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A B S T R A C T   

Neoagarooligosaccharides (NAOS), possessing a variety of bioactivities, are mainly produced by β-agarases 
cleaving the β-1,4-glycosidic bond of agar or agarose. Previous study indicated that NAOS has antioxidant effect, 
however, the NAOS monomers on the activity of scavenging ROS has not been deeply clarified till now. In this 
study, the protective effects of NAOS especially neoagarotetraose (NA4) against H2O2-stimulated oxidative 
damage in HepG2 cells and their underlying molecular mechanism were investigated. The results indicated that 
NA4 could inhibit the production of reactive oxygen species (ROS) and enhance the activities of antioxidant 
enzymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in H2O2- 
induced HepG2 cells. Moreover, NA4 activated the mRNA and protein expression levels of the nuclear factor 
erythroid-2-related factor 2 (Nrf2), which further up-regulated the mRNA and protein expression of the down
stream antioxidant enzymes including heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1 
(NQO1), indicating that NA4 could attenuate H2O2-induced oxidative damage through Nrf2 pathway in HepG2 
cells. The study suggested that NA4 could be an effective antioxidant candidate and it may be developed as a 
promising component in healthy food exerting antioxidation effect.   

1. Introduction 

Reactive oxygen species (ROS), regarded as by-product of oxygen 
metabolism, are produced by aerobic organisms in the body (He, Bu, Xie, 
& Liang, 2019). In normal circumstances, the antioxidant defense sys
tem in vivo would remove the produced ROS, maintaining the free 
radicals in our body staying in a dynamic equilibrium by keeping the 
generation and elimination of ROS dynamically balanced (He et al., 
2020). However, the homeostatic system in the body would be disrupted 
when it comes to overproduced ROS, which can lead to oxidative stress, 
causing lipid peroxidation, protein and enzyme degradation, and nucleic 
acid damage, and eventually resulting in a wide range of diseases 
including aging, diabetes, obesity, cardiovascular disease, neurological 

disorders, and cancer, etc (Hamzeh, Wongngam, Kiatsongchai, & 
Yongsawatdigul, 2019; Meng, Wang, & Liu, 2020; Wang et al., 2021). 

Antioxidants can keep the cells and tissues away from the oxidative 
damage caused by endogenous ROS and thus prevent the development 
of diseases through a variety of biological mechanisms, among which 
the most critical antioxidant pathways in the body is the Nrf2 signaling 
(Yao et al., 2020). Generally, Nrf2, under physiological condition, binds 
to kelch like ECH associated protein 1 (Keap1) to be fixed in cytosol and 
kept at low level (Moritani et al., 2020). In response to oxidative stress, 
Nrf2 dissociates from the Nrf2 and Keap1 complex, then translocate to 
the nucleus, where Nrf2 combines to antioxidant response element 
(ARE), thereby activating the expression of cellular enzymes of antiox
idant defense system including the first line and phase II detoxification 
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enzymes, such as superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GSH-Px), heme oxygenase-1 (HO-1) and NAD 
(P)H quinone oxidoreductase 1 (NQO1) (Darwish et al., 2020; Wang 
et al., 2020). 

Neoagarooligosaccharides (NAOS) are natural oligosaccharides 
mainly generated by β-agarases cleaving the β-1,4 glycosidic bond of 
polysaccharide agar or agarose from red seaweeds (Hong et al., 2017a,b, 
c). NAOS has been reported to possess a variety of bioactivities such as 
anti-obesity, prebiotic properties, hypoglycemic effect, cholesterol- 
lowering properties, hepatoprotective effect, antitumor, whitening and 
skin-moisturizing effect, anticariogenic activity, antioxidation and anti- 
inflammation (Hong et al., 2017a,b,c; Kim, Yun, Yu, Kim, & Kang, 2017; 
Lee et al., 2017; Oh et al., 2022; Yang et al., 2017). Previous studies have 
found that NAOS has a protective effect against acetaminophen-induced 
liver injury, and NAOS achieves its protective effect against liver injury 
mainly by activating Nrf2 and enhancing antioxidant effects (Yang et al., 
2021; Yang et al., 2020), however, the studied NAOS was the mixture of 
oligosaccharides with different degree of polymerization, the NAOS 
monomers on the activity of scavenging ROS has not been clarified in 
this study. To deeply understand the antioxidant effect of NAOS 
monomer and its potential mechanism is cornerstone for the develop
ment of NAOS as nutritional supplements. 

