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ABSTRACT: Acute lung inflammation (ALI) poses a significant global health challenge. Conventional synthetic 

anti-inflammatory drugs often show limited efficacy against ALI and may cause side effects. Natural fucoidans exhibit 

promising anti-inflammatory properties, but their specific effects and mechanisms in ALI remain unclear. In this 

study, we characterized the structural features of Apostichopus japonicus-derived fucoidan AJ2-I using methylation 

analysis, 1D/2D nuclear magnetic resonance, and chemical assays. We then evaluated its anti-ALI effects in 

lipopolysaccharide-challenged C57BL/6J mice and human A549 cells. Structural analysis revealed 

that AJ2-I primarily consists of [→3)-Fucp-(1→] residues with C4 branching, while sulfate groups were 

predominantly substituted at C2 and C4 positions. Notably, this fucoidan contains unique 

glycosyls—→4)-β-D-GalpA-6-O-Et-(1→ and →4)-β-D-GalpA-6-OMe-(1→—distinguishing it from previously 

reported A. japonicus polysaccharides. Functionally, AJ2-I significantly suppressed pro-inflammatory cytokines 

(TNF-α, IL-6, and IL-1β) in both in vivo and in vitro models. Mechanistically, it inhibited Toll-like receptor 2/4 to 

suppress mitogen-activated protein kinase and phosphoinositide-3 kinase/protein kinase B signaling pathways, 

thereby blocking the activation of key transcription factors, including nuclear factor kappa-B and c-Jun/activator 

protein-1. These findings elucidate the protective role of A. japonicus-derived fucoidan AJ2-I in ALI and uncover its 

underlying molecular mechanisms, supporting the potential use of fucoidans in treating lung inflammation.  

Keywords: Acute inflammation; fucoidan; lipopolysaccharide; mitogen-activated protein kinase; sea 
cucumber; Toll-like receptor 

1. Introduction 

The lung not only serves as the primary organ for gas exchange in mammals but also acts as a critical 

immune organ, functioning as the major site of interaction for many airborne pathogens, toxicants, and 

allergens that cause pneumonia and other diseases[1-3]. Notably, respiratory infections or other factors (e.g., 

aspiration pneumonitis) can induce acute lung inflammation or injury (ALI), with its most severe form, acute 

respiratory distress syndrome (ARDS), representing a critical threat to human health worldwide[1,4,5]. For 
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instance, the COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), has affected over 180 countries and territories, infecting more than 190 million people and 

claiming more than 4.1 million lives worldwide[6,7]. Mechanistically, infected target cells and lymphocytes 

overproduce pro-inflammatory cytokines, leading to ALI and a cytokine storm driven by systemic 

inflammation[8].  

Current pharmacological treatments for ALI fall into two categories: anti-inflammatory therapy and 

physiological therapy. The latter involves drugs targeting ventilation, diffusion or perfusion, while 

anti-inflammatory approaches are widely investigated due to the inflammatory nature of ALI/ARDS[9]. 

Clinically, dexamethasone (Dex), ulinastatin, prednisone, and prednisolone are commonly used for acute 

inflammation or allergies, including ALI, owing to their anti-inflammatory and immunomodulatory effects[5]. 

However, these synthetic drugs often cause side effects and exhibit limited efficacy. Despite significant 

advancements, no fully effective pharmacological treatment for ALI/ARDS currently exists[2,3,5,10]. The urgent 

need to combat ALI/ARDS demands the development of both effective preventive and therapeutic strategies.  

In this context, natural products have emerged as promising candidates due to their multifaceted 

therapeutic properties[11,12]. Among them, natural polysaccharides exhibit notable immunomodulatory 

properties, capable of both enhancing immune responses by promoting inflammatory cytokine release and 

suppressing inflammation by inhibiting over-activated immune cells. These effects are mechanistically linked 

to the activation of Toll-like receptors (TLRs) and their downstream signaling pathways. The proposed 

mechanisms involve direct interaction, potentially via β-D-configured glycosyl residues, as well as indirect 

modulation through metabolites derived from the intestinal flora[13-16]. Notably, fucoidans have demonstrated 

significant anti-inflammatory properties[11,17-19]. The structure of Apostichopus japonicus-derived fucoidans 

differs from those isolated from other sea cucumber species, and their structural characteristics vary based on 

the origin and extraction method[20,21]. Notably, the efficacy of fucoidan—particularly sea cucumber-derived 

fucoidan—in treating lung inflammation, such as ALI, remains unclear. Lipopolysaccharide (LPS), a key 

component of gram-negative bacterial membranes, is a major contributor to ALI. LPS-induced lung injury 

models are widely recognized for their high reproducibility and relevance to human ALI[22,23]. In this study, 

we hypothesized that sea cucumber A. japonicus-derived fucoidan could mitigate LPS-induced ALI in 

C57BL/6J mice and A549 cells by modulating TLR signaling pathway.  

2. Materials and methods  

2.1 Materials 

The sea cucumber A. japonicas was bought from a local market of Qingdao (Shandong, China). 

Monosaccharide and dextran standards were obtained from Sigma (St. Louis, MO, USA). LPS was bought 

from Solarbio (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM) was obtained from Gibco 

(CA, USA). Fetal bovine serum (FBS) was purchased from Bioexplorer Life Sciences (CA, USA). Mouse 

monoclonal antibodies against c-Jun N-terminal kinase (JNK), phosphoinositide-3 kinase (PI3K), and 

interleukin (IL)-6, and a rabbit polyclonal antibody against tumor necrosis factor α (TNF-α) were provided 
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by Santa Cruz (California, USA). A mouse monoclonal antibody against interleukin (IL)-1β, rabbit 

monoclonal antibodies against p38-mitogen-activated protein kinase (MAPK) (p38), phosphorylated 

p38-MAPK (p-p38), extracellular regulated protein kinase 1/2 (ERK1/2), phosphorylated ERK1/2 

(p-ERK1/2), phosphorylated PI3K (p-PI3K), protein kinase B (AKT/PKB), phosphorylated AKT (p-AKT), 

p65-nuclear factor kappa-B (NF-κB) (p65), and phosphorylated p65-NF-κB (p-p65) were bought from Cell 

Signaling (MA, USA). A mouse monoclonal antibody against myeloid differentiation factor 88 (MyD88) 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were bought from Proteintech (Wuhan, China). 

A mouse monoclonal antibody against β-tubulin, rabbit polyclonal antibodies against TLR2, TLR4, 

c-Jun/activator protein-1 (AP-1), phosphorylated AP-1 (p-AP-1), β-actin, and phosphorylated MyD88 

(p-MyD88) were procured from Affinity Biosciences (Jiangsu, China). A rabbit polyclonal antibody against 

phosphorylated JNK (p-JNK) was purchased from Signalway Antibody (USA). TLR4 inhibitor (IAXO-102) 

and TLR2 inhibitor (INH14) were bought from Selleck (Shanghai, China) and Shanghai Yuanye 

Bio-Technology Co., Ltd. (Shanghai, China). A bicinchoninic acid (BCA) assay kit and HRP conjugated 

secondary antibodies were obtained from CWBIO (Beijing, China). An assay kit for lactate dehydrogenase 

(LDH) 

 was purchased from Beyotime (Shanghai, China). Methyl thiazolyl tetrazolium (MTT) was provided by 

Solarbio (Beijing, China). The rest reagents used in this study were of analytical grade.  

2.2 Isolation and purification of fucoidan 

Fucoidan was extracted from A. japonicus using an established protocol[24,25]. Briefly, dried sea 

cucumber body walls were soaked overnight in water, homogenized, and suspended in 0.1 M sodium acetate 

buffer (pH=6.0) containing 0.25% papain, 5 mM EDTA, and 5 mM cysteine (1:20, w/v). The mixture was 

incubated at 60 °C with continuous stirring for 24 h, followed by centrifugation at 1,500 × g for 20 min. The 

supernatant was concentrated to 50% of its original volume and precipitated with two volumes of 95% 

ethanol (4 °C, overnight) to yield crude polysaccharides. The crude extract was deproteinized using the 

Sevag method[26], re-suspended in water (25 g/L), and fractionated on a Q-SepharoseTM Fast Flow column 

(50 × 300 mm) connected to an ÄKTA fast protein liquid chromatography (FPLC) system. Stepwise elution 

was performed with 0.0, 0.5, 1.0, and 2.0 M NaCl[27,28]. Carbohydrate-positive fractions were pooled, 

concentrated, dialyzed, and lyophilized to obtain four fractions. The AJ-2 fraction was further purified by 

size-exclusion chromatography on a Sephacryl S200 HR column (2.6 × 90 mm), yielding a major fucoidan 

fraction designated AJ-2I for subsequent experiments.      

2.3 Molecular weight (Mw) and chemical component analysis 

The purity and Mw of AJ-2I were analyzed by high-performance gel permeation chromatography 

(HPGPC) using a TOSOH TSKgel G4000PWXL column with a RID-10A refractive index detector 

(Shimadzu, Japan). The mobile phase consisted of 0.1 M Na2SO4 at a flow rate of 1.0 mL/min[29]. Total 

carbohydrate content was quantified by the phenol-sulfuric acid method using fucose as the standard[30]. The 

content of uronic acid in this study was determined using the classical carbazole-sulfuric acid method with 
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glucuronic acid (GlcA) as the standard[31]. Sulfate ester content was determined via the barium chloride gelatin 

method[32], and protein content was measured using a BCA assay kit.    

