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Abstract

Attention deficit hyperactivity disorder (ADHD), a prevalent neurodevelopmental disorder
characterized by inattention, impulsivity, and hyperactivity, is associated with monoamin-
ergic dysfunction, neuronal damage, and gut microbiota disorders. Low molecular weight
fucoidan (LMWF) is a sulfated polysaccharide extracted from Saccharina japonica (Phaeo-
phyta), processes antioxidant, anti-inflammatory, and neuroprotective properties, suggest-
ing its potential relevance for ADHD-related pathophysiology. This study investigated the
therapeutic effects of LMWF on ADHD-like symptoms in spontaneously hypertensive rats
(SHR). Behavioral tests revealed that LMWF reduced hyperactivity and anxiety-related
behavior in the open field test, and improved spatial memory in the Morris water maze
test. LMWF treatment significantly increased dopamine (DA), norepinephrine (NE), and
5-hydroxyindoleacetic acid (5-HIAA) levels in the prefrontal cortex (PFC). The transcript
levels of tyrosine hydroxylase (Th) and synaptosome-associated protein-25 (Snap25) were
upregulated, while dopamine transport (Dat) was downregulated in the PFC. TH protein
expression was elevated in the striatum (STR), and neuronal integrity was preserved in
the STR and cerebellum. LMWF also reshaped gut microbiota composition and enhanced
microbial diversity, contributing to improved gut-brain axis homeostasis. These findings
suggest that LMWF may serve as a promising dietary intervention for ADHD through
neurochemical restoration and microbiota modulation.

Keywords: attention deficit hyperactivity disorder; low molecular weight fucoidan;
dopamine system; spontaneously hypertensive rats; brain-gut axis

1. Introduction
Attention deficit hyperactivity disorder (ADHD) is a prevalent neurodevelopmental

disorder characterized by inattention, impulsivity, and hyperactivity [1]. In China, ADHD
affects approximately 6.4% of children and adolescents, often persisting into adulthood
and imposing a significant socioeconomic burden [2].

Although abnormalities in several brain regions and disturbances of the catecholamin-
ergic pathway have been demonstrated, the pathophysiology of ADHD is not completely
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understood. As a multifactorial disorder, current research highlights several key pathologi-
cal mechanisms, including neurotransmitter abnormalities, oxidative stress, neuroinflam-
mation, dysregulation of the gut-microbiota-brain axis, and mitochondrial dysfunction [3,4].
The pathogenesis of ADHD is primarily involving the dysregulation of monoaminergic
neurotransmitter systems, particularly dopamine (DA) and norepinephrine (NE), within
the prefrontal cortex (PFC) and striatum (STR) [5,6]. The clinical efficacy of dopaminergic
medications further supports the key role of impaired dopamine transmission. In addi-
tion, imbalances in other monoamines, such as norepinephrine and serotonin (5-HT), are
associated with impulsivity and attention deficits. Besides neurotransmitter abnormalities,
increasing evidences suggests that oxidative stress and neuroinflammation may also con-
tribute to ADHD pathogenesis [7]. Meanwhile, the role of the gut-microbiota-brain axis in
ADHD has been increasingly explored, although its precise contribution remains under
investigation [8].

Current pharmacological interventions such as methylphenidate and atomoxetine
are widely used in the clinical management of ADHD. However, their long-term use
is frequently limited by adverse effects, including insomnia, appetite suppression, and
potential cardiovascular risks [9,10]. These limitations highlight the need for alternative
or complementary therapeutic strategies. Consequently, increasing attention has been
directed toward natural bioactive compounds capable of targeting multiple pathologi-
cal processes in ADHD, including neurotransmitter dysregulation, oxidative stress, and
neuroinflammation [11].

Low molecular weight fucoidan (LMWF), a sulfated polysaccharide derived
from Saccharina japonica (Phaeophyta), has gained prominence for its diverse biolog-
ical activities, including potent antioxidant, anti-inflammatory, and neuroprotective
properties [12–14]. Previous studies have demonstrated that LMWF can modulate
dopaminergic signaling, including restoring dopamine levels and upregulating tyrosine
hydroxylase (TH) expression in catecholaminergic dysfunction models [15,16]. Further-
more, LMWF has been reported to influence gut microbiota composition and reduce
neuroinflammatory responses, suggesting that it may act through multiple biological
pathways. However, its potential effects on ADHD-like phenotypes and the underlying
mechanisms remain to be fully elucidated.

The spontaneously hypertensive rat (SHR) is well-established genetic model of
ADHD, exhibiting core phenotypes, including hyperactivity, impulsivity and attention
deficits [17,18]. The Wistar–Kyoto (WKY) rat serves as the normotensive control due
to its shared genetic background, enabling controlled comparisons [19,20]. SHR rats
display ADHD-like behavioral and neurochemical abnormalities prior to hypertension
onset, supporting their validity as a neurodevelopmental model [18,21,22], and they re-
spond to clinically effective ADHD medications [18]. Although hypertension develops
at 7–15 weeks [23], ADHD-like behaviors emerge at 3–4 weeks. Therefore, juvenile SHR
(4–6 weeks old) are widely used as a pre-hypertensive model [24,25], avoiding confound-
ing effects of elevated blood pressure. Despite concerns regarding their complex ge-
netic background, SHR remain the most widely accepted and extensively used model in
ADHD research.