Therefore, in the present study, the antioxidant effect of neo
agarooligosaccharides especially neoagarotetraose (NA4) on H2O2- 
induced oxidative damage in HepG2 cells was evaluated through cell 
viability, ROS production and intracellular antioxidant enzyme activity. 
In additional, the genes and proteins expression levels of Nrf2 and 
downstream enzymes including HO-1 and NQO1 were examined to 
confirm whether the potential mechanism of NA4 on H2O2-induced 
oxidative stress was related to Nrf2 signaling pathway. Our present 
study would provide the possibility of NA4 to be developed to be po
tential chemopreventive candidate. 

2. Materials and methods 

2.1. Material and chemicals 

3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), dimethylsulfoxide (DMSO) and 2, 7-dichloroflurescein diacetate 
(DCFH/DA) were purchased from Sigma (St. Louis, MO). Penicillin (100 
U⋅ml− 1) and streptomycin (100 µg⋅ml− 1) were purchased from Lonza 
(Castleford, UK). Dulbeco’s modified Eagle’s medium (DMEM), Hank’s 
balanced salt solution (HBSS), PBS (pH 7.4) and foetal bovine serum 
(FBS) were purchased from Gibco® (Grand Island, NY, USA.). Super
oxide dismutase (SOD), reduced glutathione (GSH), glutathione perox
idases (GSH-Px) and catalase (CAT) reagent kits were purchased from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). BCA 
protein assay kit, ROS assay, radio immunoprecipitation assay (RIPA) 
lysis buffer, Trizol and phenylmethanesulfonyl fluoride (PMSF) were 
obtained from Beyotime Biotechnology (Shanghai, China). Primary an
tibodies used for western blotting analysis were rabbit anti-Nrf2 
(1:1000), rabbit anti-HO-1 (1:1000) and rabbit anti-NAD(P)H quinone 
oxidoreductase 1 (NQO1, 1:1000) were purchased from Abcam (Cam
bridge, UK). β-actin and Lamin B1 were obtained from Bioworld Tech
nology, Inc. (Nanjing, China). All other reagents were obtained from 
Sigma-Aldrich. 

2.2. Cell lines and culture 

HepG2 cells were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). They were cultured in DMEM 
supplemented with 10 % FBS, 100 U⋅ml− 1 of penicillin and 100 µg⋅ml− 1 

of streptomycin under a humidified environment at 37 ◦C in an incu
bator with 5 % CO2. The cells were split at 80–90 % confluency using 
0.25 % trypsin solution. 

2.3. Preparation of neoagarooligosaccharides 

The preparation of neoagarooligosaccharide was carried out as 
described previously (Lin, Ye, Huang, Yang, & Xiao, 2019). In brief, 3 % 
agar solution was completely dissolved in 0.1 M Tris-HCl solution by 
heating and then cooled to 45 ◦C. Subsequently, the solution was treated 
with β-agarase for 4 h, after inactivation with boiling water bath for 15 
min and centrifugation for 30 min (12,000 rpm), the insoluble agar was 
removed and NAOS was in the supernatant. The lyophilized NAOS 
powder was resuspended in 0.1 M NH4HCO3，which was loaded onto a 
Bio-Gel P2 column (1.8 × 150 cm, Bio-Rad Laboratories, Hercules, CA, 
USA), eluting with NH4HCO3 at a flow rate of 0.4 ml⋅min− 1 to obtain 
neoagarobiose (NA2), neoagarotetraose (NA4), neoagarohexaose 
(NA6), neoagarooctaose (NA8), neoagarodecaose (NA10), and neo
agarododecaose (NA12). 

2.4. Chemical characterization of neoagarooligosaccharides 

The obtained NA2, NA4, NA6, NA8, NA10, and NA12 was charac
terized by ESI-TOF-MS and the purities of them were detected by HPLC. 
ESI-TOF-MS was carried out on a Q Exactive Hybrid Quadrupole Orbi
trap mass spectrometer (Thermo, Bremen, Germany) coupled with an 
ESI source in positive ion mode. HPLC was performed on an Agilent 
1260 equipped with an evaporative light scattering detector and an 
Asahipak NH2P-50 4E multimode column (250 mm × 4.6 mm, 5 μm). 
The mobile phase was water: acetonitrile (35:65) with flow rate set at 
1.0 ml⋅min− 1. The detector atomization temperature was 75 ◦C and the 
column temperature was set at 30 ◦C. 

