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1.  Introduction

Macroalgae or seaweed has emerged as a promising source of 
nutraceuticals and pharmaceutical applications owing to the upsurge 
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A B S T R A C T
	
As a seaweed supplement, the powdered, entire herb of Asparagopsis taxiformis can effectively promote 
immune response in animals. However, the active factors responsible for this effect are currently unknown. A 
novel polysaccharide, ATP-1, was isolated and purified from the red alga A. taxiformis, and its structural and 
immunomodulatory properties were determined. ATP-1 is a neutral polysaccharide with a molecular weight 
of 307.978 kDa and is primarily composed of galactose (94.07%), glucose (1.27%), and xylose (4.66%). 
Scanning electron microscopy and atomic force microscopy revealed that ATP1 had an amorphous structure 
and was composed of molecular chain entanglement and intramolecular hydrogen bonding interactions. The 
microstructure of ATP-1 exhibited asymmetric sheet–like cracks and pores. Results from immunomodulatory 
activity showed that ATP-1 promoted inducible nitric oxide (NO) synthase and cyclooxygenase (COX)-2 
protein expression in RAW264.7 macrophages, improved macrophage phagocytic ability, and stimulated 
cytokine production (NO, tumor necrosis factor (TNF)-α, and interleukin (IL)-6). Quantitative proteome 
analysis identified 178 differentially expressed proteins (70 upregulated and 108 downregulated) that were 
involved in various molecular pathways, among which, TNF was one of the 20 most common and significant 
signaling pathways in inflammation and immunoregulation. Western blotting indicated that ATP-1 significantly 
upregulated the expression of IKKα, IKKβ, COX-2, and TNF-α proteins in the TNF pathway. In contrast, 
ATP-1 downregulated the expression of IκBα, Fas, and AIP1. Results from molecular docking suggested 
that hydrogen bonding predominantly contributed to the affinity between TNF-α and galactose, glucose, 
and xylose. These findings indicated that ATP-1 may play an immunomodulatory role by activating the 
TNF signaling pathway. ATP-1 enhanced macrophage phagocytic capacity and stimulated the production 
of cytokines NO, TNF-α, and IL-6, thereby exerting immunoregulatory effects. Our findings highlight the 
potential of ATP-1 as a natural immune modulator with applications as a functional food.
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of global interest in natural products[1]. Marine algaes, commonly known 
as seaweed, are widely distributed in the marine world. The main types 
that are currently being developed and utilized include green algae, blue-
green algae, brown algae, and red algae[2]. Felix et al.[3] reported that 
the Asparagopsis genus, classified within the Rhodophyta division, 
produces an array of bioactive compounds, polysaccharides, lipids, 
proteins, sterols, and bromoform. These compounds exhibit several 
functional properties such as antioxidant, prebiotic, antimicrobial, 
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anti-inflammatory, and antitumor effects[4-5]. Asparagopsis taxiformis 
is a temperate, economic, red alga. A. taxiformis grows on reefs or 
corals below the low tide line and is distributed along the coasts of 
mainland China in the South China Sea[6].

Recent studies have focused on A. taxiformis as a potential feed 
additive to reduce enteric methane production in ruminants, thereby 
mitigating greenhouse gas emissions[7]. Brooke et al.[8] showed that 
supplementing ruminant feed with 5% organic matter of A. taxiformis 
reduced enteric methanogenesis by 99%. This supplementation did 
not negatively affect volatile fatty acid profiles or organic matter 
digestibility. Rodríguez Sánchez et al.[9] studied sulfated galactans 
from A. taxiformis gametophytes collected in Venezuela and 
suggested their potential in preventing abnormal blood clotting. 
Thépot et al.[10] have reported that the addition of A. taxiformis and 
its extract to the feed of Atlantic salmon led to a 33% increase in its 
growth rate and a 13% increase in feed intake. Additionally, the feed 
conversion ratios improved, and the innate immune response was 
enhanced by 58% over 4 weeks compared with the controls. These 
findings indicate the potential of A. taxiformis in the areas of drug 
discovery, functional foods, and various other industrial applications. 
However, knowledge on the bioactive compounds of A. taxiformis is 
significantly low, which considerably hinders their exploitation and 
utilization.

Studies have shown that the polysaccharides of red algae, 
which constitute the primary component of cell walls, exert several 
physiological and biological effects[11]. Nonetheless, the beneficial 
biological effects of polysaccharides are dependent on their chemical 
composition and structure. Zhao et al.[12] demonstrated that a relatively 
high proportion of arabinose, xylose, and galactose could remarkably 
(P < 0.05) increase the immunoregulatory effect of a polysaccharide 
isolated from the rhizomes of Dryopteris crassirhizoma Nakai. 
Meng et al.[13] indicated that polysaccharides having a triple helix 
conformation typically exert a better immunostimulatory effect.  
Liu et al.[14] have revealed that the immunomodulatory activity of 
the polysaccharide IHP-1aa could be attributed to its 3-O-CH3 
group and granular conformation. Molecular weight has an indirect 
impact on immunomodulatory activity. Astragalus polysaccharides 
(APSs) have been separated into the following 3 fragments based on 
their molecular weights: > 2 000 kDa (APS-I), approximately 10 kDa 
(APS-II), and approximately 300 Da (APS-III). Immunity studies 
have demonstrated the potent immunoenhancing effect of APS-II[15]. 
Therefore, elucidating the structure of the polysaccharides from  
A. taxiformis is crucial to determine their biological effects.