In this study, the therapeutic effects of LMWF on ADHD-like symptoms were evalu-
ated using the SHR model, with WKY rats serving as normotensive controls. Behavioral,
neurochemical, molecular, and microbiota-modulating effects of LMWF were systematically
investigated to provide a scientific basis for its potential as a natural dietary intervention
for ADHD management.
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2. Materials and Methods
2.1. Reagents and Antibodies

Atomoxetine hydrochloride was purchased fromEli Lilly and Company, Indianapolis,
IN, USA; standards of neurotransmitters, including dopamine (DA), norepinephrine (NE),
5-hydroxytryptamine (5-HT), high vacuum apparatus (HVA), 5-hydroxyindole acetic acid
(5-HIAA), γ-aminobutyric acid (GABA), acetylcholine (ACh), glutamic acid (Glu), glycine
(Gly), tyrosine (Tyr), were purchased from Sigma-Aldrich (Darmstadt, Germany).

Low molecular weight fucoidan (LMWF) derived from Saccharina japonica was pre-
pared in laboratory according to a previously reported method [14]. Briefly, crude fucoidan
extracted from S. japonica was depolymerized using an ascorbate–hydrogen peroxide solu-
tion (30 mmol/L, 1:1) for 2 h. The resulting solution was then subjected to DEAE Sepharose
Fast Flow column chromatography for fractionation. Fractions eluted with 1 M NaCl were
collected, concentrated, and designated as LMWF. The monosaccharide composition of
LMWF primarily consisted of fucose and galactose with a molar ratio of 3:1. The fucose
content was 33.14%, and the sulfate content was 29.30%. The weight–average molecular
weight of LMWF was 7.2 kDa.

2.2. Experimental Animal Groups and Drug Administration

Four-week-old male WKY (n = 10) and SHR (n = 40) were obtained from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China, Certificate No.
SCXK(Jing)2021-0006). After a 5–day acclimatization period, all animals were weighed
and evaluated using the open field test (OFT). SHRs were randomly assigned to four
groups (n = 10 in per group). The model group (Mod) received physiological saline by
gavage. The positive group (Pos) received atomoxetine hydrochloride (5 mg/Kg/day) by
gavage for 3 weeks [8,26]. The LMWFL and LMWFH groups received LMWF at doses
of 100 mg/Kg/day and 300 mg/Kg/day, respectively. WKY rats served as the normal
control group (Con, n = 10) and were administered physiological saline by oral gavage.
The dosages and route of administration of LMWF were selected based on previous pub-
lished studies [27,28]. A schematic timeline of the experimental procedure is illustrated in
Figure 1A. All behavioral tests were conducted between 6:30 PM and 10:30 PM local time
to ensure consistency with their natural circadian rhythm.

Animals were housed in polycarbonate cages (3–4 rats per cage) under standard
laboratory conditions (temperature: 22 ± 3 ◦C, relative humidity: 60 ± 5%, 12-h light-dark
cycle). All rats had ad libitum access to sterilized standard pellet chow and purified water.
All animal procedures were carried out in accordance with the Guidelines for the Care and
Use of Laboratory Animals issued by the Ministry of Health of the People’s Republic of
China (Documentation No. 55, 2001), and adhered to internationally accepted principles
for the ethical use of laboratory animals. The study was conducted in compliance with the
ARRIVE guidelines. The experimental protocol was reviewed and approved by the Animal
Ethics Committee of Qingdao University (Approval No. 20211126SHR10020220115006) on
21 October 2021.
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Figure 1. Regulation of LMWF on anxiety and hyperactivity behavior of animals evaluated by the
Open Field test. (A) Experimental timeline showing acclimation, behavioral testing, drug adminis-
tration, and sample collection. (B) Total distance traveled (cm). (C) Distance traveled in the center
area (cm). (D) Stretching number. (E) Representative movement trajectories of each group. Data
are presented as mean ± SEM (n ≥ 6). Groups sharing the same letter are not significantly different,
while groups labeled different letters differ significantly (p < 0.05). OFT, the open field test; MWM,
the Morris water maze; d, day; WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats; ATO,
atomoxetine; LMWF, low molecular weight fucoidan; Con, the control group of WKY animals; Mod,
the model group of SHR animals without treatment; Pos, the positive group of SHR animals with
ATO treatment; LMWFL, the group of SHR animals with 100 mg/kg/day LMWF treatment; LMWFH,
the group of SHR animals with 300 mg/kg/day LMWF treatment.

2.3. Behavioral Tests
2.3.1. Open Field Test (OFT)

The OFT was conducted on day 0 and after two weeks of drug administration to
assess spontaneous locomotor activity, exploratory behavior, and anxiety-like responses, as
previously described [29]. The apparatus consisted of a 50 × 50 × 50 cm square arena [30]
equipped with an overhead video camera connected to a behavioral tracking system (Smart
V3.0.0.6, Panlab, Barcelona, Spain).

