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Abstract
Background Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease worldwide. 
Previous studies have reported that fucoidan can relieve obesity and hepatic steatosis in vivo, although the molecular 
mechanism remains unclear. This study aimed to explore the effect and potential molecular mechanism of fucoidan 
in NAFLD using the free fatty acid (FFA)-induced NAFLD spheroid model.

Materials and methods The spheroids were constructed by fusing the HepG2 and LX-2 cells. Spheroids and HepG2 
cells were stimulated with FFAs and fucoidan, then the intracellular lipid contents and the oxidative stress levels (ROS/
MDA/GSH/GR/GPx/NQO1/GCLC/HO-1) were detected. Furthermore, the regulation of PI3K/AKT/Nrf2 pathway and the 
expression of inflammatory factors (TNF-α and IL-6) were measured.

Results Fucoidan markedly reduced FFA-induced intracellular lipid accumulation in spheroids and HepG2 cells. 
Notably, fucoidan relieved FFA-induced oxidative stress by reducing the levels of ROS and MDA, and elevating the 
levels of GSH, GR, and GPx. Furthermore, fucoidan reduced FFA-induced oxidative stress by activating the PI3K/AKT/
Nrf2 signaling pathway and by inhibiting ROS-induced P65 NF-κB activation and inflammatory responses via Nrf2 
pathway activation.

Conclusions Our results demonstrated that fucoidan ameliorated FFA-induced lipid accumulation, oxidative stress, 
and NF-κB-mediated inflammation through the PI3K/AKT/Nrf2 signaling pathway in the spheroid and HepG2 cells 
model of NAFLD. These results provided new evidence for the clinical use of fucoidan in the treatment of NAFLD and 
its potential molecular mechanism of action.
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Introduction
The prevalence of non-alcoholic fatty liver disease 
(NAFLD) has increased from 25 to 38% over the past 30 
years [1–3]. As a multisystem metabolic disease, NAFLD 
is closely associated with obesity, type 2 diabetes mel-
litus, insulin resistance and so on [4–6]. Non-alcoholic 
steatohepatitis (NASH) is a progressive stage defined as 
hepatic steatosis and chronic inflammation with or with-
out fibrosis [7]. On March 14, 2024, Rezdiffra™ (resmeti-
rom) became the first drug approved to treat NASH by 
the U.S. Food and Drug Administration ( h t t p  s : /  / w w w  . m  
a d r  i g a  l p h a  r m  a . c o m /). Aside from this, no other targeted 
drugs are available for the treatment of NAFLD, likely 
because the pathogenesis of NAFLD is complex and is 
not fully elucidated. Therefore, it is particularly urgent to 
elucidate the pathogenesis of NAFLD in order to develop 
targeted therapeutic drugs.

Recently, a new theory called the “multiple hits” 
hypothesis has provided a more appropriate description 
of the pathogenesis of NAFLD, pointing to insulin resis-
tance, mitochondrial dysfunction, endoplasmic reticu-
lum stress, and alterations in gut microbial functions as 
major contributors to the pathogenesis of NAFLD [8]. 
Oxidative stress is one of the factors leading to these 
“multiple hits”, thus it is regarded as the main cause of 
NAFLD-related liver injury and disease progression 
[9, 10]. In the pathological condition of NAFLD, excess 
mitochondrial reactive oxide species (ROS) can lead 
to oxidative stress and the formation of lipid peroxides, 
such as malondialdehyde (MDA) and 4-hydroxynonenal 
[11]. Excessive accumulation of ROS can activate hepatic 
nuclear factor kappa-B (NF-κB)-mediated inflammatory 
pathways and promote the expression of inflammatory 
cytokines, such as tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6) [12–14]. The secretion of inflamma-
tory cytokines can further activate intrahepatic macro-
phages and hepatic stellate cells, leading to inflammatory 
cell recruitment and liver fibrosis [15]. Therefore, screen-
ing of drugs and food additives focus on inhibiting oxida-
tive stress and ROS overproduction can provide critical 
insight in the treatment of NAFLD.

Fucoidan is often used as a food supplement due to 
its reported beneficial nutritional and health properties 
[16]. Accumulated studies have reported the many health 
benefits of fucoidan, as an anti-oxidant and as an anti-
inflammatory, lipid-lowering, and liver protective media-
tor [17–19]. The in vivo protective effects of fucoidan on 
high-fat diet (HFD)-induced hepatic steatosis and obesity 
have been reported, however the exact mechanism of 
action of fucoidan in HFD-induced steatosis and NAFLD 
remains unclear [20, 21]. In recent years, three-dimen-
sional (3D) cell models have aroused great interests for 
their research superiority compared to the traditional 
two-dimensional cell models. The spheroids, which form 

via self-aggregated of cultured cells, are a kind of 3D 
model that demonstrates the interactions between cells, 
or between cells and the extracellular matrix. There-
fore, the internal environment and physiological status, 
at least in part, can be recapitulated in the spheroids, 
making them a reliable tool for drug screening and func-
tional studies [22–24]. Pingitore et al. constructed human 
multilineage spheroids with HepG2 and LX-2 cells, and 
proved that the spheroids can be considered as a model of 
liver steatosis and fibrosis [25]. Furthermore, Romualdo 
et al. used spheroids composed of C3A and LX-2 cells to 
investigate the impact of sorafenib on steatosis-induced 
fibrogenesis in NAFLD [26]. Therefore, constructing the 
NAFLD spheroid model and investigating the effect of 
fucoidan in this model is suitable and necessary, and will 
provide new evidence regarding the therapeutic applica-
tion of fucoidan in NAFLD.