2.4 Monosaccharide composition analysis 

This experiment was performed following an established protocol[19,33]. Samples (5 mg) were completely 

hydrolyzed with 2.0 M trifluoroacetic acid (TFA) at 110 ℃ for 6 h. Residual TFA was removed through 

rotary evaporation under reduced pressure. The hydrolysates were then derivatized with PMP 

(1-phenyl-3-methyl-5-pyrazolone) and analyzed using an Agilent Eclipse XDB-C18 column (4.6 × 250 mm, 

5 μm) connected to a high performance liquid chromatography (HPLC) system. The mobile phase consisted 

of 0.1 M phosphate-buffered saline (PBS, pH=6.7) and acetonitrile (83:17, v/v) at a flow rate of 1.0 mL/min. 

Monosaccharide composition was determined by comparing retention times with authentic standards and 

calculating relative molar ratios from peak areas.  

2.5 Fourier-transform infrared (FT-IR) analysis 

FT-IR spectroscopy was performed using a Thermo Scientific Nicolet iS10 spectrometer. Approximately 

0.5 mg sample was homogenized with potassium bromide powder and compressed into a 1 mm pellet. Spectra 

were acquired in the mid-infrared range (4000-500 cm-1).    

2.6 Methylation analysis 

This experiment was performed according to an established method[32]. Sodium methylsulfinylmethylide 

(SMSM) was prepared by mixing 2 mL DMSO with 200 mg NaH under nitrogen atmosphere. The 

pre-dialyzed and freeze-dried sample, AJ-2I, was completely dissolved in DMSO in a three-necked flask 

under nitrogen protection with continuous stirring. The solution was sonicated while SMSM (1:10, w/v) was 

added dropwise, followed by 30 min reaction at room temperature in the dark. The reaction mixture was then 

cooled on ice, and methyl iodide (1:10, w/v) was added dropwise. After 1 h sonication at room temperature, 

excess methyl iodide was removed by rotary evaporation. The product was dialyzed against tap-water and 

lyophilized. To ensure complete derivatization, the methylation process was repeated three times to obtain the 

final methylated product. The completely methylated fucoidan was fully hydrolyzed with 2.0 M TFA, reduced 

with sodium borodeuteride, and acetylated with acetic anhydride. The resulting methylated alditol acetates 

were extracted with dichloromethane, dried, and analyzed by gas chromatography-mass spectrometry 

(GC-MS) using a DB-225 capillary column (Agilent, USA). Data interpretation referenced the Complex 

Carbohydrate Research Center database.   

2.7 Nuclear magnetic resonance (NMR) analysis 

AJ-2I (~60 mg) was subjected to three consecutive exchanges with 99.9% D2O. After drying, the sample 

was dissolved in 0.6 mL of 99.9% D2O. Deuterated acetone was added as an internal reference standard. 

One-dimensional 1H-NMR, distortionless enhancement by polarization transfer spectroscopy (DEPT), 1H-1H 

correlated spectroscopy (COSY), 1H-13C heteronuclear multiple quantum coherence spectroscopy (HMQC), 
1H-13C heteronuclear multiple bond coherence spectroscopy (HMBC), and nuclear overhauser effect 
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spectroscopy (NOESY) experiments were carried out at 25 ℃ on a Bruker Avance III HD 600 MHz 

spectrometer with varying acquisition times.   

2.8 Animal grouping and interventions 

This study was approved by the Laboratory Animal Ethical Committee of Shandong Second Medical 

University (No.: 2018226) and followed the ARRIVAL and NIH guidelines for the care and use of Laboratory 

Animals. Twenty-five male C57BL/6J mice (~8 weeks old) were bought from Beijing HFK Bioscience Co., 

Ltd. (No.: SCXK (Jing) 2014-0004). After a two-week acclimation period, the mice were randomly divided 

into five groups (n=5 per group): blank control (BC), model (Mod), Dex (10 mg/kg), low-dosage AJ-2I (F-L, 

50 mg/kg), and high-dosage AJ-2I (F-H, 200 mg/kg). Dosages were selected based on previous studies[24,34,35]. 

All treatments were administrated orally for 7 consecutive days. Two hours after the final dose, the BC group 

received PBS (0.5 mL, i.p.), while the other groups were challenged with LPS (5.0 mg/kg, 0.5 mL, i.p.). Four 

hours post-LPS injection, mice were euthanized for sample collection. To minimize timing-related variability, 

drug administration and sample collection were staggered at 30-minute intervals across groups.     

To determine if the anti-inflammatory effects of AJ-2I are TLR2/4 dependent, we used the 

aforementioned LPS-induced mouse model. C57BL/6J mice (approximately 10 weeks old) were obtained 

from the animal center of Shandong Second Medical University and randomly divided into the following 

groups (n=6/group): a Mod group, a TLR2/4 inhibitors group (TLR2 inhibitor (5 mg/kg) + TLR4 inhibitor (3 

mg/kg)), and a combination group (TLR2/4 inhibitors + AJ-2I (200 mg/kg)). The inhibitor dosages were based 

on established literatures[36,37]. The mice were treated strictly according to the aforementioned approaches. In 

accordance with the 3R principles, a separate BC group and Dex group were not established for this 

confirmatory experiment; instead, samples from these groups were sourced from the prior experiment for the 

western blotting analysis.       

2.9 Hematoxylin & eosin (H & E) staining 

Lung tissues were fixed in 4% paraformaldehyde for 48 h, followed by dehydration through a graded 

ethanol series (70-100%). After clearing, tissues were immersed in molten paraffin wax (58 ℃) and embedded 

into blocks. The paraffin blocks were trimmed, sectioned at 5 μm using a microtome, and floated on a warm 

water bath (42 ℃) to smooth wrinkles. Sections were mounted onto glass slides, dried, and baked at 60 ℃ for 

50 min to enhance adhesion. Slides were dewaxed in xylene and rehydrated through a descending alcohol 

series (100%-70%) to water. Nuclei were stained with hematoxylin for 5 min, followed by differentiated in 

acid alcohol and bluing in ammonia water. Cytoplasm and extracellular matrix were counterstained with 

eosin (0.5% aqueous) for 3 min. Finally, slides were dehydrated through graded alcohols (70-100%), cleared 

in xylene, and mounted[24,32]. Histological images were captured using a SMART biomicroscope 

(Chongqing, China).      

2.10 Cell culture and treatment   
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A549 cells or human umbilical vein endothelial cells (HUVECs) were seeded in 25-cm2 flasks and 

maintained in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 

37 ℃ in a humidified 5% CO2 incubator. For the cytotoxicity assay, A549 cells or HUVECs were seeded in 

96-well plates at a density of 1.0 × 104 cells per well. After 24 h of treatment with AJ-2I at concentrations of 0, 

10, 20, 30, and 40 μg/mL, 20 μL of MTT solution (5.0 mg/mL) was added to each well. The plates were 

incubated for another 2 h to allow formazan crystal formation. Subsequently, the cells were washed three 

times with PBS. The formazan crystals were solubilized in DMSO, and the optical density was measured at 

570 nm using a SpectraMax i3x Multi-Mode Microplate Platform (Molecular Devices, San Jose, CA, USA). 

Cytotoxicity was further assessed using a lactate dehydrogenase (LDH) release assay, which quantifies cell 

membrane damage by measuring the leakage of the cytosolic enzyme LDH. The assay was performed in 

accordance with the manufacturer's protocol.     

Upon reaching 80% confluency, A549 cells were seeded into 6-well plates and randomly assigned to 

five groups: BC, Mod, Dex (1.0 μM), F-L (10 μg/mL), and F-H (40 μg/mL) groups. Following a 2-hour 

pretreatment with respective compounds, cells (except BC group) were stimulated with 1 μg/mL LPS[25,38,39] 

and incubated for an additional 24 h before sample collection. For TLR2/4 inhibition experiments, cells 

were pretreated with TLR2/4 inhibitors (INH14 and IAXO-102; 4.0 μg/mL) and/or F-H (40 μg/mL) prior to 

LPS challenge. Dosages were determined based on previous literatures[17,18,40,41].   

2.11 Quantitative reverse transcription-polymerase chain reaction (RT-qPCR)  

Total RNA was isolated using Trizol reagent following manufacturer’s protocol. The purity and 

concentration of total RNA were determined by NanoDrop UV spectrophotometry (Thermo Fisher, USA). 

cDNA synthesis was performed using an ABI VeritiTM 96-well thermal cycler according to the manufacturer’s 

instructions. RT-qPCR was conducted using an ABI QuantStudio3 PCR system (Waltham, MA, USA) with 

gene-specific primers (Table 1). The amplification protocol consisted of an initial denaturation at 95 ℃ for 10 

min, followed by 40 cycles of 15 s at 95 ℃ and 1 min at 60 ℃. Gene expression was quantified using the 2-ΔΔCt 

method and normalized to GAPDH[32,38].  

Table 1. The primers used for the polymerase chain reaction.  