Each rat was placed in the center of the arena, which was virtually divided into a
3 × 3 grid. Behavior was recorder for 5 min. Parameters measured included total distance
traveled, central zone distance, number of stretch-attend postures. Tests were performed
in a blinded manner to avoid bias [31]. The arena was cleaned with 70% ethanol between
trials to eliminate olfactory cues. The behavioral room was maintained under dim lighting
(~10 lux), with ambient noise levels kept below 65 dB [32].
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2.3.2. Morris Water Maze (MWM) Test

Following the OFT, MWM was employed to assess spatial learning and memory
function, as previously described [33]. The system comprised a circular pool (diameter
180 cm, height 50 cm) filed with opaque black water (25 ± 1.0 ◦C) [34]. A transparent
escape platform (diameter 20 cm) was submerged 2 cm below the surface in quadrant III.
For the position navigation phase, rats were released from random quadrants and allowed
120 s locate the hidden platform. Escape latency and success rates were recorded over
consecutive training sessions [35]. In the spatial exploration test, the platform was removed,
and rats were allowed to swim freely for 60 s from quadrant I. Metrics included latency to
the first platform crossing, time and distance spent in the target quadrant, and number of
platform crossings [36]. All trials were recorded and analyzed using automated tracking
software to ensure objectivity and precision.

2.4. Tissue Collection and Brain Slice Preparation

After behavioral testing, animals were anesthetized and sacrificed via abdominal
aortic bloodletting (n = 6 per group). The prefrontal cortex (PFC) and striatum (STR) were
collected and stored at −80 ◦C for biochemical analysis. Colon feces were collected in
sterile EP tubes and frozen at −80 ◦C for microbiota analysis [37].

For histology, rats (n = 4 per group) were perfused transcardially with 0.9% saline
followed by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA at 4 ◦C for
2–3 days, washed with PBS, and cryoprotected in 30% sucrose. Paraffin-embedded coronal
brain sections (5 µm) were prepared for further analysis [38].

2.5. LC/MS Analysis

The LC-MS/MS analysis was performed for the simultaneous quantification of
monoamine neurotransmitters in the PFC and STR of rats. Brain tissues were homog-
enized in methanol: acetonitrile (1:1, v/v), followed by centrifugation at 12,000 rpm for
10 min at 4 ◦C. The supernatants were spiked with 1/10 volume of 200 nM 2-pyridylacetic
acid hydrochloride as an internal standard (IS) [39].

Neurotransmitters were quantified using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) system, consisting of an HPLC (Shimadzu, Kyoto, Japan) and a
triple quadrupole mass spectrometer (Triple Quad 4500, SCIEX, Framingham, MA, USA),
operated with Analyst 1.6.2 software (SCIEX). Chromatographic separation was performed
on an ACQUITY UPLC® BEH Shield RP18 column (2.1 × 100 mm, 1.7 µm) at 25 ◦C. The
mobile phases were 0.1% aqueous formic acid as solution A, and acetonitrile as solvent B.
The gradient program was as follows: 0–2 min, 2% B; 2–3 min, 2% B to 90% B;3–5 min, 90%
B; 5–6 min, 90% B to 2% B; 6–10 min, 2% B [40]. The injection volume was 20 µL. Detection
was conducted in positive ion mode using electrospray ionization (ESI). Multiple reaction
monitoring transitions for quantification and confirmation were optimized and are listed in
Table 1. Key MS parameters were as follows: curtain gas, 30.0; collision gas, 8; ion spray
voltage, 5500.0; temperature, 370.0; ion source gas 1, 30.0; ion source gas 2, 0.0.

Table 1. List of multiple reactions monitoring parameters. Reprinted with permission from Ref. [8],
Publisher Yueyang Leng, 2025.

Analyte Q1 Mass
(m/z)

Q3 Mass
(m/z) DP(V) CE(V)

DA 154.1 137.2 50 15
NE 170.1 152.2 90 10

5-HIAA 192.1 146.1 60 20
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Table 1. Cont.

Analyte Q1 Mass
(m/z)

Q3 Mass
(m/z) DP(V) CE(V)

HVA 183.1 137.1 90 25
ACh 146.1 87.1 80 20

GABA 104 87.1 30 15
Tyr 182 123 50 40
Glu 148.1 84.1 80 15
Gly 76 30 40 20
IS 137.9 120.1 25 25

2.6. Quantitative Real-Time PCR

To evaluate the regulatory effects of LMWF on the transcription of key neural path-
way genes, quantitative real-time PCR (qRT-PCR) was performed on PFC issue. Total
RNA was extracted using the FastPure® Cell/Tissue Total RNA Isolation Kit V2 (Vazyme
Biotech, Nanjing, China), following the manufacturer’s protocol. RNA (300 ng) was reverse-
transcribed using the HiScript® III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech,
Nanjing, China) [41]. qRT-PCR was carried out on a QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) using ChamQ Universal SYBR qPCR
Master Mix (Vazyme Biotech, Nanjing, China). Relative mRNA expression levels of Th, Dat,
and Snap25 were designed based on validated mRNA sequences from the NCBI database.
They were normalized to Gapdh and calculated using the Livak method (2−∆∆Ct) [42].
Primer sequences were synthesized by Sangon Biotech (Shanghai, China), and are listed
in Table 2.

Table 2. DNA sequences of primers used in qRT-PCR.