Low immunity is currently a prevalent health issue due to 
rapidly changing modern lifestyles. The development of plant-based 
formulations having immuneregulatory effects is a research hotspot[16]. 
Previous studies have reported that diets supplemented with the red 
seaweed A. taxiformis lead to the most prominent enhancements in 
humoral and cellular innate immune defenses. Hemolytic activity 
was increased four-fold in fish receiving A. taxiformis compared 
with control fish[17]. However, the active compounds that exert 
an immunoenhancing effect are yet to be identified. Accordingly, 
water-extracted polysaccharides were used as a starting point to 
explore the possible material basis of this effect. In this study, the 
polysaccharide ATP-1 was isolated and purified from the red alga 
A. taxiformis using hot water extraction. The primary structure and 
chain conformation of the resultant polysaccharide were characterized 

using gel chromatography, high-performance liquid chromatography 
(HPLC), Fourier-transform infrared spectroscopy (FT-IR), ultraviolet 
(UV) absorption spectroscopy, thermogravimetry (TG)-differential 
scanning calorimetry (DSC), scanning electron microscopy (SEM), 
and atomic force microscopy (AFM). The immunomodulatory activity 
of ATP-1 was preliminarily evaluated in vitro by measuring cell 
viability, phagocytic ability, NO secretion, and the levels of cytokines 
and other indicators in RAW264.7 cells. The potential mechanism of 
ATP-1 on RAW264.7 macrophages was determined using proteomic 
analysis, western blotting, and molecular docking.

2.  Materials and methods 

2.1  Materials and reagents

A. taxiformis was collected from Naozhou Island in Zhanjiang, 
China. RAW264.7 cells were maintained in high-glucose Dulbecco’s 
modified eagle medium (DMEM) supplemented with 10% fetal bovine 
serum, along with penicillin (100 U/mL) and streptomycin (100 μg/mL). 
The cells were cultured at 37 °C in a humidified environment in 
an incubator, which was flushed with 5% CO2. Cell counting kit-8 
(CCK-8), lipopolysaccharide (LPS) assay kit, nitric oxide (NO) assay 
kit, and mouse interleukin (IL)-6 and tumor necrosis factor (TNF)-α 
enzyme-linked immunosorbent assay (ELISA) kits were purchased 
from SolarBio (Beijing, China), Beyotime Biotechnology (Shanghai, 
China), and Enzyme-linked Biotechnology Co., Ltd. (Shanghai, 
China), respectively. Polyclonal antibodies against inducible NO 
synthase (iNOS), Ikkα, Ikkβ, cyclooxygenase (COX)-2 (Ptgs2), Fas, 
AIP1, TNF-α, IκBα, and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) were purchased from Wuhan Sanying Biotechnology  
Co., Ltd. (Wuhan, China).

2.2  Extraction and purification of ATP-1

A sample of 20 g dry weight of the red alga A. taxiformis powder 
was combined with ultrapure water in a 1:15 ratio (m/V), stirred evenly, 
placed in a water bath (60 °C) for 3 h, and ultrasonicated (200 W) for 
50 min. Next, the sample was centrifuged at 4 000 r/min for 20 min 
to concentrate the resulting mixture. Next, 3 volumes of absolute 
ethanol (4 °C) were added to the concentrated mixture, allowed to 
precipitate for 24 h, and centrifuged at 4 000 r/min for 15 min. The 
residue was collected and dissolved in a small volume of water, and 
the protein was removed using the Sevage method[18]. The sample 
was dialyzed for 24 h and freeze-dried for a further 48 h to obtain the 
crude polysaccharide of A. taxiformis.

A 10 mg/mL solution of the crude polysaccharide was prepared. 
After filtration through a 0.22-μm membrane, it was loaded onto a 
DEAE52 exchange column (Φ1.5 cm × 40.0 cm). The polysaccharide 
was eluted with distilled water and 0.3, 0.9, and 1.2 mol/L NaCl 
solutions at a flow rate of 2 mL/min, and the eluate was automatically 
collected (5.0 mL per tube). Polysaccharide content was assessed 
using the phenol-sulfuric acid method[19]. An elution curve was 
plotted with the number of collection tubes as the horizontal axis and 
the absorbance at OD490 nm as the vertical axis. Eluates from the same 
peak were collected, concentrated, dialyzed, and lyophilized to obtain 
3 polysaccharide components, namely, ATP-1, ATP-2, and ATP-3.
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2.3  Determination of chemical properties

The total carbohydrate content was determined using the method 
reported by Zhong et al.[18], which involved measuring the absorbance 
at a wavelength of 490 nm using the phenol-sulfuric acid method 
with D-galactose as the standard and then plotting a standard curve. 
The protein content was determined following the instructions in 
the bicinchoninic acid (BCA) protein quantitation kit (Beyotime 
Biotechnology, Shanghai, China).

2.4  Structural characterization of ATP-1

2.4.1  Molecular weight distribution of ATP-1 using 
chromatography

The molecular weight distribution of ATP-1 was determined 
using a gel chromatography–differential multiangle laser light 
scattering system (HPSEC-MALS-RI) with slight modifications per the 
method reported by Xing et al.[20]. The following analytical equipment 
was used: U3000 liquid phase system (Thermo, USA), Optilab T-rEX 
differential detector (Wyatt Technology, CA, USA), and DAWN HELEOS 
II laser light scattering detector (Wyatt Technology, CA, USA). The gel 
exclusion chromatography columns OHpak SB-805 HQ (300 mm × 8 mm,  
Shodex Showa Denko K.K., Japan) and OHpak SB-803 HQ  
(300 mm × 8 mm, Shodex Showa Denko K.K., Japan) were coupled 
in series. The column temperature was 45 °C and the loop volume 
was 100 μL. Mobile phase A (0.02% NaN3 (m/V), 0.1 mol/L NaNO3)  
was used at a flow rate of 0.6 mL/min and the sample was eluted 
using an isocratic gradient for 75 min.

2.4.2  Monosaccharide composition

Fuc, Rha, Ara, Gal, Glc, Xyl, Man, Fru, Rib, Gal-UAGul-UA, 
Glc-UA, Man-UA, and other standard samples were accurately 
weighed, added to pure water to prepare a mixed standard 
solution, and diluted appropriately to yield a concentration series. 
Monosaccharide composition was determined using an electrochemical 
detector and a Dionex™ CarboPac™ PA20 (150 mm × 3.0 mm,  
10 μm) liquid chromatography column following the method reported 
by Wu et al.[21].