Primer  Sequence (5'-3') 

mGAPDH 
Forward  AAGAAGGTGGTGAAGCAGGCATC 
Reverse CGGCATCGAAGGTGGAAGAGTG 

mIL-6 
Forward  CTTCTTGGGACTGATGCTGGTGAC 
Reverse TCTGTTGGGAGTGGTATCCTCTGTG 

mIL-1β 
Forward  CCAGGATGAGGACATGAGCA 
Reverse CGGAGCCTGTAGTGCAGTTG 

mTNF-α 
Forward  ACTCCAGGCGGTGCCTATGI 
Reverse AGTGTGAGGGTCTGGGCCAT 

mTLR2 
Forward  AAGATGCGCTTCCTGAATTTG 
Reverse TCCAGCGTCTGAGGAATGC 

mTLR4 
Forward  ATGGCATGGCTTACACCACC 
Reverse GAGGCCAATTTTGTCTCCACA 

mPI3K 
Forward  TGCAGCACAATGACTCCC 
Reverse TTCATCGCCTCTGTTGTGCAT 

mAKT Forward  TTCACAACCAGGACCAGCAGA 
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Reverse ATCCATGAGGATCAGCTCGAAC 

mERK1/2 
Forward  GCCTTCCAACCTCCTGCTGAAC 
Reverse CGTACTCTGTCAAGAACCCTGTGTG 

mP38 
Forward  GGCAGGAGCTGAACAAGACCATC 
Reverse AGCAGACGCAACTCTCGGTAGG 

mJNK 
Forward  CGCCTTATGTGGTGACTCGCTAC 
Reverse CTCCCATGATGCACCCAACTGAC 

mP65 
Forward  CTCCTGTTCATCCGACTCCC 
Reverse AGTCAGTGCCTGTTTTACGTT 

mAp-1 
Forward  AGCCGCCGCACCACTTG 
Reverse CCTTGATCCGCTCCTGAGACTC 

mMyD88 
Forward  TCATGTTCTCCATACCCTTGGT 
Reverse AAACTGCGAGTGGGGTCAG 

hGAPDH 
Forward  ACAACTTTGGTATCGTGGAAGG 
Reverse GCCATCACGCCACAGTTTC 

hIL-6 
Forward  GGTGTTGCCTGCTGCCTTCC 
Reverse GTTCTGAAGAGGTGAGTGGCTGTC 

hIL-1β 
Forward  GCGGCATCCAGCTACGAATCTO 
Reverse AACCAGCATCTICCTCAGCTTGTC 

hTNF-α 
Forward  AGCTGGTGGTGCCATCAGAGG 
Reverse TGGTAGGAGACGGCGATGCG 

hTLR2 
Forward  CTGTGCTCTGTTCCTGCTGA 
Reverse GATGTTCCTGCTGGGAGCTT 

hTLR4 
Forward  GCCTTCTCAGCAGGAACACT 
Reverse TGTTGCTTCCTGCCAATTGC 

hPI3K 
Forward  AGATCGCTCTGGCCTCATTG 
Reverse AGCCAGTTCAGAAGGGCATC 

hAKT 
Forward  TCAAAGAAGTCAAAGGGGCTGC 
Reverse CTCCTTCACAATAGCCACGTC 

hERK1/2 
Forward  AACAGGCCCATCTTTCCAGG 
Reverse TCAGCATTTGGGAACAGCCT 

hP38 
Forward  CTACCCGCAGGAGCTGAACAA 
Reverse AATCATGGACTGAAATGGTCTCCAG 

hJNK 
Forward  CAGGACTGCAGGAACGAGTT 
Reverse CTCCCATGATGCACCCAACT 

hP65 
Forward  TGAACCGAAACTCTGGCAGCTG 
Reverse CATCAGCTTGCGAAAAGGAGCC 

hAp-1 
Forward  GGATGTATGTCAGTGGACAGA 
Reverse AAGCGCAGTATTTCCAGCACC 

hMyD88 
Forward  GTCTCCTCCACATCCTCCCT 
Reverse CAGTTGCCGGATCTCCAAGT 

2.12 Western blotting  

Approximately 60 mg of lung tissue was homogenized in 500 μL radio immunoprecipitation assay 

(RIPA) lysis buffer and incubated on ice for 30 min with intermittent vortexing every 5 min. For cultured cells, 

proteins were extracted using ~60 μL RIPA lysis buffer per well. Equal protein amounts (40~60 μg) were 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (6–12%) and transferred to 

polyvinylidene fluoride membranes (0.22 or 0.45 μm, selected based on target protein Mw). Membranes were 

blocked with 5% non-fat milk, then incubated overnight at 4 °C with primary antibodies, followed by 

HRP-conjugated secondary antibodies[32,38]. Protein bands were detected using Immobilon® Western 

Chemiluminescent HRP substrate and imaged with a W3000 system (Servicebio, Wuhan, China). Band 

intensities were quantified using Image–J software and normalized to housekeeping proteins (GAPDH, 

β-actin, or β-tubulin).         
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2.13 Data analysis 

Statistical analysis was carried out using GraphPad Prism software, version 8.0 (San Diego, CA, USA). 

The data were initially analyzed for normality and homogeneity of variance using the Brown-Forsythe and 

Bartlett tests, respectively. Results were presented as the mean ± standard deviation (SD). The differences 

among groups were compared using one-way ANOVA followed by Tukey post hoc test, and the differences 

between two groups were performed using Student-t-test. Differences were considered to be significant at a P 

< 0.05. 

3. Results  

3.1 Purification and chemical analysis 

After ÄKTA-FPLC separation, A. japonicus-derived carbohydrates were divided into 4 fractions, with 

AJ-2 exhibiting the highest yield (~32% of total carbohydrate, Figure 1A). AJ-2 was further purified via size 

exclusion chromatography, yielding the major fraction AJ-2I (~81% of AJ-2, Figure 1B), which displayed a 

symmetrical peak on HPGPC (Figure 1D). Its Mw was determined to be 135.8 kDa based on the standard 

curve (Figure 1C-D). Compositional analysis revealed that AJ-2I contained 57.6% carbohydrate, 27.0% 

sulfate, 13.0% uronic acid, and 2.4% protein. Monosaccharide analysis demonstrated that AJ-2I primarily 

consisted of mannose, GlcA, galacturonic acid (GalA), N-acetylgalactosamine (GalNAc), and fucose (Fuc) in 

a molar ratio of 4.3:1.5:2.0:1.0:18.6 (Figure 1E-F). GlcA and GalNAc took only approximately 5.3% and 

3.5% of the total carbohydrates.  

FT-IR spectrum of AJ-2I showed characteristic absorbance peaks of fucoidan (Figure 1G). The intense 

peak at 3428.04 cm-1 was assigned to the stretching vibration of hydroxyl groups (-OH). The great peak at 

1056.07 cm-1 was attributed to the stretching vibrations of C–O–C and C–O–H groups. The obvious sulfate 

ester (O=S=O) peak was observed at 1252.34 cm-1. The band at 848.60 cm-1 indicated that sulfate groups were 

predominantly located at the axial C2 positions and C4 positions[26,42]. Additionally, the weak peak at 

~1748.40 cm-1 suggested the presence of esterified carboxyl groups[43].  

3.2 Structural characteristics of A. japonicus-derived fucoidan AJ-2I  

Given desulfation degrades the native structure of fucoidan[32,44], we performed methylation analysis 

directly on AJ-2I. The completeness of methylation was confirmed by the disappearance of O-H stretching 

vibrations (3428.04 cm-1), and the significant increase in C-H stretching vibrations (2929.01 and 2870.11 

cm-1) in the FT-IR spectrum (Figure 1H). GC-MS analysis revealed that AJ-2I primarily consisted of 

[→2,3,4)-Fucp-(1→], [→2,4)-Fucp-(1→], [→3,4)-Fucp-(1→], [→3)-Fucp-(1→], [→4)-Fucp-(1→], and 

[Fucp-(1→] residues in a ratio of 15.9:6.4:7.7:8.5:1.0:1.3 (Figure 2A-B and Table 2). However, mannose and 

GalNAc residues were almost undetectable by GC-MS (Supplementary Figure 1A-C), suggesting the 

methylation process induced degradation of these residues, as reviewed by Hossain et al.[21].  
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Figure 1. Purification and chemical analysis of A. japonicus-derived fucoidan AJ2-I. A, Stepwise fractionation of A. 

japonicus-derived carbohydrate on a Q-SepharoseTM Fast Flow column (50 × 300 mm) connected to an ÄKTA fast protein 
liquid chromatography (FPLC) system. B, Purification of the fraction AJ-2 via size-exclusion chromatography on a 

Sephacryl S200 HR column (2.6 × 90 mm). C, Standard curve made by dextran standards with different Mw. D, The purity 
and Mw of AJ-2I were analyzed by HPGPC using a TOSOH TSKgel G4000PWXL column with a RID-10A refractive index 
detector. E, Typical HPLC graph of seven mixed monosaccharide standards in an equal molar ratio after PMP pre-column 

derivatization. F, Monosaccharide composition of AJ-2I as revealed by HPLC after complete hydrolysis and PMP pre-column 
derivatization. G, FT-IR spectrum of AJ-2I. H, FT-IR spectrum of AJ-2I after complete methylation. 

Table 2. The dominant partially methylated alditol acetates of fucoidan AJ-2I as revealed by GC-MS analysis.  

Sugar derivatives Linkage pattern Ratio Major mass fragments (m/z) 
1,5-Ac2-2,3,4-Me3-Fucp Fucp (1→ 1.3 102.0, 115.0, 118.0, 131.0,162.0 
1,4,5-Ac3-2,3-Me2-Fucp →4)Fucp (1→ 1.0 101.0, 118.0, 143.0, 161.0, 203.0, 247.0 
1,3,5-Ac3-2,4-Me2-Fucp →3)Fucp (1→ 8.5 101.0, 118.0, 131.0, 160.0, 202.0, 234.0 
1,3,4,5-Ac4-2-Me-Fucp →3,4)Fucp (1→ 7.7 99.0, 118.0, 129.0, 173.0, 202.0, 275.0 
1,2,4,5-Ac4-3-Me-Fucp →2,4)Fucp (1→ 6.4 89.0, 128.0, 131.0, 202.0, 262.0 
1,2,3,4,5-Ac5-Fucp →2,3,4)Fucp (1→ 15.9 103.0, 115.0, 129.0, 146.0, 157.0, 303.0 

1H-NMR spectrum (Figure 2C) displayed characteristic proton signals ranging from δ 1.10 to 5.65 ppm. 