Accession No. Forward Primer Reverse Primer

Gapdh NM_017008.4 TTCACCACCATGGAGAAGGC CTCGTGGTTCACACCCATCA
Th NM_012740.3 TCCCAGGACATTGGACTTGC AAGCCTTCAGCTCCCCATTC
Dat NM_012694.2 GTCACCAACGGTGGCATCTA AATTGCTGGACGCCGTAGAA
Snap25 NM_030991.2 AGTCACACAAGGCTACCAGC GTGGCTTTGGAGGCAAACAG

2.7. Hematoxylin and Eosin (H&E) Staining

To evaluate the histopathological changes in brain tissues, paraffin-embedded sections
(5 µm thick) of the striatum (STR) and cerebellum (CE) were subjected to H&E staining.
Briefly, the sections were deparaffinized in xylene twice (10 min each) and rehydrated
through a series of graded ethanol solutions (100%, 95%, 80%, and 70%) for 5 min at
each step [43]. After washing with distilled water, the sections were stained with hema-
toxylin solution for 5 min, followed by rinsing in running tap water. The sections were
then differentiated with 1% acid alcohol and stained with eosin Y solution for 2 min [24].
After dehydration through increasing concentrations of ethanol and clearing in xylene,
the sections were mounted with neutral resin [44]. Morphological structures and patho-
logical alterations were observed and captured using an inverted microscope (Olympus,
Tokyo, Japan).

2.8. Immunohistochemistry

Brain tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and coronally
sectioned at a thickness of 5 µm. For IHC staining, sections were deparaffinized in xylene
and rehydrated through a graded ethanol series. Antigen retrieval was performed by
heating sections in a citrate buffer (pH 6.0) at 95 ◦C for 15 min [45]. To eliminate endogenous
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peroxidase activity, sections were incubated with 3% H2O2 for 10 min at room temperature.
After blocking with 5% normal goat serum for 1 h to minimize non-specific binding, sections
were incubated overnight at 4 ◦C with a rabbit anti-TH primary antibody (Santa Cruz, CA,
USA; 1:200 dilution). Following three washes with PBS, the sections were incubated with
a biotinylated secondary antibody for 30 min at 37 ◦C [46]. Visualization was achieved
using a 3,3′-diaminobenzidine (DAB) substrate kit, and the nuclei were counterstained
with hematoxylin.

To assess TH expression in the STR, brain sections were incubated with anti-TH pri-
mary antibody overnight at 4 ◦C, followed by secondary antibody at 37 ◦C for 30 min.
Visualization was performed using a DAB kit, and sections were counterstained with hema-
toxylin [47]. TH-positive staining was imaged, and mean optical density was quantified
using Fiji v2.9 (National Institutes of Health, Bethesda, MD, USA).

2.9. Gut Microbiota Analysis

Total genomic DNA was extracted using HiPure Stool DNA Kits (Magen, Guangzhou,
China). The V3–V4 regions of the 16S rRNA gene were amplified with primers 341F and
806R and sequenced on the Illumina Novaseq 6000 platform (2 × 250 bp) [31]. Raw reads
were quality-filtered using FASTP (v0.18.0) and merged into tags via FLASH (v1.2.11).
Operational taxonomic units (OTUs) were clustered at 97% similarity using the Uparse
(v9.2.64) pipeline, with chimeras removed by UCHIME [48]. Taxonomic assignment was
performed against the SILVA database (v138) using the RDP Classifier (v2.2). Alpha and
Beta diversity (PCoA based on UniFrac distances) were calculated via QIIME (v1.9.1).
Significantly different taxa were identified using LEfSe analysis (LDA score > 3.0) [49].
Data were submitted to the NCBI BioProject database on 29 December 2025 (Accession No.
PRJNA1394776).

2.10. Statistical Analysis

Data were presented as mean ± SEM, with the number of replicates (n) indicated
in the corresponding figure legends. The normality of data distribution was assessed
using the Shapiro–Wilk test, and the homogeneity of variances was confirmed by Levene’s
test. Furthermore, differences between groups were evaluated using one-way ANOVA
followed by the Student-Newman-Keuls (SNK) post hoc test, which offers appropriate
sensitivity for detecting graded intergroup differences under conditions of equal sample
size and homogeneous variance. A p-value < 0.05 was considered statistically significant.
Statistical analysis was performed using IBM SPSS Statistics 25.0 (IBM, Armonk, NY, USA)
and GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effect of LMWF on Anxiety and Hyperactive Behavior

Rodents typically exhibit thigmotaxis, preferring to remain close to the walls and
avoid the center of the arena due to innate anxiety. In contrast, SHR, as the well-established
ADHD model, display hyperlocomotion, increased central zone entries, and elevated
stretch behavior, which are commonly associated with hyperactivity and impulsivity (Mod
group, Figure 1).

Compared to the Mod group, both ATO and LMWF treatments significantly reduced
locomotor activity, as reflected by decreased total movement distance (Figure 1B). In addi-
tion, changes were observed in central zone exploration (Figure 1C) and stretch frequency
(Figure 1D). Animals in the LMWFL and Pos groups exhibited movement profiles compara-
ble to those of the Con group, indicating a substantial normalization of hyperactivity-related
behaviors. Representative movement trajectories are illustrated in Figure 1E.
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These finding indicate that LMWF effectively attenuated hyperactivity-related be-
haviors in SHR. Alterations in central zone exploration may suggest a potential influ-
ence on anxiety-like behavior. Low-dose LMWF demonstrated comparable efficacy to
ATO, highlighting its potential as a non-stimulant candidate for improving ADHD-related
behavioral abnormalities.