In this study, the spheroids were constructed by fusing 
HepG2 and LX-2 cells, and NAFLD spheroid model was 
induced by stimulation with free fatty acids (FFAs). The 
effect of fucoidan on FFA-induced lipid accumulation 
and oxidative stress was investigated in both spheroids 
and HepG2 cells, and the potential molecular mechanism 
was explored. Furthermore, the inhibitory effect of fucoi-
dan on the FFA-induced inflammatory response was also 
investigated.

Materials and methods
Spheroid construction
HepG2 cells were cultured as the previous described [27]. 
The HepG2/LX-2 spheroids were generated as described 
by Pingitore et al. [25]. Briefly, HepG2 and LX-2 cells 
were fused at a ratio of 24:1 and placed into a 96-well 
round-bottomed ultra-low attachment plate at 2000 cells/
well in Modified Eagle Medium (MEM) (Sperikon Life 
Science & Biotechnology Co., Ltd) supplemented with 
10% FBS. The final volume was 200 µL/well. They were 
incubated at 37 °C in a humidified atmosphere of 5% CO2 
and grown for a total of 96 h. During the 96 h incubation 
period, 100  µl of medium was removed from each well 
and replaced with 100 µL preheated fresh medium every 
24  h. The volume of spheroids was calculated using the 
following formula: 4/3 πr3, where “r” stands for the mean 
of the long and short diameter of the spheroid divided by 
2.

Oil red O staining and intracellular TG measurement
FFAs was generated as described by Zhang et al. [28]. 
Briefly, the palmitic acid and oleic acid were diluted 
with 1% fatty acid-free bovine serum albumin (BSA) and 
mixed as the molar mass ratio of 1:2. The FFAs was added 
to the complete medium and used as the fat-supple-
mented medium (final FFAs concentration was 0.5mM). 
HepG2 cells were stimulated with BSA or FFAs for 24 h, 
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and then stimulated with DMSO (1%v/v) or fucoidan 
at a dose of 1, 10, 50, or 100 µg/mL for 24 h. Intracellu-
lar lipid droplets were stained using an oil red O stain-
ing kit (Solarbio, China), and intracellular triglyceride 
(TG) content was detected using a TG assay kit (Nanjing 
Jiancheng Bioengineering Institute, China) according to 
the manufacturer’s instructions [28]. For the spheroids, 
HepG2 and LX-2 cells were cultured for 48  h at a ratio 
of 24:1, stimulated with BSA or FFAs for 24 h, and then 
further stimulated with DMSO or fucoidan (100 µg/mL) 
for an additional 24 h. Intracellular lipid droplets and TG 
content were measured as above described.

Cell viability measurement
To explore the cytotoxicity of fucoidan, the CCK-8 assay 
was used. HepG2 cells were cultured in a 96-well plate 
with complete medium and stimulated with DMSO 
or fucoidan (1, 10, 50, 100  µg/mL) for 24  h. After that, 
CCK8 working solution (MedChemExpress, USA) was 
added into each well and incubated at 37 °C for 30 min. 
The absorbance at 450 nm was measured using spectro-
photometer (Thermo, USA), and the rate of alive cells 
was calculated relative to controls (%). Furthermore, 
HepG2 cells were cultured in a 96-well plate with com-
plete medium, stimulated with BSA or FFAs for 24  h, 
incubated with DMSO or fucoidan (1, 10, 50, 100  µg/
ml) for 24 h, and then the cell viability was measured as 
described above. For spheroids, HepG2 and LX-2 cells 
were cultured for 48 h at a ratio of 24:1. Spheroids were 
then stimulated with BSA or FFAs for 24 h, followed by 
DMSO or fucoidan (100 µg/mL) for 24 h. After that, the 
total cellular adenosine triphosphate (ATP) of spheroids 
was tested by the Cell-Titer-Glo® 3D cell viability assay 
(Promega, USA) as described by Li et al. [29]. Briefly, 
single spheroids were transferred into a white 96-well 
assay plate (Corning, USA) with 50 µL PBS. Next, 50 
µL of assay reagent was added to each well and samples 
were vigorously mixed to allow the reagent to penetrate 
the spheroids. Cells were incubated in the dark at room 
temperature for 20  min, the plate was placed in the 
SpectraMax i3 (Molecular Devices, USA) counter and 
luminescence was measured using the SoftMax Pro 6.3 
software (San Jose, USA), and the rate of alive cells was 
calculated relative to controls (%).

Measurement of intracellular oxidative stress levels
The intracellular levels of glutathione (GSH), glutathione 
reductase (GR), and glutathione peroxidase (GPx) were 
measured using commercially purchased assay kits (Bey-
otime Institute of Biotechnology, China) described by Li 
et al. [29]. Briefly, HepG2 cells were stimulated with BSA 
or FFAs for 24 h, after which cells were stimulated with 
DMSO or fucoidan (100 µg/mL) for 24 h. For spheroids, 
HepG2 and LX-2 cells were cultured for 48 h at a ratio of 

24:1, treated with BSA or FFAs for an additional 24 h, and 
then further stimulated with DMSO or fucoidan (100 µg/
ml) for 24  h. After that, the HepG2 cells and spheroids 
were collected by centrifugation at 3000 rpm for 5 min. 
The collected cells and spheroids were homogenized 
in 100 µL of assay kit cell lysis buffer (for the GR assay), 
sample homogenization buffer (for the GPx assays) or 
protein-removal reagent (for the GSH assay). Subse-
quently, the homogenate was centrifuged at 10,000  rpm 
for 10  min, and GPx, GR and GSH levels in the super-
natants were measured according to manufacturer’s 
instructions. In addition, the protein concentration of the 
supernatant was measured using a BCA protein assay, 
and the final measurement of GPx, GR, and GSH was 
normalized to the protein content.