Typical H6 signals of Fucp residues or methyl of O-acetyl (Ac) group appeared at δ 1.10-1.28 ppm, while 

N-Ac group resonance was dominated at δ 1.97 ppm[32,45,46]. A total of eighteen distinct anomeric proton 

signals (δ 5.65-4.40 ppm, labeled A-P) were determined in combination with 2D-NMR analysis (Figures 

3A-B, Table 3). Glycosidic ring protons (H2~H5) primarily distributed in the δ 3.27-5.00 ppm region. The 

DEPT spectrum (Figure 2D) revealed characteristic anomeric carbon signals ranging from δ 94.82 to 104.25 

ppm. The specific resonances for C6 of Fucp or methyl of O-Ac were located at δ 15.37-15.62 ppm, the methyl 

signals of N-Ac presented at δ 22.56 ppm, and the methyl resonances of O-methyl appeared at δ 48.92 



Y. Hu et al. / Food Science and Human Wellness 16 (2027) 

 

ppm[45-49]. The characteristic N-substituted carbon signal at δ 51.35 ppm further supported the present of 

N-linked sugars (Figure 2D)[45,46]. The inverted peak at δ 57.30 ppm in combination with correlations in 1H-1H 

COSY (1.10/3.57, Figure 3A) and HMQC spectra (3.57/57.30 and 1.10/15.13, Figure 3B), indicating the 

present of O-ethyl (Et) groups[47-50]. The carbonyl signals at δ 174.95 and 172.49 ppm were attributable to 

N-Ac and/or uronic acid carboxyl groups[32,49-51] The absence of inverted signals around 65 ppm, suggesting 

there were no C6 substituted sugar residues or sulfate groups in fucoidan AJ-2I[33,44,48].   

 

Figure 2. GC-MS analysis of partially methylated alditol acetates of AJ2-I and NMR analysis of AJ2-I. A, Total ion 
profile of the partially methylated alditol acetates. B, MS fragments and deduced sugar residues. C, 1H-NMR spectrum. D, 

13C-DEPT spectrum. 
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Figure 3. 2D-NMR analysis of AJ2-I. A, 1H-1H COSY spectrum. B, HMQC spectrum. C, NOESY spectrum. D, The 
deduced structure of AJ2-I.  
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Table 3. NMR chemical signal assignment for AJ2-I.  

H1-H3 and H5-H6 correlations of carbohydrates are generally identifiable through 1H-1H COSY 

spectrum. For Fucp units (Table 3), we identified α-L-Fucp(1→, →3)-α-L-Fucp(1→, α-L-Fucp4(SO3-)-(1→, 

→3,4)-α-L-Fucp-(1→, α-L-Fucp2,4(SO3-)2-(1→, and →3,4)-α-L-Fucp2(SO3-)-(1→ and 

→3)-α-L-Fucp2,4(SO3-)2-(1→ residues, which corresponding to [Fucp-(1→], [→3)-Fucp-(1→], 

[→4)-Fucp-(1→], [→3,4)-Fucp-(1→], [→2,4)-Fucp-(1→], and [→2,3,4)-Fucp-(1→] fucosyl residues, 

respectively, as revealed by the methylation analysis (Table 2). These NMR data demonstrated that Fucp 

Residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6 N-C=O -CH2- -CH3 

A 

α-L-Fucp2,4(SO3
-)2-(1→ 

5.65 

96.52 

4.39 

75.30 

4.00 

66.87 

5.02 

75.26 

4.38 

66.64 

1.18 

15.37 

   

B 

α-L-Fucp2,4(SO3
-)2-(1→ 

5.62 

96.52 

4.49 

77.94 

4.18 

67.80 

4.75 

81.19 

4.38 

66.64 

1.18 

15.37 

   

C  

→3)-α-L-Fucp2,4(SO3
-)2-(1→ 

5.37 

94.82 

4.51 

73.09 

4.22 

74.46 

4.40 

77.08 

4.44 

66.62 

1.18 

15.62 

   

D 

→3,4)-α-L-Fucp-(1→ 

5.35 

94.82 

3.73 

68.3 

3.91 

75.26 

3.98 

72.14 

4.20 

66.72 

1.18 

15.62 

   

E 

→3)-α-L-Fucp2,4(SO3
-)2-(1→ 

5.30 

94.62 

4.49 

73.09 

3.94 

75.02 

4.39 

77.20 

4.38 

66.67 

1.18 

15. 62 

   

F 

α-L-Fucp(1→ 

5.05 

98.54 

3.86 

69.07 

3.96 

71.96 

3.87 

72.09 

4.43 

67.09 

1.18 

15.62 

   

G 

→3)-α-L-Fucp (1→ 

5.02 

99.86 

3.78 

66.91 

3.90 

77.93 

3.98 

68.69 

4.20 

66.72 

1.18 

15.62 

   

H 

→3,4)-α-L-Fucp (1→ 

5.02 

99.86 

3.86 

66.95 

3.94 

74.99 

3.73 

76.77 

4.10 

66.68 

1.18 

15.62 

   

I 

→3,4)-α-L-Fucp2(SO3
-)-(1→ 

5.02 

95.61 

4.42 

75.33 

4.21 

74.55 

3.93 

75.13 

4.08 

66.99 

1.15 

15.62 

   

J 

α-L-Fucp4(SO3
-)-(1→ 

5.01 

99.94 

3.88 

68.99 

4.02 

68.86 

4.74 

80.02 

4.78 

66.28 

1.28 

15.62 

   

K 

→3,4)-α-L-Fucp2(SO3
-)-(1→ 

4.99 

95.61 

4.42 

75.33 

4.21 

74.55 

3.93 

75.13 

4.08 

66.99 

1.15 

15.62 

   

L 

→3)-α-D-Man-(1→ 

4.97 

100.91 

3.89 

68.95 

4.18 

74.79 

/ 

/ 

/ 

/ 

3.66 

61.16 

   

M1 

→3)-β-D-GalpNAC4(SO3
-)-(1→ 

4.72 

102.00 

3.96 

51.35 

3.95 

76.48 

4.84 

76.06 

4.06 

73.25 

3.72 

61.16 

 

174.95 

 1.97 

22.56 

M2 

→3)-β-D-GalpNAC4(SO3
-)-(1→ 

4.71 

100.63 

3.96 

51.35 

3.95 

76.48 

4.84 

76.06 

4.06 

73.25 

3.72 

61.16 

 

174.95 

 1.97 

22.56 

M3 

→3)-β-D-GalpNAC4(SO3
-)-(1→ 

4.68 

101.53 

3.96 

51.35 

3.95 

76.48 

4.84 

76.06 

4.06 

73.25 

3.72 

61.16 

 

174.95 

 1.97 

22.56 

N 

→4)-β-D-GalpA-6-OMe-(1→ 

4.45 

101.34 

3.61 

75.10 

3.72 

76.86 

3.91 

76.30 

3.86 

76.51 

 

172.49 

 

 

 3.27 

48.92 

O 4.42 3.55 3.70 3.91 3.86     

→3,4)-β-D-GlcpA(1→ 104.34 74.00 77.20 76.30 76.51 174.95    

P 4.40 3.31 3.81 3.92 /   3.57 1.10 

→4)-β-D-GalpA-6-OEt-(1→ 103.1 72.59 69.76 77.83 / 172.79  57.30 15.13 
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residues were mainly consisted of [→3)-Fucp-(1→] residues with branching at C4 positions. Sulfation at C2 

positions of Fucp residues was characterized by the down-field shifts of these resonances (e.g., δ 4.51/73.09, 

4.42/75.33) compared to unsubstituted counterparts (δ 66.5-71.5/3.7-4.1 ppm). Furthermore, C4 sulfation 

signals were generally observed at δ 3.9-5.0/72-82 ppm compared to δ 3.9-4.2/68.5-70.5 ppm for non-sulfated 

residues[32,42,46,52,53]. These characteristic chemical shifts are reliable markers for identifying sulfate 

substitution positions. As exemplified by residue A, we observed sequential correlations of H1→H6 (δ 

5.65→4.39→4.00→5.02→4.38→1.18) by the 1H-1H COSY and NOESY spectra (Figures 3A and 3C). 

HMQC analysis (Figure 3B) confirmed these assignments through carbon-proton correlations: H1/C1 (δ 

5.65/96.52), H2/C2 (δ 4.39/75.30), H3/C3 (δ 4.00/66.87), H4/C4 (δ 5.02/75.26), H5/C5 (δ 4.38/66.64), and 

H6/C6 (δ 1.18/15.37). These data collectively identified residue A as α-L-Fucp2,4(SO3-)2-(1→ due to the 

significant down-field shifts of H2/C2 and H4/C4 signals. The Fucp residues without sulfation were also 

identified. For instance, residue G showed H1→H6 correlations (5.02→3.78→3.90→3.98→4.20→1.18) in 

the 1H-1H COSY spectrum (Figure 3A) and exhibited C1→C6 signals (Table 3) in the HMQC spectrum 

(Figure 3B). This residue was assigned as [→3)-Fucp-(1→] glycosyl based on the above information and the 

literatures[54-56].   

Moreover, →3)-β-D-GalpNAC4(SO3
-)-(1→, →4)-β-D-GalpA-6-OMe-(1→, 

→4)-β-D-GalpA-6-O-Et-(1→, →3,4)-β-D-GlcpA-(1→, and →2)-α-D-Manp-(1→  residues were also 

identified through 2D-NMR analysis. For instance, the correlations of residue M1, including H1→H6 (δ 

4.72→3.96→3.95→4.84→4.06→3.72) and C1→C6 (δ 102.00→51.35→76.48→76.06→73.25→61.16 ppm) 

were assigned based on the 1H-1H COSY and HMQC spectra and summarized in Table 3. The significant 

high-field shift of C2 (δ 51.35 ppm) suggested that this carbon was N-substituted with Ac as aforementioned. 

This result was consistent with the presence of carbonyl group at δ 174.95 ppm and methyl signals of Ac 

(1.97/22.56, Figure 3B). We observed correlation signals between H6 of residue M1 and CH3 of N-Ac 

(3.72/1.97) in the NOESY spectrum (Figure 3C), further confirming the presence of N-Ac in this residue. 