2.4.3  Thermal characterization of ATP-1

The thermal characterization of ATP-1 was performed using a 
TGDSC thermal analyzer (STA 449F3). Briefly, a sample of 5 mg 
dry weight of ATP-1 powder was accurately weighed and placed 
in a crucible. The temperature program involved ramping up the 
temperature from 50 to 900 °C at a rate of 10 °C/min[22].

2.4.4  FT-IR spectroscopy and UV scanning

The functional groups in ATP-1 were determined using FT-IR 
spectroscopy. An appropriate amount of the polysaccharide powder and 
potassium bromide (dried at 100 °C for 12 h) were mixed evenly, and the 
mixture was ground to a uniform, fine powder. The powder was pressed 
into a thin, transparent sheet, and the infrared spectrum of the sample 
was obtained by scanning at a wavelength range of 4 000–400 cm-1.  

Potassium bromide was used as a blank correction background to measure 
and record the infrared spectrum of the sample[23]. The UV absorption 
spectrum was acquired by preparing a 0.5 mg/mL polysaccharide solution 
and scanning it at a wavelength range of 200–700 nm[24].

2.4.5  Morphology determination using SEM and AFM

The micromorphology of the polysaccharide ATP-1 was analyzed 
using SEM (Zeiss Merlin Compact, Japan), and the structural 
morphology was determined using AFM (Dimension Icon, Bruker, 
Germany). The scanning frequency was 1.00 Hz, and the AFM model 
mode was “tapping”[25].

2.5  Immunomodulatory effect of ATP-1 on RAW264.7 cells

2.5.1  Cell viability

RAW264.7 cells were seeded into a 96-well plate at a concentration 
of 1 × 104 cells per well. After 24 h of adherence, 0, 0.125, 0.25, 0.5, 
and 1 mg/mL ATP-1 was added, with 4 replicates for each group. 
Subsequently, following a 24-h exposure period at 37 °C, 10 μL of CCK-8 
solution was added to each well. The plates were incubated for an 
additional 30 min at 37 °C before determining the absorbance at 450 nm 
using a microplate reader. Cell viability was calculated following the 
instructions provided in the CCK-8 assay kit[26].

2.5.2  Phagocytic activity

The phagocytic activity of RAW264.7 cells was evaluated 
using the neutral red method[27]. Briefly, RAW264.7 cells were 
incubated in a 96-well plate (1 × 104 cells per well) for 24 h. Different 
concentrations of ATP-1 (0.125, 0.250, and 0.500 mg/mL) were 
added, with DMEM serving as the blank control and LPS (1 μg/mL) 
as the positive control. After 24 h of incubation, an aliquot of  
20 μL neutral red solution was added to each well for 2 h. The excess 
neutral red solution was discarded by rinsing the cells 3 times with 
phosphatebuffered saline (PBS; pH 7.4). Then, an aliquot of 100 μL of 
the cell lysate was added to each well and lysed at room temperature 
(37 °C) for 30 min. The absorbance at 540 nm was measured using 
a microplate reader. The phagocytic index of RAW264.7 cells was 
calculated using the following formula:

Phagocytosis index rate (%) = 
Atest
Acontrol

 × 100

where Atest and Acontrol represent the absorbances of the test and 
control samples, respectively.

2.5.3  Determination of cytokine levels

A previously published method was used to determine the 
levels of the cytokines NO, TNF-α, and IL-6 in the supernatant 
using a Griess reagent kit and ELISA kits[28]. RAW264.7 cells 
were incubated for 24 h in a 96 well plate (105 cells per well) with 
different concentrations of ATP-1 (0.125, 0.250, and 0.500 mg/mL). 
DMEM was used as the blank control and LPS (1 μg/mL) as the 
positive control. NO, TNF-α, and IL-6 levels in the supernatant were 
determined using the corresponding ELISA kits.
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2.6  Label-free proteomics and bioinformatics analysis

Cells were cultured in T25 culture flasks at a density of 4 × 105 cells/mL 
for 24 h, and further treated with DMEM and 0.5 mg/mL ATP-1 
solution for 24 h. An adequate amount of protein lysis buffer was 
added to the samples for 30 min. After centrifugation, protein levels 
in the supernatant were determined using a BCA kit and sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 
The samples were completely dissolved in TEAB, and trypsin was 
added in a 1:50 ratio (enzyme:protein, m/m) and allowed to react 
overnight at 37 °C for enzymatic hydrolysis. The hydrolyzed peptide 
segments were collected, lyophilized, and quantified using a peptide 
segment quantification kit (stock number 23275). The peptide 
segments were dissolved and analyzed using liquid chromatography 
(LC)-mass spectrometry (MS)/MS using an EASY-nLC 1200 LC 
system coupled with a timsTOF Pro2 mass spectrometer (Shanghai 
Meiji Biotechnology Co., Ltd.). Next, the raw MS data were imported 
into MaxQuant version 2.0.3.1 for library analysis. Gene Ontology 
(GO) functional annotation and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis of the differentially expressed 
proteins (DEPs) were performed using the Meiji Cloud Biotechnology 
platform. The UniProt database was used in this study[29].