Measurement of intracellular ROS and MDA levels
Intracellular ROS levels were measured using a 
2,7-dichlorofluorescein diacetate (DCFH-DA) probe 
(Elabscience, China). HepG2 cells and spheroids were 
treated in a 96-well black plate with FFAs or BSA, as 
described above, after which they were stimulated with 
DMSO or fucoidan (100 µg/mL) for 24 h. Cells and spher-
oids were then incubated with FBS-free medium contain-
ing 10 µM DCFH-DA at 37 °C for 45 min, after which the 
cells and spheroids were washed with PBS. The intracel-
lular fluorescence intensity of the probe was determined 
using a microplate reader at an excitation wavelength of 
488 nm and an emission wavelength of 525 nm.

The relative malondialdehyde (MDA) concentration in 
lysate was detected using an MDA assay kit (Elabscience, 
China), according to the manufacturer’s instructions. 
Briefly, the reaction of the MDA in the sample with thio-
barbituric acid (TBA) generated an MDA-TBA adduct. 
The absorbance of MDA was measured with a microplate 
spectrophotometer at 450  nm. In addition, the protein 
concentration of the sample lysates was measured using 
a BCA protein assay kit, and the final measurement was 
normalized to the protein concentration.

Transmission electron microscopy (TEM) and 
immunofluorescence
HepG2 and LX-2 cells were fused at a ratio of 24:1 ratio 
and cultured for 96 h to construct the spheroids. Spher-
oids were fixed with 5% glutaraldehyde and processed, 
then the specimens were examined using a JEOL 1011 
transmission electron microscope (JEOL, Tokyo, Japan). 
HepG2 cells and spheroids were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton X-100, 
then the HepG2 cells and spheroids were incubated with 
primary and then secondary antibodies. After that, the 
nuclei was stained with 4′,6-Diamidino-2-phenylindole 
(DAPI). Images of HepG2 cells and spheroids were cap-
tured under a fluorescence microscope (Nikon, Japan).
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Knockdown of Nrf2 with small hairpin RNA
Adenovirus with antisense of Nrf2 small hairpin RNA 
(shRNA) was obtained from Genechem (Shanghai, 
China). The sequence of shRNA for Nrf2 was as follows: 
5′- C C G G C A T T T C A C T A A A C A C A A-3′. HepG2 cells 
were cultured in a 6-well plate, grown to 50–60% conflu-
ence and then transfected for 5 h with Nrf2 adenovirus at 
a multiplicity of infection of 100. Cells were then supple-
mented with fresh medium, and cultured continuously 
for an additional 48  h. After that, cells were harvested 
and the expression of Nrf2 was analyzed by quantitative 
real-time PCR (qRT-PCR) and western blotting to con-
firm the efficiency of Nrf2 knockdown.

Nuclear and cytoplasmic proteins extraction
Nuclear and cytoplasmic proteins were extracted as 
described by Li et al. [29]. Briefly, HepG2 cells and spher-
oids were treated with FFAs and fucoidan as described 
above, after which cells and spheroids were harvested by 
gentle scraping and centrifugation at 3000 rpm for 5 min. 
The nuclear and cytoplasmic proteins of HepG2 cells and 
spheroids were collected using a commercial assay kit 
(Sangon Biotech, China).

RNA extraction, qRT-PCR and Western blotting
Total RNA was extracted from HepG2 cells and spher-
oids using AG RNAex Pro Reagent (Accurate Biology, 
China). RNA was then transcribed into cDNA using 

PrimeScript RT reagent kit with a genomic DNA Eraser 
(Takara, Japan). Gene expression was quantified using 
qRT-PCR as described by Chu et al. [30]. The sequences 
of primers for qRT-PCR are listed in Table 1. Total pro-
tein extracted from HepG2 cells and spheroids and west-
ern blotting were conducted as described by Chu et al. 
[30]. Information regarding the primary antibodies is 
listed in Table 2.

Statistical analysis
Statistical analysis was performed using SPSS 17.0 soft-
ware. All results were expressed as the mean ± standard 
deviation. Differences between the two groups were com-
pared using the student’s t test. Each experiment was 
independently performed at least three times. A P value 
of < 0.05 was considered statistically significant.

Results
Fucoidan decreased FFA-induced lipid accumulation in 
HepG2 cells and spheroids
The experimental flow of the NAFLD cell model con-
struction and subsequent fucoidan treatment is shown in 
Fig. 1A. The cytotoxicity of fucoidan on HepG2 cells was 
evaluated by CCK8 assay, and the results showed that cell 
viability was not affected by different doses of fucoidan 
(1, 10, 50, 100 µg/mL) (Fig. 1B). As shown in Fig. 1C, FFA 
treatment reduced the viability of HepG2 cells compared 
to control, while fucoidan treatment at increasing doses 
(1, 10, 50, 100  µg/mL) significantly reversed the FFA-
induced decline in HepG2 cell viability, with no difference 
of the cell viability between 1 vs. 100  µg/mL treatment 
dose. To assess the impact of fucoidan on lipid accumula-
tion in HepG2 cells, oil red O staining was conducted and 
the intracellular TG content was measured. As the results 
showed in Fig.  1D, FFA treatment markedly increased 
intracellular TG content, but this could be reversed by 
fucoidan treatment. Oil red O staining indicated that 
fucoidan can inhibit intracellular lipid droplet formation 
effectively in a dose-dependent manner (Fig. 1E). Accord-
ing to the above results, the 100 µg/mL dose of fucoidan 
was used in the subsequent experiments.