Additionally, the significant down-field shift of H4/C4 (4.84/76.06) demonstrated that residue M was sulfated 

at C4 position[46,57]. Similarly, the residues M2 and M3 were attributed to →3)-β-D-GalpNAC4(SO3
-)-(1→ 

glycosyls. For residue N, the H1/C1 (4.45/101.34), H2/C2 (3.61/75.10), H3/C3 (3.72/76.86), H4/C4 

(3.91/76.30), and H5/C5 (3.86/76.51) were assigned through 2D-NMR spectra. This sugar residue was 

determined as →4)-β-D-GalpA-6-OMe-(1→ glycosyl based on the presence of O-methyl signals 

(3.27/48.92) and carboxyl signal at 172.49 ppm (Figure 2D and Figure 3B) and the corresponding 

literatures[47-50]. Similarly, the residue P was assigned as →4)-β-D-GalpA-6-O-Et-(1→ due to the presence 

of O-Et signals (3.57/57.30-1.10/15.13) and the correlations in 2D-NMR spectra (Figure 3A-C). 

Furthermore, the residue O was assigned as →3,4)-β-D-GlcpA-(1→ residue based on the literatures[44,46,58]. 

Additionally, the residue L was attributed to →3)-α-D-Manp-(1→ glycosyl due to the down-field shifts of 

H3/C3 (4.18/74.79) based on the correlations in the 2D-NMR spectra and references[52,58,59].   
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NOESY and HMBC experiments were further applied to clarify the structure of AJ2-I. However, HMBC 

spectrum (Supplementary material 1) only showed useful correlations between CH3 and CH2 of O-Et 

(1.10/57.30) and CH3 and C5 of Fucp residues (1.18/66.67) after extended acquisition (16 h), greatly limiting 

sequence determination. Notably, the NOESY spectrum revealed key inter-glycosidic correlations (Figure 

3C). For instance, correlations were observed between H1 of residue C (δ 5.37) and H3 of residue I/K (δ 4.21), 

between H1 of residue I/K (δ 5.02,4.99) and H3 of residue G (δ 3.90), between H1 of residue G (δ 5.02) and 

H3 of residue G and H (δ 3.90,3.94). Furthermore, correlations between H1 of residue F (δ 5.05) and H3 of 

residue E (δ 3.94) and between H1 of residue E with H4 of residue K/I (δ 3.93) suggested the presence of 

α-L-Fucp (1→3)-α-L-Fucp2,4(SO3-)2-(1→ residues linked to the C4 position of reside H. Additional 

potential side chains were also assigned base on NOESY correlations. We also observed a correlation between 

H1 of residue O (δ 4.42) and H3 of residue M (δ 3.95), indicating the presence of 

→4)-β-D-GlcpA-(1→3)-β-D-GalpNAC4(SO3
-)-(1→ residues. Correlations between H1 of residue A/B (δ 

5.65,5.62) and H4 of residue H (δ 3.73) suggested that residues A/B were linked to the C4 positions of 

→3,4)-α-L-Fucp(1→ glycosyl units. Additionally, H1 of residue M was correlated with H4 of residue D, H1 

or residue N was correlated with H4 or residue I/K, and H1 of residue O/P was correlated with H4 of residue 

H, suggesting the residues M, N, O, and P, may also linked to the C-4 positions of the →3,4)-α-L-Fucp(1→ 

glycosyls. These correlations collectively support the backbone structure of AJ2-I as depicted in Figure 3D.  

3.3 Fucoidan AJ2-I attenuated ALI in LPS-challenged C57BL/6J mice 

H & E staining images clearly revealed that LPS induced ALI, as demonstrated by significant increase in 

alveolar wall thickness (~97.6%) and cell infiltration (1.9-fold) compared to the BC group (P ˂ 0.0001, 

Figures 4A-C). These pathological changes were ameliorated by treatment with Dex and AJ2-I (Figures 

4A-C). Specifically, the F-L and F-H groups significantly attenuated cell infiltration by 19.7% (P ˂ 0.05) and 

42.2% (P ˂ 0.0001), respectively, and decreased alveolar wall thickness by approximately 27.4% (P ˂ 0.01) 

and 42.4% (P ˂  0.0001), respectively. Compared to the BC group, lung tissue AST and ALT levels in the Mod 

group were elevated by approximately 1.8-fold (P ˂ 0.01) and 1.7-fold (P ˂ 0.05), respectively. These 

increases were significantly mitigated by Dex and AJ2-I intervention (P ˂ 0.05, Figures 4D-E). Similarly, the 

Mod group significantly increased plasma levels of AST and ALT by 1.9-fold and 2.1-fold, respectively, 

compared to the BC group (P ˂ 0.05), whereas treatment groups exhibited significant reductions in these 

markers to varying degrees (P ˂ 0.05, Figures 4F-G).  
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Figure 4. Typical H & E staining images, and effects of AJ2-I on the ALT and AST activity in LPS-challenged 

C57BL/6J mice (n=5). A, Typical H & E staining images of mice lung after drug intervention and LPS challenge 
(magnification: 400 ×). B, Alterations in inflammatory cell infiltration of the lung tissues. C, Alterations in alveolar wall 

thickness of the lung tissues. D and E, AST and ALT activity of the lung tissues, respectively. F and G, Plasma AST and ALT 
activity, respectively. BC: blank control; Mod: model, the mice were treated with LPS (5.0 mg/kg); Dex: dexamethasone, the 

mice were first treated with Dex (10 mg/kg) prior to LPS (5.0 mg/kg) challenge; F-L: the mice were first treated with 
low-dosage AJ-2I (50 mg/kg) prior to LPS (5.0 mg/kg) challenge; F-H: the mice were first treated with high-dosage AJ-2I 

(200 mg/kg) prior to LPS (5.0 mg/kg) challenge. #P < 0.05 vs. BC group; ##P < 0.01 vs. BC group; ###P < 0.001 vs. BC group; 
*P < 0.05 vs. Mod group; **P < 0.01 vs. Mod group; ***P < 0.001 vs. Mod group. All the abbreviations are applicable for the 

subsequent figures 5-6 and the statistical symbols are suitable for the following figures 5-9. 

3.4 Fucoidan AJ2-I inhibited expression of pro-inflammatory factors and TLR2/4-MyD88 signaling in the 

mice lung 

Compared to the BC group, the Mod group significantly elevated the expression of IL-6, IL-1β, and 

TNF-α by approximately 2.5-fold (P ˂ 0.01), 3.3-fold (P ˂ 0.05), and 2.0-fold (P ˂ 0.01), respectively 
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(Figures 5A-C). The fucoidan treatment dose-dependently suppressed these inflammatory markers. The F-H 

group showed the most pronounced effects, reducing IL-6 (89.8%, P ˂ 0.001), IL-1β (88.7%, P ˂ 0.01), and 

TNF-α (84.6%, P ˂ 0.001) compared to the Mode group. Notably, the F-H group outperformed Dex in 

suppressing IL-6 (78.3% reduction) and TNF-α (70.3% reduction) (P ˂ 0.05, Figures 5A and 5C). Consistent 

with mRNA findings, protein levels of these cytokines were significantly elevated in the Mod group versus the 

BC group (Figures 5D-F). Fucoidan intervention dose-dependently attenuated these increases, with the F-H 

group reducing IL-6 (66.2%), IL-1β (59.2%), and TNF-α (54.5%) compared to the Mod group (P ˂ 0.05, 

Figures 5D-F).  

 
Figure 5. Effects of AJ2-I on the expression of pro-inflammatory cytokines and TLR2/4 signaling in the lung tissues 

(n=3). The mRNA expression of A, IL-6; B, IL-1β; and C, TNF-α. The levels of D, IL-6; E, IL-1β; and F, TNF-α. The mRNA 
expression of G, TLR2; H, TLR4; and I, MyD88. The levels of J, TLR2; K, TLR4; and L, p-MyD88. &P < 0.05 vs. Dex group. 
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As expected, LPS challenge significantly upregulated the expression of TLR2, TLR4, and MyD88 by 

2.1-fold (P ˂ 0.001), 2.7-fold (P ˂ 0.001), and 90.5% (P ˂ 0.05), respectively, compared to the BC group 

(Figures G-I). Dex intervention effectively suppressed these increases compared to the Mod group (P ˂ 0.01 

or 0.001, Figures 5G-I). Similarly, fucoidan intervention dose-dependently attenuated these gene expression, 

with reductions exceeding 47.6% (TLR2, P < 0.01), 52.1% (TLR4, P < 0.01), and 72.9% (MyD88, P < 0.001). 

Western blotting demonstrated that the Mod group exhibited elevated levels of TLR2 (4.9-fold, P ˂ 0.01), 

TLR4 (1.7-fold, P ˂ 0.05), and p-MyD88 (72.1%, P ˂ 0.05) proteins compared to the BC group (Figures 

5J-L). Notably, the F-H group demonstrated comparable efficacy as that of Dex, decreasing TLR2, TLR4, and 

p-MyD88 by 69.7% (P < 0.05), 80.4% (P < 0.01), and 58.9% (P < 0.05), respectively, compared to the Mod 

group (Figures 5J-L).    

3.5 Fucoidan AJ2-I suppressed the PI3K/AKT and MAPK signaling pathways in the mice lung 

Compared to the BC group, the Mod group exhibited significantly increased expression of PI3K 

(1.9-fold, P ˂ 0.05) and AKT (3.4-fold, P ˂ 0.001) (Figures 6A-B). Treatment with Dex reduced these levels 

by 56.9% (PI3K) and 38.9% (AKT) (P ˂ 0.05), while the F-H group showed more pronounced suppression 

(67.3% for PI3K, P ˂ 0.05; 79.9% for AKT, P ˂ 0.001), with significantly greater inhibition of AKT than Dex 

(P ˂ 0.05, Figure 6B). At the protein level, LPS significantly upregulated p-PI3K (43.9%, P ˂ 0.001) and 

p-AKT (89.7%, P ˂ 0.01) (Figures 6E-F). Both Dex and F-H groups attenuated these increases, with F-H 

group demonstrating superior efficacy. Moreover, the Mod group exhibited significantly elevated expression 

of ERK (1.5-fold, P < 0.05, Figure 6C) and JNK (2.1-fold, P < 0.01, Figure 6I) compared to the BC group. 