2.7  Western blotting

RAW264.7 cells in the logarithmic phase were seeded at a density 
of 1 × 105 cells/mL in a 6-well plate and incubated for 24 h. The 
supernatant was discarded, and the cells were treated with 0.125, 
0.250, and 0.500 mg/mL of ATP-1 solution, respectively. DMEM was 
used as the blank control and LPS (1 μg/mL) as the positive control. 
After another 24 h of incubation, the supernatant was discarded; the 
cells were washed twice with precooled PBS and lysed for 30 min 
using RIPA lysis buffer containing 1 mmol/L phenylmethylsulfonyl 
fluoride. The supernatant was collected after centrifuging for 20 min at 
12 000 r/min and 4 °C. Proteins were quantified using a BCA assay kit. 
The loading amount of the protein was calculated, and a specific volume 
of 5× SDS-PAGE protein-loading buffer was added. The denatured 
proteins were separated by loading them onto 4%–20% SDS-PAGE gels 
and then transferred to a 0.22-µm polyvinylidene fluoride membrane. 
The membrane was blocked with 5% BSA for 1 h while shaking at room 
temperature and then incubated overnight with the primary antibodies 
(iNOS, Ikkα, Ikkβ, COX-2 [Ptgs2], Fas, AIP1, TNF-α, IκBα, and 
GAPDH) at 4 °C. The membrane was washed 5 times with Tris-buffered 
saline before incubation with the secondary antibodies at room 
temperature for 60 min. The resultant protein bands were visualized 
using enhanced chemiluminescence reagent and a gel imaging system 
(Bio-Rad Laboratories, Hercules, CA)[30].

2.8  Molecular docking

Molecular docking was used to determine the mechanism 
underlying the interaction between the monosaccharide fraction and 
TNF-α. The crystal structure of mouse TNF-α (PDB: 2tnf) protein for 
docking was downloaded from the PDB database. The 3D structures 
of the small molecules galactose (ID: 6036), glucose (ID: 5793), 
and xylose (ID: 135191) were downloaded from the PubChem 

database (https://pubchem.ncbi.nlm.nih.gov/) and subjected to energy 
minimization using the MMFF94 force field. Subsequently, the 
ligands and water molecules of the receptor protein were removed 
using PyMOL 2.5.5, and the polysaccharides and receptor proteins 
were docked using AutoDock Vina 1.2.3. PyMOL 2.5.5 was used to 
visualize the results[31].

2.9  Statistical analysis

All results are presented as mean ± standard deviation. Statistical 
analysis was performed using SPSS 21.0, and significant differences 
between groups were analyzed using analysis of variance and 
Duncan’s method.

3.  Results and discussion

3.1  Purification and structural characterization

3.1.1  Purification of ATP-1

Hot water extraction was used to obtain 0.56 g of the crude 
polysaccharide from 20 g of A. taxiformis powder, corresponding to a 
yield of (2.8 ± 0.4)%. The crude polysaccharide was further purified 
using a DEAE-52 chromatography column to obtain 3 components 
(Fig. 1A). The yields of ATP-1, ATP-2, and ATP-3 were (17.5 ± 1.4)%, 
(12.6 ± 1.1)%, and (18.3 ± 0.76)%, respectively, whereas the total 
sugar content was (60.3 ± 3.2)%, (57.0 ± 2.1)%, and (41.2 ± 1.1)%, 
respectively. No proteins were detected. ATP-1 was selected for 
subsequent structural characterization owing to its highest yield and 
sugar content.

3.1.2  Molecular weight distribution

Molecular weight distribution is a crucial determinant of 
physiological activities, such as the antioxidant and immune 
activities and the overall functional activity of a polysaccharide[32]. 
The molecular weight distribution of ATP-1 was determined using 
a combination of size exclusion chromatography and a MALS-RI 
detector (Fig. 1B). The number-average molecular weight (Mn) and 
weight-average molecular weight (Mw) of ATP-1 were 56.967 and 
307.978 kDa, respectively, with a dispersion index (Mw/Mn) of 5.41. 
The Mw/Mn value represents the molecular weight distribution of 
polysaccharides and reflects the width and degree of polydispersity[33]. 
Dispersion index data suggested that ATP1 had a small dispersity 
in its Mw distribution, indicating a relatively uniform molecular 
structure.

ASTRA 6.1 was used to simulate the slope of the double-
logarithmic curve of the root mean square radius and Mw to determine 
the conformation of the polysaccharide molecules in aqueous 
solutions. Typically, a slope (k) of 1, 0.5–0.6, or 0.33 indicates the 
molecular conformation of the polymer to be rod-shaped, irregularly 
coiled, or spherical, respectively[34]. The k was determined to be 0.16 
(Fig. 1C), indicating the spherical conformation of polysaccharide 
ATP-1 in aqueous solution as well as its compact, branched nature.
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3.1.3  Monosaccharide composition of ATP-1

The monosaccharide composition of a functional polysaccharide 
is closely related to its activity[35]. The monosaccharide composition 
of ATP1 was analyzed using HPLC (Figs. 1D and E) and was found 
to be primarily composed of galactose (94.07%), glucose (1.27%), 
and xylose (4.66%). Wang et al.[36] have reported that arabinose and 
xylose mainly affect the prebiotic and immunomodulatory activities 
of polysaccharides. Lo et al.[37] found that the monosaccharides 
arabinose, xylose, mannose, and galactose in polysaccharides played 
a crucial role in stimulating macrophages. Sun et al.[38] have reported 
that increased levels of arabinose, xylose, galactose, and uronic acid 
play a significant role (P < 0.05) in safeguarding SPF3-1 in LPS-
stimulated RAW264.7 macrophages. These studies indicate that 
ATP-1, the polysaccharide from A. taxiformis, may have potential 
immunomodulatory effects.

3.1.4  FT-IR spectroscopy and UV scanning analysis

Infrared spectroscopy is a technique by which the functional groups 
in molecules can be determined based on their selective absorption of 
infrared light at certain wavelengths. This absorption leads to transitions 
in the vibrational and rotational energy levels in molecules. Therefore, the 