The NAFLD spheroid model was constructed and the 
effect of fucoidan on lipid accumulation in spheroids was 
evaluated (Fig. 2A). HepG2 and LX-2 cells were cultured 
for 96 h at a 24:1 ratio, during which time cells gradually 
adhered to the circular 3D structure (Fig. 2B). TEM was 
used to measure the intracellular structure of the spher-
oids, and the results showed that spheroids possessed 
normal hepatocyte morphology (Fig.  2C). During the 
culturing of the spheroids, there was no significant dif-
ference in the volume of spheroids in the control group, 
the FFA + DMSO group, and the FFA + fucoidan group 
(Fig.  2D). The cell viability of the spheroids was evalu-
ated by measuring the ATP levels of spheroids. FFA 

Table 1 Sequences of primers used in this study
Primer Forward (5’-3’) Reverse (5’-3’)
Nrf2 AGCCCAGCACATCCAGTCAG AAACGTAGCC-

GAAGAAACCTCA
TNF-α GCTGCACTTTGGAGTGATCG GCTGCACTTTGGAGTGATCG
IL-6 GTAGTGAGGAACAAGC-

CAGAGC
TACATTTGCCGAAGAGCCCT

β-actin CATCCTCACCCTGAAGTACCCC AGCCTGGATGCAACGTA-
CATG

Table 2 Antibodies used in this study
Antibodies Company Catalog number
NQO1 Sangon Biotech D161049
HO-1 Sangon Biotech D220756
GCLC Sangon Biotech D123963
PI3K Sangon Biotech D262049
p-PI3K Bioss bs-6417R
AKT HUABIO ER62638
p-AKT Santa Cruz Biotechnology sc-514,032
Nrf2 Sangon Biotech D121053
p-Nrf2 Sangon Biotech D291025
KEAP1 Santa Cruz Biotechnology sc-365,626
NF-κB CST 8242T
p-NF-κB Abcam ab31624
GAPDH Proteintech 10494-1-AP
Lamin B HUABIO R1508-1
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Fig. 1 Fucoidan reduced FFA-induced lipid accumulation in HepG2 cells. (A) The experimental flow of FFAs stimulation and fucoidan treatment in HepG2 
cells. HepG2 cells were adhered in plates and cultured for 24 h, then stimulated with FFA (0.5 mM) for 24 h, further treated with DMSO (control) or fucoi-
dan (1, 10, 50, 100 µg/ml) for additional 24 h. (B) Detection of fucoidan cytotoxicity in HepG2 cells. HepG2 cells were stimulated with DMSO or fucoidan 
(1, 10, 50, 100 µg/ml) for 24 h, then the cell viability was detected using the CCK-8 assay. (C) Fucoidan improved FFA-induced cytotoxicity. HepG2 cells 
were treated as described in (A), and then the cell viability was detected using the CCK-8 assay. (D) Fucoidan decreased intracellular TG content in HepG2 
cells. HepG2 cells were treated as described in (A), and then the intracellular TG content was measured. (E) Fucoidan inhibited lipid droplet formation 
in HepG2 cells. HepG2 cells were treated as described in (A), and then the cells were stained with oil red O. Data were analyzed by the student’s t test 
and expressed as the mean ± SD (n = 3). * represents the differences compared to the control group. # represents the differences compared to the DMSO 
group. ** P < 0.01; ##P < 0.01
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Fig. 2 (See legend on next page.)
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stimulation significantly inhibited the viability of spher-
oids after 96 h culture, which was measured by normal-
izing ATP levels to spheroid volume. However, fucoidan 
treatment significantly reversed the reduction in the via-
bility of spheroids after 96 h culture (Fig. 2E). Similarly, 
in HepG2 cells, FFA stimulation remarkably elevated the 
intracellular TG content of spheroids, while fucoidan 
treatment significantly alleviated the increase in intracel-
lular TG content of spheroids (Fig. 2F). Oil red O staining 
further verified that fucoidan could inhibit FFA-induced 
lipid accumulation in spheroids (Fig.  2G). These results 
indicated that fucoidan can ameliorate FFA-induced lipid 
accumulation in HepG2 cells and spheroids.

Fucoidan inhibited FFA-induced oxidative stress in HepG2 
cells and spheroids
To explore the effect of fucoidan on FFA-induced oxida-
tive stress in HepG2 cells and spheroids, the intracellular 
levels of ROS, MDA, GSH, GR, and GPx, and the expres-
sion of antioxidant genes NQO1, GCLC, and HO-1 were 
measured. FFA treatment markedly increased intracellu-
lar levels of ROS and MDA, and decreased intracellular 
levels of GSH, GR, and GPx in HepG2 cells. After 24 h 
treatment of fucoidan, the intracellular levels of ROS and 
MDA were decreased, and levels of GSH, GR, and GPx 
were elevated (Fig. 3A and E). Similarly, after treatment 
of spheroids with fucoidan, the FFA-induced elevation 
of intracellular ROS and MDA was reversed, as was the 
FFA-induced decline in intracellular levels of GSH, GR, 
and GPx (Fig. 3I and M). Furthermore, FFA stimulation 
inhibited the protein expression of NQO1, GCLC, and 
HO-1, however subsequent fucoidan treatment reversed 
this effect in HepG2 cells and spheroids (Fig.  3F, H, N 
and P). These results proved that fucoidan can undo FFA-
induced oxidative stress in HepG2 cells and spheroids.