2.5. MTT assay for cell viability evaluation 

MTT assay was used to measure the cell viability. In brief, HepG2 
cells were seeded in 96-well plates (Thermo Fisher Scientific, Waltham, 
MA, USA) and cultured for 24 h. After appropriate treatments, the cells 
were incubated with 20 μl 0.5 mg⋅ml− 1 MTT reagent. Following incu
bation at 37 ◦C for 4 h, media were discarded from each well, 100 μl 
DMSO was added, cell viability was determined by measuring absor
bance of the solubilized formazan product at 570 nm. 

2.6. ROS assay 

The level of ROS in HepG2 cells was measured using DCFH/DA probe 
(He et al., 2019). Briefly, HepG2 cells at a density of 4 × 105 cells/well 
were seeded in 6-well plates. The control and model groups were added 
DMEM with 10 % FBS and NAOS groups were treated with 50, 100, 200 
μg⋅ml− 1 NAOS. After incubation for 24 h, the medium of model and 
NAOS groups were replaced by 500 μM H2O2 and control group by 
DMEM. After being exposed to H2O2 for 6 h, the medium was discarded 
and the cells were rinsed with PBS. 10 μM DCFH/DA was added to each 
well and the cells were incubated at 37 ◦C for 30 min shielded from light. 
The probe was washed off with PBS for three times and the fluorescence 
intensity of each well was observed with the inverted fluorescence mi
croscope (Nikon, Tokyo, Japan). 

2.7. Measurement of SOD, CAT and GSH-Px 

The activities of SOD, CAT and GSH-Px were measured using the 
commercial kits (Nanjing Jiancheng Biology Engineering Institute, 
Nanjing, China). In brief, HepG2 cells after the treatment were collected 
and homogenized with RIPA lysis buffer and then centrifuged for 20 min 
at 12000 rpm, 4 ◦C. The SOD, CAT and GSH-Px levels of the supernatant 
were detected according to the manufacturer’s instructions. 

2.8. Real-Time qPCR 

Total RNA in cells of all the group was extracted using Trizol regent 
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according to the manufacture’s instruction, the RNA was then reverse- 
transcribed into the first-stand complementary DNA (cDNA) using Pri
meScript RT Master Mix, followed by intercalator qPCR assay using TB 
green Premix Ex Taq II. The primers for real-time qPCR (RT-qPCR) were 
listed in Table 1. The expression of target genes was normalized to the 
expression of β-actin and analyzed by the 2ΔΔct method. 

2.9. Western blot analysis 

The protein expression of Nrf2, HO-1, and NQO1 was measured by 
western blot. Briefly, HepG2 cells were incubated in 6-well plates for 24 
h. After appropriate treatments, the cells were collected and lysed with 
ice-cold RIPA lysis buffer. The protein concentration was determined by 
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA) 

according to the manufacturer’s protocol. The loading buffer was added 
and the samples were boiled for 5 min. Equal amounts of lysate protein 
(20 μg/lane) were separated by 10 % SDS-PAGE and then transferred to 
a polybinylidene difluoride (PVDF) membrane. After that, the mem
branes were blocked in 5 % (w/v) skimmed milk and then the blots were 
incubated with specific primary antibodies overnight at 4 ◦C followed by 
incubating with horseradish peroxidase (HRP)-conjugated secondary 
antibody for 2 h and then the secondary antibody was washed off as 
before. Finally, the blots were probed using enhanced chem
iluminescence (ECL) and auto radiographed. β-actin and Lamin B1 were 
used as internal controls. 

2.10. Statistical analysis 

The data are presented as mean ± standard deviation (SD). Statisti
cal significance was assessed by the one-way ANOVA procedure fol
lowed by Tukey test using SPSS 16.0 software (IBM, USA). A value of p 
< 0.05 was considered to be statistically significant in this work. All 
experiments were performed in triplicate. 