Dex treatment effectively reduced these increases by 75.4% for ERK and 80.3% for JNK (P < 0.01), while 

fucoidan intervention groups showed dose-dependent reductions (>59.4% for ERK and >66.5% for JNK, P < 

0.05 or 0.01, Figures 6C and 6I). However, P38 gene expression was undetectable (Ct > 30, Figure 6D). At the 

protein level, LPS challenge significantly increased phosphorylation levels of ERK (3.6-fold, P < 0.01, Figure 

6G), P38 (53.5%, P < 0.01, Figure 6H), and JNK (64.8%, P < 0.001, Figure 6L). Both Dex and F-H treatments 

markedly attenuated phosphorylation of these proteins. F-H significantly reduced p-ERK, p-P38, and p-JNK 

by 66.8%, 34.9%, and 42.6%, respectively, compared to the Mod group (P < 0.05).  

LPS stimulation significantly upregulated the expression of P65-NF-κB (1.2-fold) (P < 0.01, Figures 6J) 

and AP-1 (2.6-fold) compared to the BC group (P < 0.01, Figures 6K). AJ2-I intervention groups 

demonstrated dose-dependent suppression of these transcriptional factors, with the F-H group showing 

particularly strong inhibition (79.8% reduction for P65-NF-κB and 88.6% for AP-1, P < 0.001 versus Mod 

group). Notably, the F-H group's effect on AP-1 expression exceeded that of Dex by 77.9% (P < 0.05, Figure 

6K). LPS significantly enhanced the phosphorylation levels of P65 (2.7-fold) and AP-1 (21.9%) proteins (P < 

0.01, Figures 6M-N). Dex treatment attenuated these phosphorylation levels (P < 0.05), while fucoidan 

showed superior dose-dependent effects. The F-H group achieved remarkable reductions of 81.7% (p-P65, P < 

0.01, Figure 6M) and 81.5% (p-AP-1, P < 0.001, Figure 6N) compared to the Mod group, and outperformed 

Dex by further reducing p-P65 (67.2%, P < 0.01) and p-AP-1 (69.6%, P < 0.05) levels.  
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Figure 6. Effects of AJ2-I on the PI3K-AKT and MPAK-NF-κB/AP-1 signaling in the lung tissues (n=3). The mRNA 
expression of A, PI3K; B, AKT; C, ERK; and D, p38-MAPK. The phosphorylation levels of E, PI3K; F, AKT; G, ERK; and 

H, p38-MAPK. The mRNA expression of I, JNK; J, p65-NF-κB; and K, AP-1. The phosphorylation levels of L, JNK; M, 
p65-NF-κB; and N, AP-1. &P < 0.05 vs. Dex group; &&P < 0.01 vs. Dex group. 

3.6 Fucoidan AJ2-I reduced expression of pro-inflammatory factors and TLR2/4-MyD88 signaling in 

LPS-challenged A549 cells  

Both the MTT and LDH release assays demonstrated that AJ2-I exhibited low cytotoxicity and minimal 

impact on cell membrane integrity in both A549 cells and HUVECs at concentrations up to 40 μg/mL 

(Figures 7A-D). In A549 cells, LPS challenge significantly upregulated the expression of IL-6, IL-1β, and 

TNF-α by 66.6% (P < 0.05), 1.7-fold (P < 0.01), and 3.0-fold (P < 0.01), respectively, compared to the BC 

group (Figures 7E-G). Treatment with Dex and AJ2-I significantly reduced expression of these cytokines. The 

F-H group demonstrated particularly strong inhibition, reducing IL-6 (87.1%), IL-1β (90.6%), and TNF-α 

(84.0%) expression (P < 0.001), with superior efficacy compared to Dex (P < 0.05, Figures 7 E-G). These 

mRNA findings were mirrored at the protein level, where LPS increased IL-6 (59.8%, P < 0.01), IL-1β 

(47.7%, P < 0.01), and TNF-α (98.3%, P < 0.05) protein levels versus the BC group (Figures 7H-J). Dex 

treatment reduced these proteins by 35.8% (IL-6), 39.6% (IL-1β), and 40.6% (TNF-α) (P < 0.05), while 
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fucoidan interventions showed dose-dependent effects, with the F-H group achieving reductions of 77.8% 

(IL-6, P < 0.01), 69.2% (IL-1β, P < 0.001), and 64.5% (TNF-α, P < 0.01). Notably, the F-H group's effects on 

IL-6 and IL-1β proteins exceeded Dex by 65.4% and 48.9%, respectively (P < 0.05, Figures 7H-I). 

 
Figure 7. Safety evaluation and effects of AJ2-I on pro-inflammatory cytokine expression and TLR2/4 signaling in 

A549 cells (n=3). A and B, Viability of A549 cells (A) and human umbilical vein endothelial cells (HUVECs) (B) following 
24 h treatment with increasing concentrations of AJ2-I (0-40 µg/mL). C and D, Lactate dehydrogenase (LDH) release from 
A549 cells (C) and HUVECs (D) after 24 h intervention with AJ2-I (0, 10, 40 µg/mL). The mRNA expression of E, IL-6; F, 
IL-1β; and G, TNF-α. The levels of H, IL-6; I, IL-1β; and J, TNF-α. The mRNA expression of K, TLR2; L, TLR4; and M, 

MyD88. The levels of N, TLR2; O, TLR4; and P, p-MyD88. BC: blank control; Model: A549 cells were treated with LPS (1.0 
μg/mL); Dex: dexamethasone, cells were pre-treated with Dex (1.0 μM) prior to LPS (1.0 μg/mL) challenge; F-L: cells were 
pre-treated with AJ-2I (10 μg/mL) prior to LPS (1.0 μg/mL) challenge; F-H: cells were pre-treated with AJ-2I (40 μg/mL) 
prior to LPS (1.0 μg/mL) challenge. All the abbreviations are applicable for the subsequent figures 8-9. &P < 0.05 vs. Dex 

group; &&P < 0.01 vs. Dex group. 
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As expected, LPS stimulation significantly upregulated the expression of TLR2 (2.1-fold) (P < 0.01), 

TLR4 (1.3-fold) (P < 0.05), and MyD88 (96.9%) (P < 0.01) compared to the BC group (P < 0.05 or 0.01, 

Figures 7K-M). Fucoidan interventions dose-dependently suppressed these genes, with the F-H group 

showing particularly strong inhibition (TLR2: 74.5%; TLR4: 91.6%; MyD88: 90.0%; P < 0.01 or 0.001 versus 

Mod group) and superior efficacy to Dex (P < 0.05 or P < 0.01). Western blot analysis confirmed these 

findings, revealing LPS-induced increases in TLR2 (1.7-fold), TLR4 (35.2%), and p-MyD88 (77.3%) proteins 

(P < 0.05, Figures 7N-P). Dex treatment reduced the levels of these proteins by 47.8% (TLR2), 36.5% 

(TLR4), and 68.7% (p-MyD88) (P < 0.05), while the F-H group demonstrated more potent effects, with its 

TLR4 suppression exceeding Dex by 46.7% (P < 0.05, Figure 7O).   

3.7 Fucoidan AJ2-I suppressed the PI3K/AKT and MAPK signaling pathways in LPS-challenged A549 cells 

LPS challenge significantly upregulated PI3K (1.7-fold, P < 0.01) and AKT (49.3%, P < 0.05) 

expression compared to the BC group (Figures 8A-B). Dex treatment effectively reduced these increases by 

54.2% (PI3K, P < 0.05) and 72.4% (AKT, P < 0.001), with AJ2-I showing comparable efficacy to Dex. At the 

protein level, LPS elevated p-PI3K (35.4%, P < 0.05) and p-AKT (90.4%, P < 0.01) levels (Figures 8E-F), 

which were significantly suppressed by all treatments. Notably, the F-H group showed superior inhibition of 

p-PI3K (43.8% greater reduction than Dex, P < 0.01, Figure 8E). Similarly, LPS increased ERK (85.4%) and 

JNK (2.3-fold) expression (P < 0.01, Figures 8C, 8I), while Dex and AJ2-I significantly decreased these 

increases. However, p38 mRNA remained undetectable (Figure 8D). LPS significantly enhanced 

phosphorylation of ERK (50.8%, P < 0.001), P38 (80.8%, P < 0.001), and JNK (67.5%, P < 0.01) (Figures 

8G-H, 8L), while both Dex and F-H treatments similarly reduced these phosphorylation events by 

approximately 50% (P < 0.01 or 0.001).  

Consistently, LPS challenge significantly upregulated the expression of P65-NF-κB (1.7-fold) and AP-1 

(1.8-fold) compared to the BC group (P < 0.05, Figures 8J-K). Dex treatment effectively reduced these 

increases by 60.2% (P65-NF-κB) and 55.7% (AP-1) versus the Mod group, while fucoidan interventions 

showed dose-dependent suppression, with the F-H group achieving reductions of 60.1% (P65-NF-κB, P < 

0.05) and 86.5% (AP-1, P < 0.01). Notably, the F-H group demonstrated superior efficacy to Dex in 

suppressing AP-1 expression (P < 0.05, Figure 8K). At the protein level, both Dex and F-H treatments 

significantly attenuated phosphorylation events: they decreased p-P65 by 64.5% and 67.1% (P < 0.01, Figure 

8M), respectively, and lowered p-AP-1 levels by 32.6% (P < 0.05) and 60.4% (P < 0.01), respectively (Figure 

8N), compared to the Mod group.   
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Figure 8. Effects of AJ2-I on the PI3K-AKT and MPAK-NF-κB/AP-1 signaling in A549 cells (n=3). The mRNA 
expression of A, PI3K; B, AKT; C, ERK; and D, p38-MAPK. The phosphorylation levels of E, PI3K; F, AKT; G, ERK; and 

H, p38-MAPK. The mRNA expression of I, JNK; J, p65-NF-κB; and K, AP-1. The phosphorylation levels of L, JNK; M, 
p65-NF-κB; and N, AP-1. &P < 0.05 vs. Dex group; &&P < 0.01 vs. Dex group. 