positions and intensities of the absorption peaks of the functional groups 
in polysaccharides can be determined, revealing their characteristics[39]. 
Shi et al.[40] used infrared spectroscopy and reported hydroxyl stretching 
at 3 400 cm-1, glycoside bond C-O-C stretching vibrations at 1 072 cm-1, 
strong vibrations of the S=O bonds of the sulfuric acid group at 1 260 cm-1, 
and an absorption peak of D-galactose at 870 cm-1. The FT-IR spectrum 
shows the typical absorption peaks of polysaccharides in the range of 
400‒4 000 cm-1 (Fig. 2A). A strong stretching vibration can be observed 
at 3 448 cm-1, which represents the distinctive absorption peak of O-H; 
the signal at 2 928 cm-1 reveals C-H bending vibration. The absorption 
peaks at 1 042, 1 145, and 1 230 cm-1 correspond to the stretching 
vibration of glycoside C-O. The absence of an absorption peak at  
1 750–1 700 cm-1 suggests that ATP-1 lacks a uronic acid moiety, 
which is consistent with our monosaccharide composition findings. Our 
results are in agreement with those reported by Liu et al.[41], wherein 
infrared spectroscopy was used to determine the structure of Gracilaria 
lemaneiformis polysaccharides. No absorption peaks were noted in their 
study at 1 750–1 700 cm-1, indicating the absence of a uronic acid moiety. 
Furthermore, the spectrum showed characteristic absorption peaks for 
-OH (3 289 cm-1), C-H (2 920 cm-1), and C-O (1 070 cm-1). The lack of 
nucleic acids and proteins in ATP-1 was confirmed in our study due to 
the lack of UV absorption at 260 nm and 280 nm. This finding aligned 
with the results from protein quantification.

Fig. 1  (A) DEAE chromatogram of the 3 ATP fractions, (B) HPSEC-MALS-RI chromatogram demonstrating the molecular weight distribution of purified ATP-1,  
(C) Conformational chromatogram of the sugar chain, (D) HPLC chromatogram showing the monosaccharide composition of standard monosaccharides, 

(E) HPLC chromatogram showing the monosaccharide composition of ATP-1.
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3.1.5  Thermal characterization of ATP-1

TG-DSC is often used to determine the thermal stability of 
polysaccharides. The stability of raw materials has a significant 
influence in industrial applications. The DSC curve reflects the 
endothermic or exothermic rate of samples. However, the DTG curve 
area represents the first derivative of the TG curve with respect to 
temperature or time, indicating the relationship between the mass-
loss rate and temperature or time. The curve area is proportional to 
mass loss[42]. Fig. 2C shows a loss of mass in ATP-1 in 3 stages in the 
temperature range of 30 to 800 °C. The TG curve at 30.0–250.5 °C 
showed a slight reduction in the weight of ATP-1, which could be 
attributed to the dissociation of bound water from the hydrogen 
bonding of ATP-1 polysaccharide. This finding was consistent with 
previous research findings[25]. At 250.5–269.5 °C, the polysaccharide 
showed a significant trend of mass loss, with the degradation of 
thermally unstable functional groups being the primary cause of this 
shift. The mass of the polysaccharide decreased slightly between 
269.5 and 799.6 °C. In addition, at 799.6 °C, the residual mass of 
ATP-1 was 39.41%, which was most likely due to degradation of 
the polysaccharide branches and oxidative decomposition of organic 
matter. Furthermore, the DTG curve revealed that polysaccharide 
ATP-1 had the largest peak area at 261.0 °C, indicating a significant 
mass loss of the polysaccharide at this temperature. DSC revealed 
that ATP-1 exhibited an exothermic reaction throughout the process. 
These results serve as an important reference for the stability and 
processing applications of ATP-1.

3.1.6  Observation of the microstructure using SEM and AFM

The morphological characteristics and microstructure of 
ATP-1 were studied using SEM and AFM. Figs. 3A-C show the 
microstructure of ATP-1 to have asymmetric flaky cracks and 
holes, suggesting its amorphous nature. The AFM image of ATP-1 
shows multiple island-like structures ranging in size from –4.0 
to 4.0 nm. ATP-1 has a highly branched structure in aqueous 
solution, with small rings formed between chains and accompanied 
by spherical particles. The molecule has a spherical conformation 
(Figs. 3D-E). These findings are consistent with the results of the 
conformal chromatogram of the sugar chain (Fig. 1), suggesting 
that ATP-1 polysaccharide chains have high molecular flexibility 
and weak intramolecular forces.

Gong et al.[43] have reported that the roughness of a surface 
measured using AFM is commonly represented using conventional 
statistical measurements such as root-mean-square (Rmax), peak-

to-valley ratio (Rq), and average roughness (Ra); for ATP-1, 
these values were 5.60, 0.692, and 0.483 nm, respectively. 
The preceding data imply that the structure of ATP-1 may be 
related to the aggregation of molecular chains caused by the 
entanglement and interaction of intramolecular hydrogen bonds. 
Structure influences activity, and structural characteristics such 
as molecular weight, monosaccharide composition, and the 
functional groups of polysaccharides are strongly related to their 
immunological activity[44]. To elucidate the correlation between 
the structural characteristics and activity of polysaccharides, 
RAW264.7 cells were used as an in vitro model to determine the 
immunomodulatory activity of ATP-1.

3.2  Effect of ATP-1 on RAW264.7 cells

3.2.1  Cell viability

Macrophages are important immune cells in the body that are 
involved in both specific and nonspecific immunity[45]. To determine the 
immunomodulatory effect of ATP-1 in vitro, the toxicity of ATP-1 on 
RAW264.7 macrophages was studied using the CCK-8 assay. As shown 
in Fig. 4A, the viability of treated cells was similar to that of control 
cells at concentrations ranging from 0.125–0.500 mg/mL. This finding 
demonstrated that ATP-1 was not toxic to RAW264.7 macrophages 
in the concentration range used in this study. However, the viability of 
cells treated with 1 mg/mL of ATP-1 decreased significantly compared 
with control cells (P < 0.05). Therefore, a concentration range of  
0.125–0.500 mg/mL was chosen for subsequent experiments to determine 
the immunomodulatory effect of ATP-1.