Fucoidan activates the PI3K/AKT/Nrf2 signaling pathway
Previous researches have reported that the PI3K/AKT 
pathway is involved in the regulation of metabolic func-
tions by fucoidan [17], and that the PI3K/AKT/Nrf2 
pathway is participated in antioxidant effects as phos-
phorylated Nrf2 can enter the nucleus to activate the 
transcription of antioxidant genes [29]. To explore the 
possible mechanism that is participated in the antioxi-
dant response of fucoidan, the activation of the PI3K/

AKT/Nrf2 pathway was measured. As shown in Fig. 4A 
and B, FFA stimulation inhibited the activity of PI3K/
AKT, by decreasing the phosphorylation of PI3K and 
AKT, however, fucoidan treatment markedly promoted 
PI3K and AKT phosphorylation in HepG2 cells. In addi-
tion, fucoidan treatment markedly enhanced the expres-
sion and phosphorylation of Nrf2, which was inhibited by 
FFAs stimulation (Fig. 4C). Furthermore, fucoidan treat-
ment induced the translocation of Nrf2 from the cyto-
plasm to the nucleus in the presence of FFAs in HepG2 
cells (Fig. 4D and E).

To further validate the key role of Nrf2 in the molecular 
mechanism of fucoidan, Nrf2-shRNA was stably trans-
fected into HepG2 cells, and the cells were fused with 
LX-2 cells to form spheroids. qRT-PCR and western blot-
ting showed that Nrf2 was successfully knocked down 
in HepG2 cells and spheroids (Fig. 4F and G). In spher-
oids, fucoidan treatment could not elevate Nrf2 expres-
sion after FFA stimulation when Nrf2 was knocked down 
(Fig.  4H). The above results suggest that fucoidan acti-
vates the PI3K/AKT/Nrf2 pathway.

Fucoidan inhibited FFA-induced lipid accumulation and 
oxidative stress by activating the PI3K/AKT/Nrf2 pathway
To determine whether the PI3K/AKT/Nrf2 pathway 
was involved in fucoidan-mediated protection against 
FFA-induced lipid accumulation and oxidative stress, 
intracellular TG content and oxidative stress levels were 
measured in HepG2 cells and spheroids after Nrf2 knock 
down. As shown in Fig.  5A and G, Nrf2 knock-down 
remarkably abolished the protective effect of fucoidan 
on FFA-induced lipid accumulation in HepG2 cells and 
spheroids. In addition, Nrf2 knock-down can mark-
edly abolish the amelioration of FFA-induced oxidative 
stress after treatment with fucoidan in HepG2 cells and 
spheroids (Fig. 5B, F, H and L). Furthermore, Nrf2 knock-
down can markedly reverse the up-regulation of NQO1, 
GCLC and HO-1 after treatment with fucoidan in the 
presence of FFAs in HepG2 cells and spheroids (Fig. 5M 
and R). These results indicate that fucoidan can inhibit 
FFA-induced lipid accumulation and oxidative stress by 
activating the Nrf2 signaling pathway in HepG2 cells and 
spheroids.

(See figure on previous page.)
Fig. 2 Fucoidan reduced FFA-induced lipid accumulation in spheroids. (A) The experimental flow of FFAs stimulation and fucoidan treatment in spher-
oids. Spheroids were aggregated for 48 h, then stimulated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or fucoidan (100 µg/ml) for 
additional 24 h. (B) The morphology of spheroids during the experimental flow as described in (A). (C) Intracellular morphology of spheroids. HepG2 and 
LX-2cells were fused at a ratio of 24:1 ratio and cultured for 96 h to construct the spheroids, then the spheroids were subjected to the TEM detection. (D) 
The volume of spheroids during the experimental flow as described in (A). (E) Fucoidan improved FFA-induced cytotoxicity. Spheroids were treated as 
described in (A), and then the viability of spheroids was detected using the CCK-8 assay. (F) Fucoidan decreased the intracellular TG content in spheroids. 
Spheroids were treated as described in (A), and then the intracellular TG content was measured. (G) Fucoidan inhibited lipid droplet formation in spher-
oids. Spheroids were treated as described in (A), and then the Spheroids were stained with oil red O. Data were analyzed by student’s t test and expressed 
as the mean ± SD (n = 3). * represents the differences between the two groups. ** P < 0.01
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Fucoidan inhibited FFA-induced inflammation by 
activating the Nrf2 signaling pathway
Previous researches have suggested that excess pro-
duction of ROS possesses the pro-inflammatory effect 
during the progression of NAFLD [9, 10]. First, the 
intervention effect of fucoidan on FFA-induced inflam-
matory responses was investigated in HepG2 cells. FFA 

stimulation up-regulated the expression of TNF-α and 
IL-6, while fucoidan significantly reversed the up-regu-
lation of TNF-α and IL-6 (Fig. 6A and B). Furthermore, 
FFA treatment led to increased phosphorylation and 
nuclear translocation of P65 NF-κB, while fucoidan sig-
nificantly inhibited both of these effects (Fig. 6C and E). 