3.2. Effect of LMWF on Spatial Learning and Memory

The MWM test was conducted to evaluate the impact of LMWF on spatial learning
and memory. During positional navigation, escape latency was primarily influenced by the
distance from the entry point to the platform (Figure 2A).

Figure 2. Regulation of LMWF on the spatial memory and learning ability of animals assessed by the
Morris Water Maze test. (A) Escape latency during the position navigation (in the position navigation).
(B) Number of entries into target in the spatial navigation. (C) Percentage of distance traveled in
the target in the spatial navigation. (D) Latency to first entry into target (in the spatial navigation).
(E) Representative swimming trajectories of each group in the spatial navigation. Data are presented
as mean ± SEM (n ≥ 6). Groups sharing the same letter are not significantly different, while groups
labeled different letters differ significantly (p < 0.05). The red circle indicates the location of the hidden
escape platform in quadrant III. WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats;
ATO, atomoxetine; LMWF, low molecular weight fucoidan; Con, the control group of WKY animals;
Mod, the model group of SHR animals without treatment; Pos, the positive group of SHR animals
with ATO treatment; LMWFL, the group of SHR animals with 100 mg/kg/day LMWF treatment;
LMWFH, the group of SHR animals with 300 mg/kg/day LMWF treatment.

In the spatial exploration test, animals in Mod group exhibited disoriented swimming
patterns and reduced focus on the target quadrant. In contrast, animals treated with
ATO and LMWF showed significantly increased entries into the original platform location
(Figure 2B), greater cumulative movement distance in the target zone (Figure 2C), and
reduced latency to reach this area (Figure 2D). These behavioral patterns indicate that
memory retrieval and spatial navigation were preserved. Representative swimming paths
are presented in Figure 2E. Collectively, these results demonstrate that LMWF enhances
spatial memory performance in SHR rats.

Although WKY rats are traditionally used as controls, their hypoactivity and pro-
nounced floating behavior compromised in the interpretability of their MWM performance,
consistent with previous reports [24].
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3.3. Regulation of Dopaminergic System by LMWF

Dopaminergic dysregulation in the prefrontal cortex (PFC) [50] and striatum (STR) [51]
is a central hypothesis in the pathophysiology of ADHD, given their pivotal roles in
cognitive control, working memory, and reward processing.

Liquid chromatography-mass spectrometry (LC-MS) revealed that DA levels were
significantly reduced in the PFC of model animals, while LMWF treatment robustly restored
DA concentrations (Figure 3A). In the STR, both LMWF and ATO significantly elevated DA
levels (Figure 3B), suggesting region-specific effects on dopaminergic tone.

Figure 3. Regulatory effects of LMWF on the dopaminergic system. (A,B) Dopamine levels in the
PFC and STR, respectively. (C–E) Relative mRNA expression levels of Th, Dat, and Snap25. (F) Protein
expression levels of TH in the STR, respectively. Data are presented as mean ± SEM (n ≥ 6). Groups
sharing the same letter are not significantly different, whereas groups labeled with different letters
differ significantly (p < 0.05). PFC, prefrontal cortex; STR, striatum; Th/TH tyrosine hydroxylase; Dat,
dopamine transporter; Snap25, synaptosome-associated protein-25; WKY, Wistar-Kyoto rats; SHR, spon-
taneously hypertensive rats; ATO, atomoxetine; LMWF, low molecular weight fucoidan; Con, the control
group of WKY animals; Mod, the model group of SHR animals without treatment; Pos, the positive
group of SHR animals with ATO treatment; LMWFL, the group of SHR animals with 100 mg/kg/day
LMWF treatment; LMWFH, the group of SHR animals with 300 mg/kg/day LMWF treatment.

To explore underlying the underlying mechanisms, transcriptional and protein expres-
sion analyses of key regulatory factors were conducted. LMWF significantly upregulated
Th, the rate-limiting enzyme in DA biosynthesis (Figure 3C). Consistently, TH protein
expression in the STR was also increased following LMWF treatment (Figure 3F). Concur-
rently, both LMWF and ATO downregulated Dat expression (Figure 3D), which may be
associated with altered dopamine transport dynamics. LMWF markedly increased Snap25
mRNA levels (Figure 3E), suggesting potential involvement in synaptic function.

These results suggest that LMWF is associated with multi-level modulation of
dopaminergic signaling, including Th, Dat and Snap25 expression. These coordinated
alterations may contribute to the observed improvements in behavioral performance.