3.2.2  ATP-1 facilitated phagocytic activity in RAW264.7 cells 

Enhanced phagocytosis is one of the most significant aspects of 
macrophage activation and is commonly used to assess immunity. 
Activated macrophages promote the innate immune response 
through phagocytosis, preventing the invasion of pathogenic 
microorganisms[46]. The neutral red technique was used to evaluate the 
effect of ATP-1 on the phagocytic ability of RAW264.7 cells. Fig. 4B 
shows that cells treated with varying ATP-1 concentrations exhibited 
a significant increase in phagocytic ability after 24 h compared with 
control cells (P < 0.05). Moreover, low concentrations of ATP-1 
showed higher phagocytic activity than high concentrations of ATP-1. 
These findings indicated that ATP-1 could significantly improve 
the phagocytic ability of RAW264.7 cells, thereby exerting an 
immunomodulatory effect.

Fig. 2  (A) FT-IR spectra, (B) UV spectra, and (C) TG-DSC thermogram of ATP-1.
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3.2.3  ATP-1 promoted the secretion of NO, TNF-α, and IL-6

NO is an effector molecule produced by macrophages. It is an 
essential host defense effector in the immune system that is capable 
of eliminating pathogenic bacteria and exerting other effects[47]. NO 
is frequently used as an indicator of the immunostimulatory ability of 

polysaccharides. The Griess method was used to study the effect of 
ATP-1 on the release of NO from cells. As shown in Fig. 4C, ATP-1 
treatment significantly promoted NO secretion versus the untreated 
control group (P < 0.05). The highest NO secretion was 21.69 μmol 
when 0.125 mg/mL of ATP-1 was used. The lowest NO secretion 
was 8.88 μmol when 0.5 mg/mL of ATP-1 was used. This outcome 

Fig. 3  (A-C) SEM and (D-E) AFM images for ATP-1.

Fig. 4  Effect of ATP-1 on RAW264.7 cells. (A) Cell viability. (B) Phagocytic activity. (C-E) Secretion of cytokines (NO, TNF-α, IL-6). Values are expressed as 
mean ± SD (n = 3). Different letters indicate a different significance among groups at P < 0.05.
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was speculated to be related to the bidirectional immunomodulatory 
or anti-inflammatory activity of ATP-1. NO is produced by the 
catalysis of NO synthase, with iNOS being a major enzyme for NO 
synthesis, which can mediate various immunological responses[48].  
Therefore, Western blotting was used to determine the expression of 
iNOS protein. The findings revealed that ATP-1, at concentrations 
ranging 0.125–0.500 mg/mL, could significantly promote iNOS 
expression in cells (Fig. 6D). This finding was consistent with the 
results from ELISA, which was used to determine NO content in the 
cell supernatants.

Furthermore, Fig. 6D shows that the treatment with ATP-1 
substantially upregulated COX-2 protein levels compared with 
those in the control group (P < 0.05). Wu et al.[49] have established 
that COX-2 is an inducible enzyme that catalyzes the conversion of 
arachidonic acid into prostaglandins. Prostaglandins play a pivotal 
role in immune cells and influence their differentiation and activation. 
Our findings revealed that ATP-1 exerted an immunomodulatory 
effect by promoting COX-2 release from RAW264.7 cells. Overall, 
ATP-1 may have stimulated NO secretion in RAW264.7 macrophages 
by activating iNOS and COX-2 protein expression, making it a 
safe biological immunomodulator. These findings are similar to the 
observations reported by Shan et al.[50].

Immunoregulation involves the activation of macrophages, 
which not only enhances phagocytic activity but also secretes 
biological signaling molecules including NO, TNF-α, and IL-6 
to protect from pathogens and boost immunity. TNF-α, a pro-
inflammatory cytokine predominantly produced by macrophages 
and monocytes, stimulates the release of the bioactive substances  
IL-1β and IL-6[51]. IL-6 is secreted by monocytes, activated lymphocytes, 
and other activated cells, and regulates both innate and acquired 
immunity[52]. The effect of ATP-1 on the release of TNF-α and IL-6 in 
RAW264.7 macrophages was determined using ELISA. Fig. 4D and E  
demonstrate that ATP-1 significantly increased TNF-α and IL-6 
secretion in RAW264.7 macrophages compared with that in the control 
group. TNF-α and IL-6 secretion peaked at 606.04 and 178.31 pg/mL  
(P < 0.05), respectively, at an ATP-1 concentration of 0.5 mg/mL.

The pathways through which polysaccharides stimulate 
macrophages to exert their immunoregulatory effects mainly include 

improving the phagocytic ability of macrophages; secreting cytotoxic 
molecules such as NO and ROS; and stimulating macrophages to 
secrete cytokines such as TNF-α, IL-6, and IL-10[53-54]. These results 
highlighted the immune-enhancing effect of ATP-1, wherein the 
phagocytic ability of RAW264.7 macrophages was enhanced, the 
secretion of cytokines NO, TNF-α, and IL-6 was stimulated, and 
the innate immune response was regulated. Label-free proteomics 
and bioinformatics analysis were conducted to better understand the 
immunoregulatory mechanism of ATP-1 on RAW264.7 cells.

3.3  Label-free proteomics and bioinformatics analysis on 
RAW264.7 cells

RAW264.7 cell extracts were subjected to label-free quantitative 
proteomic analysis to determine the impact of ATP-1 on protein 
expression. A total of 3 986 proteins were identified in RAW264.7 
cell samples (Fig. 5A), including 3 860 common proteins, 47 proteins 
in the treatment group, and 79 proteins in the control group. Cluster 
analysis of protein expression after data normalization revealed that 
protein expression in the control groups (D1, D2, and D3) differed 
significantly from that in the ATP-1 treatment group (C1, C2, and C3) 
(Fig. 5B). Fig. 5C illustrates the volcano plot of DEPs (x-axis,  
log2 fold change). Compared to the untreated RAW264.7 control, 178 
proteins (70 upregulated and 108 downregulated) were identified 
as DEPs (> 2-fold or < 0.5-fold; P < 0.05) following treatment with 
0.5 mg/mL ATP-1.