3.8 TLR2/4 inhibitors suppressed the anti-inflammatory effects of AJ2-I in LPS-challenged A549 cells 

Furthermore, we investigated whether TLR2/4 inhibitors could counteract the anti-inflammatory effects 

of AJ2-I. IL-6 was randomly chosen for efficacy verification. TLR2 and TLR4 inhibitors suppressed the 

expression of IL-6 by 46.1% (P < 0.05) and 56.3% (P < 0.01), respectively (Figure 9A). Notably, the addition 

of either TLR4 or TLR2 inhibitor could not further reduce IL-6 expression compared to F-H or TLR inhibitor 

monotherapy. Western blotting results showed consistent results with the gene expression, suggesting that 

TLR2 or TLR4 inhibitor could counteract the anti-inflammatory effects of AJ2-I (Figure 9E). The detection of 

the gene expression of TLR2, TLR4 and their downstream gene MyD88 suggested that TLR2 and TLR4 

inhibitors had overlapping effects, as TLR4 inhibitor (IAXO-102) inhibited the expression of TLR2 (62.4%, P 

< 0.05), and TLR2 inhibitor (INH14) suppressed the expression of TLR4 (49.5%, P < 0.01), while they 

showed similar effects on inhibition of MyD88 (P < 0.001, Figure 9B-D). F-H monotherapy or in combination 

with either TLR2 or TLR4 inhibitor exhibited similar effects on suppression of these genes. At the protein 

level, TLR4 and TLR2 inhibitors suppressed TLR2 protein levels by 48.6% (P < 0.05) and 59.2% (P < 0.01), 

respectively (Figure 9F), while they inhibited TLR4 protein to a similar level of ~50% (P < 0.05, Figure 9G). 

These results further indicated the non-specific properties of these inhibitors. Consequently, these inhibitors 

decreased the levels of p-MyD88 protein to a similar extent (P < 0.01, Figure 9H). Although the addition of 
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TLR4 and TLR2 inhibitors further reduced p-MyD88 protein levels by ~30% compared to F-H monotherapy, 

results exhibited no significant difference. Furthermore, we randomly detected the expression of ERK and p38 

involved in the MAPK signaling pathway. Hear again, p38 expression was undetectable (Figure 9J). Both 

TLR2 and TLR4 inhibitors suppressed the gene expression of ERK (~55% reduction, Figure 9I) and the levels 

of p-ERK1/2 and p-P38 proteins (~36%-55% reduction, Figure 9M-N). Notably, the addition of these 

inhibitors could not further decrease the phosphorylation levels of ERK1/2 and P38 compared to F-H 

monotherapy. At last, both TLR2 and TLR4 inhibitors suppressed the gene expression of p65-NF-κB and 

AP-1 (Figure 9K-L). The combination groups showed similar inhibitory effects on these two transcriptional 

factors and exhibited no statistical significance compared to monotherapies. At the protein level, TLR2 and 

TLR4 inhibitors decreased phosphorylation levels of P65 and AP-1 proteins (P < 0.05, Figures 9O-P). Here 

again, results exhibited no statistical significance among intervention groups.   

 
Figure 9. Effects of TLR2 and TLR4 inhibitors (INH14 and IAXO-102) on the anti-inflammatory activities of AJ2-I in 
A549 cells. The mRNA expression of A, IL-6; B, TLR2; C, TLR4; and D, MyD88 (n=3). The levels of E, IL-6; F, TLR2; G, 

TLR4; and H, p-MyD88 (n=4). The mRNA expression of I, ERK; J, p38-MAPK; K, p65-NF-κB; and L, AP-1 (n=3). The 
phosphorylation levels of M, ERK; N, p38-MAPK; O, p65-NF-κB; and P, AP-1 (n=4). T4-I: cells were pre-treated with TLR4 

inhibitor (IAXO-102, 4.0 μg/mL) prior to LPS (1.0 μg/mL) challenge; T2-I: cells were pre-treated with TLR2 inhibitor 
(INH14, 4.0 μg/mL) prior to LPS (1.0 μg/mL) challenge; T4-I+F: cells were pre-treated with TLR4 inhibitor (IAXO-102, 4.0 

μg/mL) in combination with AJ-2I (40 μg/mL) prior to LPS (1.0 μg/mL) challenge; T2-I+F: cells were pre-treated with 
TLR2 inhibitor (INH14, 4.0 μg/mL) in combination with AJ-2I (40 μg/mL) prior to LPS (1.0 μg/mL) challenge. 
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3.9 TLR2/4 inhibitors suppressed the anti-inflammatory effects of AJ2-I in C57BL/6J mice 

Finally, to determine whether the anti-inflammatory effects of AJ2-I are mediated through the TLR2/4 

pathway, we administered TLR2/4 inhibitors to LPS-challenged C57BL/6J mice. As shown in Figure 10A-C, 

LPS challenge significantly elevated the levels of the pro-inflammatory cytokines IL-6, IL-1β, and TNF-α 

compared to the BC group, whereas Dex treatment markedly suppressed their release. The administration of 

TLR2/4 inhibitors alone also potently reduced the levels of these cytokines by 51.5% (P < 0.001), 34.3% (P < 

0.01), and 50.8% (P < 0.01), respectively. However, the combination of AJ2-I with the inhibitors did not lead 

to a further significant reduction (Figure 10A-C), suggesting that AJ2-I could not augment the 

anti-inflammatory effect once TLR2/4 was blocked. Consistently, western blot analysis revealed that the 

LPS-induced upregulation of TLR2, TLR4, and p-MyD88 proteins was effectively suppressed by both Dex 

and the TLR2/4 inhibitors (Figure 10D-F). The combination group inhibited the expression of these pathway 

components by 49.5%, 40.2%, and 54.2%, respectively, which was comparable to the effect of the inhibitors 

alone. This indicates that the impact of AJ2-I on the TLR2/4 signaling pathway was effectively negated by the 

inhibitors. Furthermore, the investigation downstream revealed that both the TLR2/4 inhibitors and the 

combination group similarly suppressed the activation of key signaling nodes, reducing the levels of p-PI3K, 

p-AKT, p-ERK, and p-P38 by over 61%, 75%, 40%, and 35%, respectively (Figure 10G-J). Both treatments 

also similarly reduced the phosphorylation of key pro-inflammatory transcription factors, inhibiting p-P65 

(NF-κB) and p-AP-1 by over 33% and 54%, respectively (Figure 10K-L). Collectively, these findings suggest 

that AJ2-I exerts its anti-inflammatory effects primarily through a TLR2/4-dependent pathway.   
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Figure 10. Effects of TLR2 and TLR4 inhibitors (INH14 and IAXO-102) on the anti-inflammatory activities of AJ2-I 
in C57BL/6J mice. The levels of A, IL-6; B, IL-1β; and C, TNF-α, D, TLR2; E, TLR4; E, p-MyD88; G, p-PI3K; H, p-AKT; 
I, p-ERK; J, p-P38; K, p-p65-NF-Κb, and L, p-AP-1 (n=4). BC: blank control; Mod: model, the mice were treated with LPS 
(5.0 mg/kg); Dex: dexamethasone, the mice were first treated with Dex (10 mg/kg) prior to LPS (5.0 mg/kg) challenge; T2/4: 

the mice were first treated with TLR4 inhibitor (IAXO-102, 3 mg/mL) in combination with TLR2 inhibitor (INH14, 5 
mg/mL) prior to LPS (5.0 mg/kg) challenge; T2/4: the mice were first treated with TLR4 inhibitor (IAXO-102, 3 mg/mL) in 
combination with TLR2 inhibitor (INH14, 5 mg/mL) and high-dosage AJ-2I (200 mg/kg) prior to LPS (5.0 mg/kg) challenge. 

4. Discussion  

As aforementioned, the urgent need for effective ALI/ARDS therapeutics has highlighted fucoidans as 

promising candidates, owing to their potent anti-inflammatory properties and favorable oral bioavailability. 

This is supported by cumulative pharmacokinetic and distribution evidence. For instance, a recent study on 

Laminaria japonica fucoidan (90.8 kDa) reported a maximum serum concentration at 2.8 h and a half-life of 

8.8 h[60]. Further supporting this, Pozharitskaya et al. (2018) demonstrated that a high molecular weight 

fucoidan (735 kDa) could be absorbed in rats, with concentrations peaking in multiple organs around 4 h 

post-administration[61]. Moreover, Nagamine et al. showed that a 28.8 kDa fucoidan was absorbed through 

the intestine and distributed to the liver, particularly within Küpffer cells[62]. However, the therapeutic 

potential of sea cucumber-derived fucoidan in ALI mitigation and their precise mechanisms of action remain 

largely unexplored. Our study addresses this knowledge gape by characterizing the structural properties of A. 

japonicus-derived fucoidan AJ2-I through comprehensive methylation and NMR analysis. Furthermore, we 

provide novel evidence that AJ2-I effectively attenuates LPS-induced ALI by simultaneously modulating 

TLR2/4, PI3K/AKT, and MAPK signaling pathways. Crucially, through TLR2/4 inhibition experiments, we 

demonstrate that AJ2-I's anti-inflammatory effects are predominantly mediated through suppression of the 

TLR2/4 signaling axis, establishing this pathway as the primary therapeutic target of this marine-derived 

compound.    
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Chemically, A. japonicus-derived fucoidans exhibit broad compositional ranges: Mw (9~2000 kDa), 

carbohydrate (20~70%), sulfate (3~36%), and uronic acid (1~16%), influenced by origin and extraction 

methods[20,21,25,28,53,63,64]. Our analysis of AJ2-I revealed properties consistent with these reports, with its Mw 

(135.8 kDa) falling within the typical range (25~800 kDa), though notably lower than 1970 kDa reported for 

Aj-FUC[42]. Like other A. japonicus-derived fucoidans, AJ2-I contains minor amounts of neutral sugars (e.g. 