Fig. 3 Fucoidan alleviates FFA-induced oxidative stress in HepG2 cells and spheroids. (A-E) Fucoidan inhibits FFA-induced oxidative stress in HepG2 cells. 
HepG2 cells were stimulated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or fucoidan (100 µg/ml) for additional 24 h. The intracel-
lular levels of ROS, MDA, GSH, GR, and GPx were measured. (F-H) Fucoidan inhibits the expression of antioxidant factors in HepG2 cells. HepG2 cells were 
treated as described in (A-E), and then the expression of NQO1, GCLC, and HO-1 were measured by western blotting. (I-M) Fucoidan inhibits FFA-induced 
oxidative stress in spheroids. Spheroids were aggregated for 48 h, then stimulated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or 
fucoidan (100 µg/ml) for additional 24 h. The intracellular levels of ROS, MDA, GSH, GR, and GPx were measured. (N-P) Fucoidan inhibits the expression 
of antioxidant factors in spheroids. Spheroids were treated as described in (I-M), and then the expression of NQO1, GCLC, and HO-1 were measured by 
western blotting. Data were analyzed by student’s t test and expressed as the mean ± SD (n = 3). * represents the differences between the two groups. * 
P < 0.05; ** P < 0.01
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These results were further confirmed by immunofluores-
cence staining (Fig. 6F).

To explore whether Nrf2-mediated antioxidant pro-
cesses are participated in fucoidan-mediated protection 
against FFA-induced inflammation, Nrf2 was knocked 
down in the HepG2 cells by shRNA, and cells were fused 
with LX-2 cells to form spheroids. Spheroids were treated 
with FFAs followed by fucoidan. Nrf2 knock-down sig-
nificantly elevated the expression of TNF-α and IL-6 
(Fig.  6G and H). Meanwhile, Nrf2 knock-down inhib-
ited the reduction in P65 NF-κB phosphorylation and 
nuclear translocation induced by fucoidan (Fig.  6I and 
K). Furthermore, the above results were also validated 
by immunofluorescence staining (Supplementary Fig. 1). 

These results indicate that fucoidan can trigger the Nrf2-
mediated antioxidant process, inhibit the overproduc-
tion of ROS, and lead to reduced P65 NF-κB activation, 
thereby partially inhibiting the FFA-induced inflamma-
tory response.

Discussion
The pathogenesis and therapy of NAFLD have been the 
focus of global attention. Lipid accumulation, hepatic 
steatosis, and oxidative stress are the key characteristics 
of NAFLD [31]. Therefore, inhibition of lipid accumula-
tion and reduction of oxidative stress are beneficial to 
the prevention and treatment of NAFLD. Spheroids have 
been a reliable tool for drug screening and for functional 

Fig. 4 Fucoidan activates the PI3K/AKT/Nrf2 signaling pathway. (A-B) Fucoidan promotes the phosphorylation of PI3K and AKT. HepG2 cells were stimu-
lated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or fucoidan (100 µg/ml) for additional 24 h. The phosphorylation levels of PI3K 
and AKT were analyzed by western blotting. (C) Fucoidan increases the expression and phosphorylation of Nrf2. HepG2 cells were treated as described 
in (A-B), and the expression and phosphorylation of Nrf2 were analyzed by western blotting. (D-E) Fucoidan promotes the nuclear translocation of Nrf2. 
HepG2 cells were treated as described in (A-B), and the protein levels of Nrf2 in nuclear and cytoplasm were measured by western blotting. (F-G) Nrf2 
knock-down in HepG2 cells and spheroids. HepG2 cells were transfected with Adenovirus contains antisense of Nrf2 shRNA for 5 h, then supplemented 
with fresh medium, and continuously cultured for an additional 48 h. Spheroids were constructed with Adenovirus transfected HepG2 cells. The expres-
sion of Nrf2 in HepG2 cells and spheroids were analyzed by qRT-PCR and western blotting. (H) Nrf2 shRNA abolished the overexpression of Nrf2 induced 
by Fucoidan in spheroids. Spheroids were aggregated with Adenovirus transfected HepG2 cells for 48 h, then stimulated with FFAs (0.5 mM) for 24 h, 
further treatment with DMSO (control) or fucoidan (100 µg/ml) for additional 24 h. The expression of Nrf2 in spheroids was analyzed by western blotting. 
Data were analyzed by student’s t test and expressed as the mean ± SD (n = 3). * represents the differences between the two groups. *** P < 0.001
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Fig. 5 (See legend on next page.)
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study due to their somewhat analogous internal environ-
ment and physiological status [23, 24]. This study system-
atically investigated the protective effect of fucoidan on 
FFA-induced lipid accumulation and oxidative stress, and 
the potential molecular mechanism in NAFLD spheroids 
and HepG2 cell. We found that fucoidan can reduce FFA-
induced lipid accumulation, ROS overproduction and 
oxidative stress by activating the PI3K/AKT/Nrf2 path-
way. In addition, fucoidan also restrained FFA-induced 
activation of NF-κB and inhibited the expression of its 
downstream inflammatory factors via the Nrf2 signaling 
pathway. This is the first study to directly use spheroids 
as in vitro model of NAFLD to demonstrate the impact of 
fucoidan on the amelioration of NAFLD, and our results 
have provided new evidence regarding the molecular 
mechanism involved in the protective effect of fucoidan 
against NAFLD.