3. Result and discussion 

3.1. The characterization of neoagarooligosaccharides 

After the separation on Bio-Gel P2 column, the obtained fractions 
were detected by ESI-TOF-MS with the results displayed in Table 2. The 
ESI-TOF-MS analysis confirmed that the purified neo
agarooligosaccharides were NA2, NA4, NA6, NA8, NA10, and NA12, 
respectively. And the results of FTIR and NMR detection were the same 
as our previous study (Lin et al., 2019a,b). The purity of the obtained 
neoagarooligosaccharides was detected by HPLC-ELSD, the results in 
Fig. 1 turned out to be 99.4 %, 99.0 %, 98.3 %, 98.0 %, 97.5 % and 97.8 
% for NA2, NA4, NA6, NA8, NA10, and NA12, respectively, indicating 
enzymatic hydrolysis was an effective method for the preparation of 
NAOS with high purities. Hong et al also used crude DagA agarase to 
hydrolyze agar to prepare NAOS (Hong et al., 2017a,b,c), the compo
sition of the NAOS powder was composed of NA2, NA4, and NA6, which 

Table 1 
Primer sequences.  

Name Sequence (5′-3′) 

NQO-1 F: 5′-GTGGTGGAGTCGGACCTCTATG-3′ 
R: 5′-AAGCCAGAACAGACTCGGCAG-3′ 

HO-1 F: 5′-ATGACACCAAGGACCAGAG-3′ 
R: 5′-TAAGGACCCATCGGAGAAG-3′ 

Nrf2 F: 5′-AAGCTTTCAACCCGAAGCAC-3′ 
R: 5′-TTTCCGAGTCACTGAACCCA-3′ 

β-actin F: 5′-AGGCCAACCGCGAGAAGATG-3′ 
R: 5′-AGGCCAACCGCGAGAAGATG-3′  

Table 2 
The ESI-TOF-MS analysis of the purified neoagarooligosaccharides.  

Purified 
oligosaccharides 

ESI-TOF-MS signals (m/z) [M 
+ Na]+

Calculated molecular 
weight 

neoagarobiose  347.0948  347.0954 
neoagarotetraose  653.1887  653.1905 
neoagarohexaose  959.2865  959.2856 
neoagarooctaose  1265.3753  1265.3807 
neoagarodecaose  1571.4751  1571.4757 
neoagarododecaose  1877.5752  1877.5708  

Fig. 1. The purities of neoagarooligosaccharides detected by HPLC.  
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were present in the ratio 3:69:28, respectively, and the purity of NAOS 
(NA2 + NA4 + NA6) in the powder was 65 ± 5 % (Hong et al., 2017a,b, 
c). 

3.2. The effect of NAOSs on HepG2 cells 

Generally, cell viability is regarded as an effective indicator of 
toxicity on cells and ideal antioxidants should have low toxicity, we 
firstly detected the effect of NAOSs including NA2, NA4, NA6, NA8, 
NA10, and NA12 on the viability of HepG2 cells. As shown in Fig. 2a, 
after 24 h of treatment of neoagarooligosaccharide monomers with 
different concentrations (25, 50, 100, 200, and 400 μg⋅ml− 1), the cell 
viability was over 95 %, indicating that all the six neo
agarooligosaccharide monomers with concentrations of 25 to 400 
μg⋅ml− 1 had no obvious cytotoxicity, and statistics was also analyzed 
with no significance with all of the concentrations screened. Our find
ings are consistent with those of Yang et al. who showed that adminis
tration of up to 3 mg /ml of NAOS to HepG2 cells also did not produce 
cytotoxic effects (Yang et al., 2017). 

3.3. Evaluation of H2O2 concentration on cell viability 

Hydrogen peroxide is commonly used to induce oxidative stress 
response in cells (Kim & Jang, 2009). The H2O2 concentration on cell 
viability which is usually used as a direct indicator of cytotoxicity was 
evaluated to find out the appropriate H2O2 concentration for inducing 

intracellular oxidative stress. As shown in Fig. 2b, the cell viability was 
negatively correlated with the concentration of H2O2. When the H2O2 
concentration was 500 µM, the cell viability was down to 50.94 %, and 
the cell viability was dramatically decreased with the H2O2 concentra
tion higher than 500 µM. 