3.4. Effect of LMWF on Neurotransmitter Levels in the PFC

Although the etiology of ADHD is not fully elucidated, prevailing hypotheses high-
light disruptions in monoaminergic systems, particularly dopaminergic (DA), noradrener-
gic (NE), and serotonergic (5-HT) pathways [52–54], as key contributors. Recent studies also
implicate imbalances in excitatory and inhibitory neurotransmission, involving glutamate
(Glu), γ-aminobutyric acid (GABA), glycine (Gly), and the acetylcholine (ACh) system,
along with emerging molecular regulators such as GIT1 and related kinases [55–57].
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LMWF significantly elevated NE concentrations (Figure 4A), indicating its capacity to
restore noradrenergic tone, potentially contributing to enhanced attention and arousal reg-
ulation [54]. Both LMWF and ATO significantly reduced tyrosine (Tyr) levels (Figure 4B),
which may be associated with changes in dopaminergic activity. In parallel, LMWF
and ATO significantly reduced the levels of homovanillic acid (HVA), a DA metabolite
(Figure 4C), suggesting alterations in dopamine metabolism.

Figure 4. Effects of LMWF on neurotransmitter levels in the PFC. (A) Norepinephrine, (B) Tyrosine,
(C) HVA, (D) GABA, (E) Glutamic acid, (F) Glutamate/GABA ratio. Data are presented as mean ±
SEM (n ≥ 6). Groups sharing the same letter are not significantly different, whereas groups labeled
with different letters differ significantly (p < 0.05). HVA, Homovanillic acid; GABA, γ-Aminobutyric
acid; Glu, glutamic acid; WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats; ATO,
atomoxetine; LMWF, low molecular weight fucoidan; Con, the control group of WKY animals; Mod,
the model group of SHR animals without treatment; Pos, the positive group of SHR animals with
ATO treatment; LMWFL, the group of SHR animals with 100 mg/kg/day LMWF treatment; LMWFH,
the group of SHR animals with 300 mg/kg/day LMWF treatment.

Inhibitory and excitatory neurotransmitter profiles revealed further insights into
LMWF’s neuromodulatory effects. After LMWF administration, GABA levels were in-
creased (Figure 4D) and Glu levels were reduced (Figure 4E) compared with the Mod group,
indicating a shift in excitatory/inhibitory balance. LMWF treatment partially restored this
balance (Figure 4F), which may be associated with improved neural function [55].

These results align with the hypothesis that DA deficiency contributes to cortical
hypoexcitability and impaired top-down regulation in ADHD [58]. By simultaneously
enhancing DA and NE levels while modulating Glu and GABA balance, LMWF was associ-
ated with coordinated changes in multiple neurotransmitter systems. The reduction in HVA
levels, combined with increased DA and NE, further underscores improved monoaminergic
efficiency, potentially ameliorating cognitive and behavioral symptoms.

Together, these findings suggest that LMWF is associated with modulation of
monoaminergic signaling and excitatory/inhibitory balance in the ADHD model, which
may contribute to improvements in cognitive and behavioral functions.
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3.5. Histopathological Alterations

In SHR model rats, neuronal cells exhibited pronounced morphological damage,
including disordered architecture, cellular dispersion, nuclear shrinkage, and signs of
apoptosis such as pyknosis, disrupted nuclear membranes, and nucleolar loss (Figure 5A,
blue circle). Following LMWF administration, these histopathological features appeared
less pronounced.

Figure 5. Histopathological analysis of the striatum (STR) (A) and cerebral cortex (CE) (B). Red circles
indicate pyknotic neurons, characterized by hyperchromatic nuclei and cytoplasmic condensation.
Blue arrows indicate ruptured nuclear membranes and absence of nucleoli. Images are representative
of n = 3 animals per group. Scale bars: 50 µm (upper panels), 200 µm (lower panels). The blue
circle indicates neuronal damage area; the red circle indicates the region with preserved neuronal
morphology. The blue arrow indicates a disorganized granular layer; the red arrow indicates an
intact granular layer. STR, striatum; CE, cerebellum; WKY, Wistar-Kyoto rats; SHR, spontaneously
hypertensive rats; ATO, atomoxetine; LMWF, low molecular weight fucoidan; Con, the control group
of WKY animals; Mod, the model group of SHR animals without treatment; Pos, the positive group of
SHR animals with ATO treatment; LMWFL, the group of SHR animals with 100 mg/kg/day LMWF
treatment; LMWFH, the group of SHR animals with 300 mg/kg/day LMWF treatment.

These pathological changes were markedly ameliorated by LMWF administration. Neu-
ronal morphology in the treated groups showed relatively preserved nuclear and cytoplasmic
structures and a more organized cellular arrangement (Figure 5A, red circle). These observa-
tions suggest that LMWF may alleviate histopathological alterations in SHR rats.

In the cerebellum, the untreated model group exhibited a thinner and less organized
granular layer compared with controls (Figure 5B, blue arrow). After LMWF treatment, the
granular layer appeared relatively more compact and structurally organized (Figure 5B,
red arrow).

Collectively, H&E staining revealed that SHR rats exhibited clear signs of neuronal
injury, which were significantly reversed by LMWF. In contrast, ATO did not show observ-
able neuroprotective effects at the histological level, which may be attributable to its known
gastrointestinal and systemic side effects. The restorative impact of LMWF highlights its
multifaceted therapeutic potential as a natural macromolecular agent, likely operating via
multiple neuroprotective pathways.