The development of NAFLD requires the retention 
of high levels of lipids in hepatocytes [32]. Hepatocel-
lular lipids overload associated with increased liver TG 
content can lead to hepatocyte steatosis and lipid toxic-
ity [33]. This study found that FFA exposure elevated the 
lipid content within spheroids and HepG2 cells. Oxida-
tive stress is recognized as an important factor contrib-
uting to the progression of NAFLD, while excessive ROS 
accumulation is the main cause of mitochondrial dys-
function, hepatocyte injury, inflammatory response, and 
fibrosis in the pathogenesis of NAFLD. Therefore, focus-
ing on the inhibition of hepatic oxidative stress is condu-
cive to treat NAFLD [34–36]. Many studies have shown 
that sulfated polysaccharides can ameliorate hepatic 
oxidative stress by activating the antioxidant proteins 
[37]. Fucoidan is a kind of sulfated polysaccharide and 
possesses a variety of anti-oxidative, anti-inflammatory, 
lipid-lowering and liver protective functions [17–19]. In 
previous in vivo studies, fucoidan was shown to inhibit 
HFD-induced hepatic TG accumulation and suppress 
oxidative stress in a NAFLD rat model [38]. The results 
in this in vitro study showed that fucoidan can markedly 
inhibit FFA-induced lipid accumulation in spheroids and 
HepG2 cells, which verified the lipid-lowering effect of 

fucoidan in NAFLD spheroids and cell models. Further-
more, fucoidan also exhibited an excellent antioxidant 
effect in spheroids and HepG2 cells. Treatment with 
fucoidan can improve the activities of GSH, GR and GPx, 
increase the expression of antioxidant factors NQO1, 
GCLC and HO-1, and inhibit the overproduction of ROS 
and MDA, therefore alleviating liver cell damage. These 
findings demonstrated that fucoidan could act a protec-
tive role in NAFLD by improving hepatic oxidative stress.

Accumulated studies have shown that fucoidan may be 
involved in regulating the PI3K/AKT pathway, MAPK 
pathway, and caspase pathway [17, 39, 40]. Activation 
of PI3K/AKT can enhance the activity of Nrf2, enhance 
the antioxidant capacity of liver cells, and alleviate mito-
chondrial dysfunction [41]. Nrf2 is a regulator of cell 
resistance to active oxidants and a key transcription 
factor regulating the expression of various cell protec-
tive genes (GSH, GR NQO1, HO-1, etc.) [42–44]. Deng 
et al. report that fucoidan can promote macrophages 
glycolysis and regulate M1 macrophages differentiation 
by activating PI3K/AKT/mTOR pathway [45]. Shiau et 
al. summarized the physiology of fucoidan-modulated 
metabolism and concluded that fucoidan may modulate 
oxidative stress and PI3K/AKT/mTOR signaling pathway 
to implement metabolic regulation [46]. In this study, 
our results showed that fucoidan treatment up-regulated 
the PI3K and AKT phosphorylation, and increased the 
expression and phosphorylation of Nrf2, thereby promot-
ing the translocation of Nrf2 to the nucleus. When Nrf2 
expression was knocked down, the lipid-lowering and 
anti-oxidative effects of fucoidan were partially abolished 
in spheroids and HepG2 cells. These results demonstrate 
that fucoidan exerted antioxidant effects by activating 
the PI3K/AKT/Nrf2 pathway. Interestingly, previous 
researches have reported that fucoidan can activate the 
PI3K/AKT pathway in colon cancer and breast cancer 
[45, 47], but inhibit the activation of PI3K/AKT in sev-
eral metabolic diseases in rats [46, 48]. This contradiction 
may suggest that fucoidan exerts different roles depend-
ing on the specific cellular environment or conditions, 

(See figure on previous page.)
Fig. 5 Fucoidan alleviates FFA-induced lipid accumulation and oxidative stress via the Nrf2 signaling pathway. (A) Nrf2 knock-down inhibits the reduc-
tion in intracellular TG content by fucoidan in HepG2 cells. HepG2 cells with Nrf2 knocked down were stimulated with FFAs (0.5 mM) for 24 h, further 
treatment with DMSO (control) or fucoidan (100 µg/ml) for additional 24 h. And then the intracellular TG content was measured. (B-F) Nrf2 knock-down 
inhibits the remission of oxidative stress by fucoidan in HepG2 cells. HepG2 cells with Nrf2 knocked down were treated as described in (A), and the 
intracellular levels of ROS, MDA, GSH, GR, and GPx were measured. (G) Nrf2 knock-down inhibits the reduction of intracellular TG content by fucoidan in 
spheroids. Spheroids with Nrf2 knocked down were stimulated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or fucoidan (100 µg/
ml) for additional 24 h. And then the intracellular TG content was measured. (H-L) Nrf2 knock-down inhibits the remission of oxidative stress by fucoi-
dan treatment in spheroids. Spheroids with Nrf2 knocked down were treated as described in (G), and the intracellular levels of ROS, MDA, GSH, GR, and 
GPx were measured. (M-O) Nrf2 knock-down inhibits the reduction of antioxidant factor expression by fucoidan in HepG2 cells. HepG2 cells with Nrf2 
knocked down were treated as described in (A), and the expression of NQO1, GCLC, and HO-1 were assayed by western blotting. (P-R) Nrf2 knock-down 
inhibits the reduction of antioxidant factor expression by fucoidan in spheroids. Spheroids with Nrf2 knocked down were treated as described in (G), 
and the expression of NQO1, GCLC, and HO-1 were assayed by western blotting. Data were analyzed by student’s t test and expressed as the mean ± SD 
(n = 3). * represents the differences compared to control group. # represents the differences compared to the DMSO group. a represents the differences 
compared to the FFA group. * P < 0.05; ** P < 0.01; #P < 0.05; ##P < 0.01; aP < 0.05; aaP < 0.01
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Fig. 6 (See legend on next page.)
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which implies that a more comprehensive understanding 
of its role in different biological contexts is required.