It has been reported that H2O2 can directly damage macromolecules 
such as DNA and lipids, allowing oxidative damage to spread to the cell, 
resulting in the consequent production of intracellular ROS (Yi, Din, 
Zhao, & Liu, 2020). Thus, the intracellular concentration of ROS is 
usually used to indicate the oxidative damage of cells. As could be seen 
in Fig. 2c, the intracellular oxidative stress in HepG2 cells gradually 
increased with the increase of H2O2 concentration. Therefore, H2O2 
concentration of 500 µM was chosen to induce intracellular oxidative 
stress for further study. 

3.4. The effects of NAOSs on cell viability of H2O2-induced HepG2 cells 

Cell viability is often used as an important indicator to evaluate the 
toxicity of a substance or its protection against toxic damage on cells. 
Therefore, to evaluate the protective effect of the six neo
agarooligosaccharide monomers on H2O2-induced injury to HepG2 cells, 
the cell viability was measured using MTT assay. The result shown in 
Fig. 2d indicated that cells treated with H2O2 alone were seriously 
damaged with the cell mortality rate as high as 50 % after 2 h incuba
tion. Whereas, NAOS had obvious protective effect on H2O2-induced 
HepG2 cells, the cell death ratio was significantly reduced with 

Fig. 2. (a) Effect of NAOS on the viabilities of HepG2 cells. (b) and (c) Effect of H2O2 on the viabilities of HepG2 cells. Data were expressed as the mean ± SD, *P <
0.05, ** P < 0.01 (d) Effect of NAOS on the viabilities of H2O2-induced HepG2 cells. Bars with different lowercase letters are statistically different from each other (p 
< 0.05). 
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comparison to H2O2 alone. Notably, the effect of NA4 was better than 
the other monomers. The cell viability significantly increased with NA4 
concentration increased from 25 µg⋅ml− 1 to 100 µg⋅ml− 1, then the cell 
viability mildly increased with NA4 concentration higher than 100 
µg⋅ml− 1, indicating NA possessed potential antioxidant effect against the 
H2O2-induced oxidative damage in HepG2 cell. Therefore, NA of 25, 50 
and 100 µg⋅ml− 1 was taken to further investigate the protective effect on 
HepG2 cells damage induced by H2O2. 

3.5. Preventive effect of NA4 on ROS generation 

Excessive ROS in cells can give rise to oxidative stress, leading to 
lipid peroxidation, proteins and enzymes damage, and DNA mutation, 
which eventually cause aging, cardiovascular disease, obesity, diabetes, 
cancer, etc (Gowd, Xie, Sun, & Chen, 2020). Therefore, the preventive 
effect of NA4 on lipid peroxidation in HepG2 cells was investigated. As a 
visual indicator of toxicity, cell morphology was firstly examined. As 
shown in Fig. 3a, HepG2 cells of control group grew well with the shape 
of round or polygon, clear boundary and tight arrangement. In contrast, 
the cells treated with 500 µM H2O2 lost their good shape, cytoplasm 
shrunk, membrane bubbled and turned translucent with the number 
greatly reduced. After the treatment of NA4, the number of cells 
significantly increased in a dose-dependent manner as well as cell 
boundary turned complete and clear. 

The intracellular ROS levels were measured using FACS. The results 
shown in Fig. 3a and b indicated that the ROS in the cells treated with 
H2O2 significantly increased with comparison to control group, indi
cating the increased oxidative stress in HepG2 cells. After the treatment 
of different concentration of NA4, the H2O2-stimulated intracellular ROS 
level was dose-dependently decreased. The concentration of 100 
µg⋅ml− 1 NA4 showed the better effect than the other two groups. The 

study of Yang et al also demonstrated that NAOS possesses the antiox
idant properties against tert-butyl hydroperoxide (t-BHP)-induced ROS 
formation (Yang et al., 2020), but the NAOS used in their study was the 
crude product of enzymatic hydrolysis of agar, and there is no way to 
know which degree of polymerization of NAOS played a role. 