3.6. Gut Microbiota

Accumulating evidence has demonstrated that natural polysaccharides exert beneficial
effects on obesity, cardiovascular, cerebrovascular, and neurodegenerative diseases through
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modulation of gut microbiota [59,60]. Given the increasing recognition of the brain–gut
axis and the presence of inflammatory features in ADHD pathology, this study evaluated
the regulatory effect of LMWF on the gut microbiota.

At the family level (Figure 6A), LMWF treatment significantly increased the abun-
dance of Lactobacillaceae, Bacteroidaceae, and Prevotellaceae, while reducing the levels of
Muribaculaceae, Lachnospiraceae, Erysipelotrichaceae, Saccharimonadaceae, and Desulfovibri-
onaceae. Among these, Lactobacillaceae and Bacteroidaceae are known short-chain fatty acid
(SCFA) producers, which contribute to maintaining intestinal homeostasis and reducing
systemic inflammation [61]. Consistently, the abundance profiles of these key bacterial fam-
ilies in the LMWF-treated group resembled those of healthy controls. Desulfovibrionaceae, a
family of sulfate-reducing bacteria capable of producing cytotoxic H2S, was significantly
reduced by LMWF, indicating improved intestinal epithelial barrier function.

Figure 6. Regulatory effect of LMWF on gut microbiota. (A) Stacked bar plot showing species
distribution at the family level. (B) Heatmap of species abundance at the family level. (C) α-diversity
analysis of microbial communities. (D) β-diversity analysis based on principal coordinates analysis
(PCoA). (E) Functional prediction using PICRUSt2 and Kruskal–Wallis rank-sum test. (F) Circos
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plot illustrating the distribution and abundance of species-level taxa. (G) LEfSe analysis identifying
differential taxa at the family level. (H) Indicator species analysis at the species level. Statistical
analysis and taxonomic profiling were performed with n = 3 animals per group. WKY, Wistar-Kyoto
rats; SHR, spontaneously hypertensive rats; LMWF, low molecular weight fucoidan; Con, the control
group of WKY animals; Mod, the model group of SHR animals without treatment; LMWFL, the
group of SHR animals with 100 mg/kg/day LMWF treatment.

Figure 6B further illustrates species-level alterations, where LMWF upregulated benefi-
cial taxa including Akkermansiaceae, Bifidobacteriaceae, and Christensenellaceae, while reducing
pro-inflammatory or dysbiosis-associated families such as Burkholderiaceae, Eggerthellaceae,
and Enterobacteriaceae. Akkermansia muciniphila, a key member of Akkermansiaceae, is recog-
nized for its role in enhancing mucosal integrity and exerting anti-inflammatory effects [5,6].
Its decreased abundance has been associated with metabolic and neurodegenerative dis-
eases, while supplementation has been shown to alleviate cognitive decline and amyloid
pathology in Alzheimer’s disease models. Christensenellaceae, negatively correlated with
systemic inflammation, has also been implicated in host metabolic health and longevity [62].

In terms of diversity, α-diversity analysis showed no significant difference between
groups, indicating comparable overall richness (Figure 6C). However, β-diversity analysis
revealed significant shifts in microbial community composition between the Mod and
LMWF-treated groups (Figure 6D), suggesting that LMWF altered the structural landscape
of the gut microbiota.

Functional prediction based on KEGG pathway enrichment (Figure 6E) revealed that
LMWF significantly downregulated microbiota functions associated with cardiovascular
and autoimmune diseases. These findings indicate a shift towards a more health-associated
microbial metabolic profile, potentially contributing to neuroimmune regulation and be-
havioral improvement through the gut–brain axis.

Species-level comparison via Circos plot (Figure 6F) identified increased abundance of
Lactobacillus murinus, L. gasseri, and L. reuteri in the LMWF-treated group. These species
are known to modulate immune responses, regulate excitatory/inhibitory neurotrans-
mitter balance, and enhance intestinal health via SCFA production [63]. LefSe analysis
further identified Erysipelotrichia and its associated taxonomic levels (Erysipelotrichaceae,
Erysipelotrichales) as prominent biomarkers of the Mod group (Figure 6G), suggesting their
potential role in ADHD-associated gut dysbiosis.

Indicator species analysis (Figure 6H) showed that Ruminococcus flavefaciens and Bacterium
enrichment culture clone B182011 were elevated in the Mod group, both of which have been
implicated in intestinal barrier disruption and inflammation. Conversely, Lactobacillus johnsonii
was markedly enriched in the LMWF group, supporting its beneficial regulatory role.

In conclusion, LMWF effectively modulates gut microbial composition and function by
enriching beneficial taxa involved in immune and neuronal regulation, while suppressing
pathogenic bacteria associated with inflammation and neurotoxicity. These findings support
the hypothesis that LMWF may exert neuroprotective effects, at least in part, via modulation
of the gut microbiota along the brain–gut axis.