According to the ‘multiple-hit’ hypothesis of the patho-
genesis of NAFLD, excessive accumulation of TG, “toxic” 
levels of serum FFAs and free cholesterol can cause oxi-
dative stress and ROS production and endoplasmic 
reticulum stress, altogether lead to hepatic inflamma-
tion and the progression of NAFLD [8]. Reduction of 
antioxidant defenses can further aggravate the inflam-
matory response in the liver [49]. NF-κB proteins are a 
class of transcription factors critical in inflammation 
[50]. In the context of oxidative stress, increased levels 
of ROS in hepatocytes can activate the transcription of 
NF-κB, subsequently, P65 NF-κB can then further regu-
late the expression of IL-6 and TNF-α [51]. Therefore, 
reducing ROS overproduction in the liver is essential to 
inhibit P65 NF-κB-mediated inflammation. Nrf2 inhib-
its the progression of NAFLD to NASH by regulating the 
inflammatory cell recruitment and antioxidant responses 
to counteract the pro-inflammatory process [52]. Pre-
vious researches proved that PI3K/AKT can affect the 
NF-κB signaling pathway [53]. Therefore, fucoidan may 
inhibit FFA-induced liver inflammation by triggering an 
Nrf2-activated antioxidant cascade. In this study, fucoi-
dan reduced FFA-induced ROS overproduction in spher-
oids by the PI3K/AKT/Nrf2 pathway, and also markedly 
reduced the levels of TNF-α and IL-6. Furthermore, 
Nrf2 knock-down significantly elevated the expression 
of TNF-α and IL-6, and inhibited the reduction of P65 
NF-κB phosphorylation and nuclear transport induced 
by fucoidan. Therefore, fucoidan can inhibit FFA-induced 
activation of P65 NF-κB by the Nrf2 signaling pathway in 
spheroids. These results demonstrated that fucoidan can 
inhibit the ROS-induced inflammatory response via the 
PI3K/AKT/Nrf2 signaling pathway.

There were several limitations to this study. Firstly, only 
HepG2 cells were used to establish the spheroids and 
explore the function of fucoidan on FFA-induced lipid 
accumulation and the potential molecular mechanism, 
however, studies containing multiple hepatoma cell lines 
would be more logical. Secondly, although the HepG2-
LX-2 spheroid model used in this study provides valuable 

insights, it lacks immune and endothelial cells, which are 
critical components of liver physiology. Thirdly, organ-
oids can stimulate the physical environment more realis-
tically than spheroids, therefore, organoids could be used 
in future studies to explore the impact of fucoidan on 
FFA-induced lipid accumulation and its potential molec-
ular mechanism.

Conclusions
In summary, this study investigated the effects of fucoi-
dan on FFA-induced lipid accumulation, oxidative stress, 
and inflammatory responses in NAFLD spheroid and 
HepG2 cells model. These fingings demonstrated that 
fucoidan can inhibit lipid accumulation and oxidative 
stress induced by FFAs through the PI3K/AKT/Nrf2 
pathway. Furthermore, fucoidan can restrain the ROS-
induced inflammatory response via the Nrf2 signal-
ing pathway (Fig.  7). These results generated using the 
NAFLD spheroid and HepG2 cells model, can provide 
new evidence for the clinical use of fucoidan in the treat-
ment of NAFLD and its potential molecular mechanism. 
In addition, these results also point out the significance 
of developing functional foods or nutraceuticals targeting 
NAFLD, and enhance the relevance of the study to both 
the scientific community and industry.

(See figure on previous page.)
Fig. 6 Fucoidan inhibits FFA-induced inflammatory responses through the Nrf2 signaling pathway. (A-B) Fucoidan decreased the expression of inflam-
matory factors induced by FFAs in HepG2 cells. HepG2 cells were stimulated with FFAs (0.5 mM) for 24 h, further treatment with DMSO (control) or 
fucoidan (100 µg/ml) for additional 24 h. The expression of TNF-α and IL-6 were measured by qRT-PCR. (C) Fucoidan inhibited the phosphorylation of P65 
NF-κB induced by FFAs in HepG2 cells. HepG2 cells were treated as described in (A-B), and the phosphorylation of P65 NF-κB were assayed by western 
blotting. (D-F) Fucoidan inhibited nuclear translocation of P65 NF-κB induced by FFAs in HepG2 cells. HepG2 cells were treated as described in (A-B), and 
the nuclear translocation of P65 NF-κB were assayed by western blotting and Immunofluorescence assay. (G-H) Nrf2 knock-down abolished the effect of 
fucoidan on the expression of inflammatory factors in spheroids. Spheroids with Nrf2 knocked down were stimulated with FFAs (0.5 mM) for 24 h, further 
treatment with DMSO (control) or fucoidan (100 µg/ml) for additional 24 h. The expression of TNF-α and IL-6 were measured by qRT-PCR. (I-K) Nrf2 knock-
down inhibited the reduction of phosphorylation and nuclear translocation of P65 NF-κB by fucoidan in spheroids. Spheroids with Nrf2 knocked down 
were treated as described in (G-H), and the phosphorylation and nuclear translocation of P65 NF-κB were assayed by western blotting. Data were ana-
lyzed by student’s t test and expressed as the mean ± SD (n = 3). * represents the differences the two groups or compared to control group. # represents 
the differences compared to the DMSO group. a represents the differences compared to the FFA group. * P < 0.05; ** P < 0.01; #P < 0.05; ##P < 0.01; aaP < 0.01
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of the PI3K/AKT/Nrf2 signaling pathway in a NAFLD spheroid model
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