Man), acidic sugars (e.g. GlcA), and GalNAc[21,25,28,63,65]. Structural analysis using intact samples revealed 

AJ2-I's characteristic branched structure of [→3)-Fucp-(1→] residues with C4 branching and sulfate groups 

primarily at C2 and C4 positions. These findings were consistent with previous reported A. japonicus-derived 

fucoidans[25,42,53,66], but distinct from linear fucoidans found in Holothuria fuscopunctata, Thelenota ananas, 

and Stichopus horrens[20,21,64,66,67]. Although one previous study identified a pentasaccharide repeating unit as 

the major structure of A. japonicus-derived fucoidan, this was based on a degradation product (Mw 105 kDa) 

generated by the CZ1127 fucoidanase[42]. In their native state, however, fucoidans from A. japonicas are 

generally complex and may not composed of simple repeating unit[20,21]. While A. japonicus-derived 

fucosylated chondroitin sulfate (FCS) has a defined structure →4)-β-D-GlcpA-(1→, 

→3)-β-D-GalpNAC-(1→, and terminal Fucp (1:1:1 ratio) with Fucp linked to GlcpA-O-3[26,44,64,68], AJ2-I’s 

minor GalpNAc/GlcpA residues do not indicate FCS contamination. First, anion exchange chromatography 

with sequential NaCl gradients specifically eluted AJ2-I at 2.0 M NaCl (versus 1.0 M for FCS). Second, 

size-exclusion chromatography confirmed AJ2-I's high purity. Third, previous studies have reported the 

natural occurrence of GlcpA and GalpNAc residues in A. japonicus-derived fucoidans as mentioned in the 

literatures[20,21,68]. Moreover, AJ2-I contains unique structural features, →4)-β-D-GalpA-6-O-Et-(1→ and 

→4)-β-D-GalpA-6-OMe-(1→ glycosyls, that are characteristically found in plant polysaccharides[49,50,69], but 

have not been previously reported in A. japonicus-derived carbohydrates, further distinguishing AJ2-I from 

known A. japonicus-derived fucoidan. However, due to heavy overlap of NMR signals and low abundance of 

some sugars, achieving a full structural elucidation of AJ2-I presented significant challenges. 

Functionally, accumulating evidence has demonstrated that both algal and sea cucumber (A. japonicus) 

fucoidans ameliorate LPS-induced cytokine production in RAW264.7 cells, with efficacy strongly linked to 

their structural characteristics. Notably, fucoidans with higher sulfate content (20-35%) exhibit superior 

bioactivity, as evidenced by comparative analyses[26,70,71]. Mw similarly influences efficacy, with lower-Mw 

fucoidans (e.g., 63.2 versus 124.5 kDa, from A. nodosum) demonstrating greater anti-inflammatory effects 

compared to higher-Mw equivalents[72-74]. Furthermore, uronic acid might play a role. For instance, 

Cystoseira crinite-derived fucoidan (13.15% uronic acid, 17.00% sulfates) effectively reduced inflammation 

in a rat model[75]. Our findings with A. japonicus-derived AJ2-I (135.8 kDa, 13.0% GlcA, 27.0% sulfate) 

corroborate these structure-activity relationships, showing both superior ALI attenuation and greater potency 

(10 versus 50 μg/mL effective dose) compared to a higher-Mw (1970 kDa), lower-sulfate (23.3%) 

variant[76]. Structural analyses reveal high branched fucoidans exhibit robust efficacy. For instance, Fucus 

vesiculosus-derived fucoidan with alternative →3)-α-L-Fucp2(SO3
-)-(1→4)-α-L-Fucp2,3(SO3

-)2-(1→ linked 
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glycosyls ameliorated hyperoxic lung injury[77], and orally administration of U. pinnatifida-derived fucoidan 

successfully reduced mice lung consolidation, particularly when the animals were pre-treated with 

fucoidan[78]. Consistently, A. nodosum fucoidan with higher branching degree showed better effects on 

attenuating SARS-CoV-2 infection than U. pinnatifida-derived fucoidan with lower branching degree[79]. 

Other high branched A. nodosum-derived fucoidans also exhibited robust anti-inflammatory effects[73].            

Currently, the mechanisms by which fucoidan exerts its protective effects against ALI remain unclear. 

Notably, TLRs are specific type I transmembrane proteins that play a critical role in ALI/ARDS by triggering 

key inflammatory pathways, including NF-κB and MAPK, particularly upon LPS stimulation[2,3,5,80]. This 

study demonstrated that AJ2-I reduced the gene and protein levels of TLR2 and TLR4. Consistently, A. 

japonicas-derived fucoidan suppressed the TLR4/NF-κB signaling pathway[76], A. nodosum-derived 

fucoidans (63.2 and 124.5 kDa) attenuated the expression of TLR2/4[73], and Padina commersonii-derived 

fucoidan (50-200 μg/mL) containing 65.8% fucose and 27.51% sulfate decreased the expression of TLR2/4 

and MyD88[81], in LPS-induced macrophages. Another A. nodosum-derived fucoidan with alternating (1→3) 

and (1→4) linked Fucp residues (18.94 kDa, 17% sulfate) inhibited TLR3-induced cytokine release[82]. These 

findings suggest the critical role of TLRs in fucoidan-mediated anti-inflammatory mechanisms.  

Moreover, the MAPK and PI3K/AKT signaling pathways play crucial roles in inflammatory processes 

by activating transcriptional factors and interacting with TLR signaling[83]. Our study demonstrated that 

fucoidan AJ2-I down-regulated phosphorylation of PI3K/AKT and MAPK family members. These findings 

align with previous reports by algal fucoidans showing: (1) U. pinnatifida-derived fucoidan (10-200 μg/mL) 

suppresses PI3K/AKT and p38-MAPK phosphorylation, inducing apoptosis in A549 cells[84]; (2) F. 

vesiculosus fucoidan inhibits PI3K/AKT and MAPK/NF-κB pathways, reducing A549 cell migration and 

invasion[85]; (3) another F. vesiculosus fucoidan attenuates hyperoxic lung injury by blocking ERK1/2 

phosphorylation[77]; and (4) S. japonica fucoidan (30.72% sulfate, 79.49% fucose) suppresses inflammation 

through MAPK/NF-κB pathway inhibition in LPS-stimulated macrophages[71]. Furthermore, MAPK 

activation promotes inflammatory mediators, cyclooxygenase-2 and inducible nitric oxide synthase, whose 

activities are suppressed upon fucoidan treatment[70,71,73,82]. Collectively, we demonstrate that AJ2-I 

suppresses ALI through inhibition of TLR2/4, PI3K/AKT, and MAPK signaling pathways and provide novel 

evidence that AJ2-I targets AP-1 transcription, extending beyond the well-characterized NF-κB pathway. 

Crucially, we demonstrate that AJ2-I exerts its protective effects predominantly via TLR2/4-mediated 

signaling. This conclusion is supported by the effective suppression of its anti-inflammatory activity —along 

with the inhibition of PI3K/AKT and MAPK pathways—upon treatment with TLR2/4 antagonists. 

Importantly, these findings suggest that AJ2-I's therapeutic benefits derive from its optimal Mw, sulfate and 

uronic acid content combined with its [→3)-Fucp-(1→] branched architecture, exemplifying how structural 

features govern fucoidan bioactivity.  

However, a thorough assessment of chronic toxicity and off-target effects is a critical prerequisite for 

advancing this fucoidan toward therapeutic application. Equally important is the consideration of sex as a 
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biological variable, given the increasing evidence of sex-specific inflammatory responses in murine models. 

For instance, lung cytokine expression (IL-1β, TNF-α, IL-6) following woodsmoke exposure was shown to be 

sex-dependent[86]. Similarly, ozone-induced lung inflammation triggered sex-specific microRNA expression 

networks[87], and a ketogenic diet exerted stronger effects on lung immunity in males[88]. Therefore, future 

studies must specifically investigate whether the anti-inflammatory efficacy of AJ2-I is influenced by sex.         

5. Conclusions  

We isolated a novel fucoidan, AJ2-I, from sea cucumber A. japonicas. It primarily consists of 

[→3)-Fucp-(1→] backbone with branching at C4 positions, while sulfate groups were predominantly 

substituted at C2 and C4 positions. This fucoidan differs from the previously reported A. japonicus-derived 

polysaccharides due to the presence of unique glycosyl residues, including →4)-β-D-GalpA-6-O-Et-(1→ and 

→4)-β-D-GalpA-6-OMe-(1→. Notably, AJ2-I attenuated LPS-induced ALI in vivo and in vitro. 

Mechanistically, it suppressed TLR2/4 activation and downstream signaling pathways, including MAPK and 

PI3K/AKT, leading to inactivation of key transcriptional factors (NF-κB and AP-1). Collectively, these 

findings demonstrate the protective role of A. japonicas-derived fucoidan in ALI and elucidate its underlying 

anti-inflammatory mechanisms, thus providing a promising foundation for developing fucoidan-based 

therapies against lung inflammation, including ALI.  
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