4. Discussion
The present study highlights the therapeutic potential of LMWF in mitigating ADHD-

like phenotypes, including hyperactivity and cognitive impairment, in the SHR model.
The behavioral deficits in SHR rats are resulting from compromised DA signaling in PFC
and STR. In alignment with the findings of Wang et al., LMWF administration effectively
restored DA homeostasis in critical brain regions. This evidenced by the reduction in
locomotive distance and stretching frequency in the central zone of the open field test,
which metrics indicative of attenuated anxiety and hyperactivity [64].
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Distinguished from the clinical stimulant ATO, LMWF as a marine-derived bioactive
polysaccharide, exhibits a superior safety profile and minimal toxicity, positioning it as a
promising non-stimulant candidate for intervention. Mechanistic evaluation reveals that
LMWF may modulate multiple components of dopaminergic signaling. LMWF augments
DA biosynthesis by upregulating Th expression, facilitates synaptic vesicle trafficking via
Snap25 elevation, and modulates synaptic DA availability by downregulating Dat. This
coordinated action contributes to the maintenance of neurotransmitter equilibrium within
the PFC and STR [65].

Furthermore, LMWF conferred significant neuroprotection, as demonstrated by the
preserved neuronal architecture in the STR and cerebellum, which reinforces its potential
for long-term therapeutic application. From the perspective of the gut-brain axis, LMWF
functions as a potent prebiotic-like modulator, remodeling the commensal landscape by
significantly enriching beneficial taxa such as Akkermansia and SCFA-producing Lactobacil-
lus. These microbial shifts are instrumental in reinforcing intestinal barrier integrity and
suppressing systemic neuroinflammation [60,61].

The neuroprotective efficacy of LMWF observed in this study aligns with the emerging
role of natural polysaccharides as therapeutic interventions for neurological disorders. Con-
sistent with previous reports on Schisandra chinensis polysaccharides [35,66] and Sea buck-
thorn polysaccharides [67], LMWF effectively modulated the neurochemical environment
and ameliorated cognitive deficits. LMWF’s role in reshaping gut microbiota to improve
ADHD-like behaviors parallels the mechanism of Dendrobium officinale polysaccharide [68]
and Schisandra chinensis polysaccharides [35], which attenuates cognitive impairment via
the gut-brain axis. From a structure-activity perspective, the bioactivity of LMWF is likely
supported by its low molecular weight and high degree of sulfation, which may facilitate its
systemic influence on neurochemical and microbial homeostasis [28,59]. Collectively, these
findings suggest that LMWF may serves as a potent dietary intervention for ADHD-like
symptoms, possibly involving coordinated modulation of multiple biological pathways.

Despite these insights, the precise structure-activity relationship, particularly how
sulfation patterns influence receptor binding, remains to be elucidated. Integrating
metabolomics to quantify microbial-derived metabolites would provide a more granular
understanding of gut-brain signaling. Nevertheless, this study provides a robust scientific
foundation for utilizing LMWF as a promising functional food intervention for ADHD.

5. Limitations
This study has several limitations that should be acknowledged. Although the SHR

is a widely accepted model for ADHD-like behavior, its hyperactive phenotype primarily
reflects the locomotor dimension of the disorder. In this study, behavioral assessments were
limited to the open field test and the Morris water maze, which capture locomotor activity,
anxiety-like behavior, and spatial learning and memory, respectively. However, neither
task directly measures sustained attention or impulsive responding—two core symptom
domains of ADHD. The use of attention-specific paradigms such as the five-choice serial
reaction time task (5-CSRTT) or delay discounting tasks would be required to evaluate
these aspects.

Moreover, dopaminergic regulation was inferred from neurotransmitter levels mea-
sured by LC-MS/MS and mRNA expression of three key genes (Th, Dat, and Snap25)
quantified by qRT-PCR in the prefrontal cortex. Although these markers provide valuable
information, they do not directly reflect dopamine synthesis rates, vesicular storage, synap-
tic release, reuptake kinetics, or receptor occupancy. In vivo micro-dialysis, voltammetry,
or PET imaging would be necessary to capture dynamic dopaminergic function. Moreover,
protein-level confirmation of DAT and SNAP25 expression was not performed, which

https://doi.org/10.3390/polysaccharides7020067

https://doi.org/10.3390/polysaccharides7020067


Polysaccharides 2026, 7, 67 15 of 19

warrants cautious interpretation of the transcriptional findings. Furthermore, although
alterations in gut microbiota composition were observed, no direct measurements of in-
flammatory markers, intestinal permeability, or neuroimmune signaling were performed,
limiting the mechanistic interpretation of gut–brain interactions. Future studies incorporat-
ing functional assays and multi-level validation are therefore required to further elucidate
the underlying mechanisms.

6. Conclusions
This study demonstrates that LMWF exerts beneficial effects on ADHD-like phe-

notypes in SHR. Behaviorally, LMWF ameliorated hyperactivity-related parameters and
improved performance in cognitive tasks. At the neurochemical level, LMWF was asso-
ciated with alterations in dopaminergic signaling, including increased dopamine levels
and changes in the expression of key regulatory factors such as Th, Dat, and Snap25. These
findings suggest a potential involvement of dopaminergic pathways, although direct mech-
anistic relationships remain to be further elucidated. In addition, histological observations
indicated that LMWF treatment was associated with improved neuronal morphology in
the striatum and cerebellum. Furthermore, LMWF was found to modulate gut microbiota
composition, which may contribute to its overall effects through gut–brain interactions.
Taken together, these results suggest that LMWF exerts multi-level regulatory effects in-
volving behavioral, neurochemical, and microbiota-related changes. While the underlying
mechanisms require further investigation, LMWF may represent a promising candidate for
dietary intervention in ADHD-related conditions.
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