergent functional roles in cellular regulation.” S1P, a critical mediator of cell survival and autophagy,”’ is
synthesized through the catalytic activity of sphingosine kinase isoforms SPHK1 and SPHK2.’% In this study, we
observed elevated enzymatic activity of both SPHK1 and SPHK?2 in the prefrontal cortex of SHR rats compared to

WKY controls. These findings were corroborated through multi-platform validation encompassing RT-qPCR, Western
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blot, and immunofluorescence analyses, with subsequent ELISA quantification further confirming elevated S1P levels in
the SHR prefrontal cortex. The SPHK-S1P signaling axis, widely implicated in neurodevelopment, neuronal survival,
and neurodegenerative disorders,'* has been linked to cognitive deficits in valproic acid-induced autism models
through hippocampal SPHK2/S1P dysregulation. However, no prior studies have directly investigated the association
between SPHK-S1P pathway alterations and ADHD pathophysiology. Based on our findings, we hypothesize that
prefrontal cortical SPHK-S1P upregulation in SHR rats may mechanistically contribute to ADHD pathogenesis. To
test this, we implemented pharmacological intervention using the SPHK inhibitor SKI II, evaluating its dual effects on
SPHK-S1P signaling and ADHD-like behavioral phenotypes. This study provides experimental evidence connecting
SPHK-S1P pathway hyperactivity to ADHD pathogenesis, offering new perspectives for understanding neurodevelop-
mental dysregulation in this disorder.

Following SKI II inhibitor intervention, we systematically assessed behavioral alterations in SHR rats alongside
SPHK-S1P signaling dynamics and dopaminergic protein expression. Behavioral analyses revealed pronounced ADHD-
like phenotypes in untreated SHR rats compared to WKY controls, including hyperactivity®> and impulsivity (Kantak
et al, 2008; Kishikawa et al, 2014), consistent with established ADHD models. Notably, SKI-II intervention ameliorated
these behavioral deficits, further supporting the involvement of SPHK-S1P signaling in ADHD pathogenesis.

Reduced dopamine transporter (DAT) levels in ADHD patients may impair dopaminergic signaling, potentially
contributing to core behavioral deficits.’® Neuroimaging studies further demonstrate disrupted dopamine neurotransmis-
sion in ADHD brains, which may underlie attention deficits and impulsivity.’’>® Prefrontal dysfunction, closely linked to
hallmark ADHD symptoms such as inattention and hyperactivity,” is modulated by the synergistic interplay between
norepinephrine and dopamine systems.®® To investigate the relationship between SPHK-SIP downregulation and
behavioral improvements in SHR rats, we analyzed the prefrontal cortex expression of dopaminergic markers, including
dopamine B-hydroxylase (DBH), tyrosine hydroxylase (TH), dopamine D1 receptor (DRD1), and monoamine oxidase A
(MAOA). DBH, the rate-limiting enzyme converting dopamine to norepinephrine, regulates attentional and behavioral
control via catecholamine modulation,®" with its activity critically influencing ADHD phenotypes.®* Our results align
with prior reports, showing significantly reduced DBH expression in the SHR prefrontal cortex compared to WKY
controls.®> Notably, SKI II intervention reversed this deficit, suggesting SPHK-SIP inhibition may restore DBH-
mediated norepinephrine synthesis. While TH, the rate-limiting enzyme in dopamine biosynthesis, exhibited lower
expression in SHR rats—consistent with earlier findings®*—SKI II treatment did not significantly alter TH or DRDI
levels. Similarly, MAOA, which degrades monoamines including dopamine and norepinephrine,®> showed no intergroup
differences. These observations indicate that SPHK-S1P pathway inhibition ameliorates ADHD-like behaviors in SHR
rats primarily through DBH upregulation rather than TH, DRDI1, or MAOAdependent mechanisms. Collectively, our
findings suggest a novel regulatory axis wherein SPHK-S1P signaling selectively modulates DBH expression to influence
dopaminergic metabolism, offering a targeted therapeutic strategy for ADHD symptom management. As an initial
exploratory study, we focused on validating the relationship between SPHK-S1P signaling and DBH expression, and
therefore did not systematically examine other key dopaminergic components like DAT and COMT. This limits our
ability to fully characterize the interaction network between SPHK-S1P and dopaminergic function. However, our finding
that SPHK-S1P regulates DBH provides a foundation for future studies. We plan to clarify this regulatory network using
integrated targeted metabolomics and proteomics, combined with co-expression analysis and in vitro neuronal co-culture
models. Given that ADHD pathology involves multi-system crosstalk, subsequent studies should also incorporate
integrated analyses with other mechanistic pathways.

Although this study is the first to reveal the aberrant activation of the SPHK-S1P pathway in the ADHD models and
its regulatory role in behavioral phenotypes, it remains an exploratory investigation with several limitations that warrant
explicit discussion. These shortcomings, however, also provide valuable guidance for refining future research. First,
future studies should expand the sample size to n= 10—12 per group and conduct multi-center repeated experiments to
enhance the reliability and representativeness of the results. In addition, in the SPHK inhibitor SKI II intervention
experiment, although non-specific effects were initially ruled out through dose-dependent effects and the high consis-
tency between behavioral improvement and molecular changes, no independent solvent control group was set up. In
subsequent expanded studies, it is necessary to supplement the above control experiments, and combine the comparative
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analysis of SphkPHK gene knockout models and inhibitory effects to further verify pathway specificity and enhance the
rigor of the results. Current findings are entirely derived from animal experiments, and translation to human ADHD
pathophysiology requires additional research support. Future plans include establishing links between animal models and
human disease through patient-derived induced pluripotent stem cell neuron models and clinical sample analyses.
Correlating peripheral blood S1P levels and SPHK activity in ADHD patients with clinical severity scores will enhance
translational potential, facilitating the progression of sphingolipid biomarkers toward clinical application. Additionally,
untargeted lipidomics data suggest that glycerophospholipid metabolism abnormalities may also contribute to ADHD
pathogenesis, but this study did not explore their cross-regulation with the SPHK-S1P pathway in depth. Given the
complexity of lipid metabolism cross-regulation, a comprehensive understanding of ADHD pathogenesis will require
expanding analyses to encompass multiple metabolic pathways. Finally, the taVNS group included in this study was
exploratory, originally designed to test the hypothesis that behavioral regulatory interventions act through sphingolipid
metabolism. However, results showed limited impacts of taVNS on sphingolipid metabolism, suggesting its behavioral
improvement effects may be mediated via non-lipid-dependent mechanisms. Detailed mechanistic analysis of this group
will be reported separately as an independent study, allowing the current work to focus on core findings related to the
SPHK-SIP pathway.

These limitations reflect the inherent constraints of exploratory research in terms of mechanistic depth and experi-
mental design completeness. Guided by these insights, we will refine our understanding of the SPHK-S1P pathway’s role
in ADHD through more systematic experimental designs and multi-dimensional validation, ultimately laying a founda-
tion for its clinical translation.
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