GO functional annotation of DEPs was analyzed based on the 
following 3 aspects: biological process (BP), cellular component (CC), 
and molecular function (MF). Fig. 5D shows the top 20 GO functional 
annotations. Regarding BPs, in C vs. D upregulated or downregulated 
differential proteins were mostly enriched in cellular activities, 
biological regulation, metabolic processes, stimulus responses, 
and developmental processes, with 27 enriched in immune system 
functions. In terms of CCs, they were mainly enriched in cellular 
anatomical entity and protein-containing complex. With respect 
to MFs, they were mainly enriched in binding, catalytic activity, 
transporter activity, and molecular function regulator activity.

Fig. 5  Changes in differential protein expression in RAW264.7 cells and bioinformatics analysis. (A) Wayne diagram. C and D represent ATP-1–treated samples 
and the controls, respectively. (B) Cluster analysis of proteins from RAW264.7 cells (treatments: C1, C2, and C3; controls: D1, D2, and D3); (C) Volcano map of 

differentially expressed proteins in RAW264.7 cells; (D) GO annotation analysis.
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3.4  ATP-1 stimulated TNF signaling pathways in RAW264.7 
cells

KEGG pathway analysis was performed to identify and study the 
pathways activated by ATP-1 in RAW264.7 cells. Chen et al.[55] have 
reported KEGG as a classic and practical database for integrating 
chemical, genomic, and functional information at the cellular and 
ecological levels. KEGG analysis in this study revealed that DEPs 
were implicated in 191 pathways, with 20 pathways being significantly 
enriched. Several major pathways were represented, including mineral 
absorption; peroxisome; fatty acid degradation; calcium signaling; 
cytosolic DNA-sensing; glycine, serine and threonine metabolism; 
PPAR signaling; and TNF signaling (Fig. 6A). Among them, TNF was 
determined to be one of the most prevalent and important signaling 
pathways in inflammation and immunoregulation[56].

Significant changes in 5 proteins were noted in the TNF signaling 
pathway after treatment with ATP-1 for 24 h (Figs. 6B-C). Specifically, 
the proteins Ikkα, Ikkβ, and COX-2 (Ptgs2) were significantly 
upregulated and caused inflammation and cell proliferation (P < 0.05). 
In contrast, Fas and AIP1 were significantly downregulated and 
resulted in cell apoptosis and inflammation (P < 0.05). These findings 
suggested that ATP-1 may exert its immunomodulatory effects by 
activating the TNF signaling pathway. Next, the effect of ATP-1 
on the TNF signaling pathway in RAW264.7 cells was validated. 
Western blotting was used to determine the protein expression of 
Ikkα, Ikkβ, COX-2 (Ptgs2), Fas, AIP1, TNF-α, and IκBα in each 
group. ATP-1 significantly upregulated the protein expression of 
IKKα, IKKβ, COX-2, and TNF-α (P < 0.05) and downregulated 
that of IκBα, Fas, and AIP1 (P < 0.05). These findings indicated that 

the TNF signaling pathway was involved in the ATP-1–induced 
activation of RAW264.7 cells (Fig. 6D).

TNF exerts multiple biological  effects.  I t  can bind to 
specific receptors on the cell membrane to promote cell growth, 
differentiation, apoptosis, and inflammation[57]. TNF-α is a member of 
the TNF family and exerts antiviral, immunoregulatory, and apoptotic 
functions by activating caspase protease, Janus kinase, and nuclear 
factor-kappa B (NF-κB) signaling pathways among others[58]. NF-κB 
often exists in an inactive state in cells by binding to the inhibitory 
factor IκB. TNF induces IκB (especially IκBα) degradation, activating 
the NF-κB signaling pathway. IKKα and IKKβ are key components 
of IκB kinase (IKK), and IKK phosphorylation activates the NF-κB 
signaling pathway[59]. Our results showed that ATP-1 downregulated 
the protein expression of IκBα and upregulated that of IKKα, IKKβ, 
and TNF-α. Collectively, these findings suggested that the NF-κB 
signaling pathway may potentially play a role in the ATP-1–induced 
activation of RAW264.7 cells.

Svandova et al. discovered that the Fas/FasL pathway is crucial 
in regulating apoptosis. Activation of the Fas ligand can induce Fas-
dependent apoptosis while also increasing the immune activity of 
cells, thereby exerting an antitumor effect[60]. Kang et al.[61] found that 
the Gracilaria lemaneiformis polysaccharide could inhibit tumor cell 
proliferation by upregulating the gene and protein levels of Fas and 
FasL, activating Fas/FasL pathway–induced apoptosis and thereby 
inhibiting tumor cell proliferation. This finding could mean that ATP-1 
augmented the immune activity of RAW264.7 cells by reducing Fas 
protein expression. Liu et al. have identified TNF-α–induced protein 1 
(TNFAIP1) as a protein involved in DNA replication, DNA damage 

Fig. 5  (Continued)
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repair, apoptosis, and disease progression[62]. Their finding aligns 
with the conclusions of our study that ATP-1 mediates apoptosis in 
RAW264.7 cells by downregulating AIP1 protein expression.

We hypothesized that ATP-1 exerts its immunomodulatory effect 
by activating the TNF/NF-κB signaling pathway to enhance the 

phagocytic ability of macrophages and stimulate the production of 
cytokines including NO, TNF-α, and IL-6. Next, molecular docking 
was used to simulate the mechanism of interaction between ATP-1 
and TNF-α and elucidate the molecular mechanism of ATP-1 in 
activating the TNF signaling pathway.

Fig. 6  (A) Bubble diagram of the top 20 KEGG pathways; the TNF signaling pathway is represented by the red rectangle. (B) Functional mechanisms of key 
proteins in the TNF pathway; green indicates downregulation < 0.5-fold, and red indicates upregulation > 2-fold. (C) 5 proteins in the TNF pathway exhibited 

significant changes (> 2-fold or < 0.5-fold; P < 0.05). (D) Western blotting.
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Fig. 6  (Continued)

3.5  Molecular docking

Molecular docking is an important tool in drug discovery and 
structure-based drug design. It can be used to predict interactions 
between molecules and compounds based on parameters such 
as hydrogen bonding, salt bridges, and electrostatic attraction 
within a specific range[63]. Wu et al.[64] discovered that mushroom 
polysaccharides interact primarily with specific amino acids of 
dectin-1 protein through hydrogen bonding and CH-π hydrophobicity. 
Therefore, molecular docking can be considered a rapid and efficient 
technique to identify target proteins and binding sites.

Molecular docking was used in this study to determine the 
molecular mechanism underlying the interactions between each 
monosaccharide fraction and TNF-α (Fig. 7). Galactose formed 
hydrogen bonds with TNF-α residues including B:LYS-98, 
B:TYR-119, C:TYR-119, C:PRO-117, and C:LYS-98. The binding 
energy was calculated to be –6.677 kcal/mol, implying that galactose 
could effectively interact with the active site of TNF-α. Similarly, 
docking configurations between glucose and TNF-α (binding energy, 
–6.12 kcal/mol) as well as between xylose and TNF-α (binding 
energy, –5.563 kcal/mol) were studied (Table 1). Binding is induced 
more readily when the negative binding affinity energy is less than  
–5 kcal/mol[26]. The docking scores of TNF-α with galactose, glucose, 
and xylose in our study were all < –5 kcal/mol, indicating that 
hydrogen bonding largely contributed to the affinity between TNF-α 
and monosaccharides. Wei et al.[65] have reported similar findings of 
the extracellular polysaccharide EPS-1 and α-CAS mainly interacting 
via hydrogen bonding. Our findings indicated that ATP-1 could bind 
to the active sites of TNF-α, resulting in potent immunological effects 
in RAW264.7 cells.

Table 1 
Summary of the estimated binding energy and chemical interactions for the best 
poses obtained using molecular docking of TNF-α (PDB: 2tnf) at the galactose (ID: 
6036), glucose (ID: 5793), and xylose (ID: 135191) binding sites.

Complexes Affinity (kcal/mol) Hydrogen bond binding site

TNF-α-galactose -6.677 B:LYS-98, B:TYR-119, C:TYR-119, 
C:PRO-117, C:LYS-98

TNF-α-glucose -6.120 A:PRO-117, A:TYR-119, A:LYS-98, 
B:TYR-119, C:TYR-119, C:PRO-117

TNF-α-xylose -5.563 A:TYR-119, A:PRO-117, B:LYS-98, 
C:PRO-117, C:TYR-119

The immunological effects of polysaccharides are closely 
related to their structural characteristics such as molecular weight, 
monosaccharide composition, and functional groups. Zeng et al.[66] 
found that polysaccharides containing galactose, glucose, 
arabinose, mannose, etc., exhibit immune activity as they are 
more readily identified by macrophage receptors. Yuan et al.[67] 
reported that polysaccharides containing galactose and arabinose 
as the primary monosaccharides exert potent immunomodulating 
effects. In this study, the neutral polysaccharide ATP-1 was 
determined to be primarily composed of galactose, glucose, 
and xylose and have a molecular weight of 307.978 kDa. SEM 
and AFM studies indicated that ATP-1 may be formed due to 
molecular chain entanglement and intramolecular hydrogen bond 
interaction. These interactions were likely responsible for its 
spherical structure that showed asymmetric sheet–like cracks 
and pores in the microstructure. Therefore, it could be postulated 
that the immunomodulatory activity of ATP-1 is related to its 
monosaccharide composition and chain conformation.

However, the polysaccharide ATP-1 obtained in this study differed 
considerably from complex sulfated galactans. Rodríguez Sánchez et al.[9] 
isolated a polysaccharide from A. taxiformis and reported a high AtC1-1 yield 
of 3.8%. The major extract was fractionated using cetrimide precipitation. 
Seven fractions were obtained, which showed similarities in general 
characteristics such as large amounts of carbohydrates and sulfate. In terms 
of monosaccharide composition, galactose was present in relatively large 
amounts, with a distinct predominance of the D-configuration. Substantial 
amounts of glucose and a small amount of xylose were also present. The 
extracts and fractions of A. taxiformis were found to have a moderate 
anticoagulant effect compared with heparin. The molecular weights of the 
fractions ranged from 51.0 to 366.4 kDa.

The structure of polysaccharides varies considerably depending 
on the geographical location, extraction time, extraction temperature, 
and methods of fractionation. These variations are particularly evident 
in aspects such as polysaccharide yield, content of sulfate group, 
molecular weight, monosaccharide composition, and biological 
activity. For example, A. taxiformis in our study was collected 
from Naozhou Island in Zhanjiang, China. In contrast, nonfertile 
gametophytes of A. taxiformis (Delile) Trevisan were hand-collected 
in the intertidal zone in the Central Littoral of Venezuela. Therefore, 
it is necessary to study A. taxiformis from different geographical 
origins and explore the structure–activity relationships.
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4.  Conclusions

The neutral homogeneous polysaccharide ATP-1 was isolated 
and purified from the red alga A. taxiformis and was determined 
to have a molecular weight of 307.978 kDa. ATP-1 is composed 
of galactose (94.07%), glucose (1.27%), and xylose (4.66%). The  
immunomodulatory effect of ATP-1 was related to its monosaccharide 
content and chain conformation. Galactose, glucose, and xylose  
in ATP-1 activated the TNF signaling pathway by binding to the 
active site of the receptor protein TNF-α via hydrogen bonding. 
This activation significantly upregulated the expression of IKKα,  
IKKβ, COX-2, and TNF-α proteins (P < 0.05) and downregulated 
that of IκBα, Fas, and AIP1 (P < 0.05). These processes also 
improved the phagocytic ability of macrophages and stimulated 
the secretion of cytokines NO, TNF-α, and IL-6, thereby exerting 

an immunoregulatory effect. Overall, our findings highlight the 
potential of ATP-1 as a potent immunomodulator. However, the 
association between the structural characteristics of ATP-1 and 
immunomodulatory function warrants further investigation.
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