3.6. Effect of NA4 on the activities of antioxidant enzymes 

Normally, the produced ROS would be eliminated by the endogenous 
antioxidants and antioxidant enzymes including CAT, GSH-Px, and SOD 
(Yi et al., 2020). Therefore, the ROS in the body is maintained at a 
certain level and in a dynamic balance, showing no damage to cells and 
tissues. Excessive H2O2 would break this balance, lead to the increase of 
ROS and decrease of the activities of antioxidant enzymes. In order to 
investigate the protective effect of NA4 on the antioxidant enzymes 
activities, the contents of those enzymes in HepG2 cells were deter
mined. As shown in Fig. 3c-e, H2O2 stimulation remarkably suppressed 
the activities of CAT, GSH-Px, and SOD, showing the oxidative stress in 
HepG2 cells. Whereas, NA4 significantly increased the content of CAT in 
a dose-dependent manner. As for GSH-Px and SOD, their activities were 
dramatically up-regulated with NA4 concentration of 50 µg⋅ml− 1, and as 
the concentration of NA4 increased, the activities of the two enzymes 
increased (p < 0.01). Thus, NA4 can increase the activities of antioxidant 
enzymes in HepG2 cells, and has a good effect of eliminating the 
enhanced intracellular ROS generated by H2O2. Notably, HepG2 cells 
exposure to H2O2 can lead to the formation of ROS, thus result in 
oxidative stress, which in turn will generate ROS or dysfunction of 
intracellular antioxidant system. Among which, CAT, GSH-Px, and SOD 
are the critical antioxidants and major scavengers of free radical in the 
cell. Previous reports indicated that H2O2 triggered the depletion of 
CAT, GSH-Px, and SOD (Liu et al., 2023b; Meng et al., 2024). In 

Fig. 3. (a) The preventive effects of NA4 on morphology and ROS production in H2O2-induced HepG2 cells. (I: Control; II: H2O2 (500 μM); III: H2O2 + 25 μg/ml 
Neoagarotetraose; IV: H2O2 + 50 μg/ml Neoagarotetraose; V: H2O2 + 100 μg/ml Neoagarotetraose) (b) Quantitative analysis of the DCF fluorescence of NA4 against 
H2O2-induced HepG2 damage. NA4 on the activities of CAT (c), GSH-Px (d), and SOD (e). Data were expressed as the mean ± SD, *p < 0.05, ** p < 0.01, *** p 
< 0.001. 
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agreement with the previous studies, our results demonstrated that H2O2 
caused the decrease of the activities of CAT, GSH-Px, and SOD. Usefully, 
the H2O2-induced the depletion of these antioxidants was reversed by 
NA4 treatment, indicating that an enhance in the anti-oxidative enzyme 
activities from NA4 administration could beneficially restrain oxidative 
stress. 

3.7. The up-regulation of antioxidant enzymes genes and protein 
expressing by NA4 

Nrf2 is a well-known transcription factor responding to oxidative 
damage. Generally, Nrf2 is bound to Keap1 as an inactive complex, upon 
oxidative stress, Nrf2 is dissociate from the complex and translocates 
into nucleus after phosphorylation, leading to the expression of cyto
protective and antioxidant genes including HO-1, NQO1, SOD, etc (Lee 
et al., 2018; Pang et al., 2016; Yi et al., 2020). In order to investigate the 
underlying mechanism of the protective effect of NA4 on antioxidant 
stress in HepG2 cells, the key genes and proteins expression of Nrf2 and 
its downstream antioxidant enzymes such as HO-1 and NQO1 were 
assessed in our study. As shown in Fig. 4a-c, the mRNA level of Nrf2 was 
found to be lower in cells with H2O2 treatment alone, and remarkable 
increases were observed in HepG2 cells after the treatment of NA4 in a 
dose-dependent manner, meanwhile, the mRNA expression of HO-1 and 
NQO1 were dramatically higher in NA4 groups compared to H2O2 alone 
in HepG2 cells. The same tendency was discovered in the protein ex
pressions of Nrf2, HO-1, and NQO1 (Fig. 4d and e). The enhanced Nrf2 
protein level indicated that Nrf2 was activated, subsequently, HO-1 and 
NQO1 levels were positively to Nrf2 expression in HepG2 cells. The 
results revealed that NA4 could exert the protection of the H2O2-induced 

oxidative damage in HepG2 cells through Nrf2-mediated antioxidant 
signaling. Increasing researches has confirmed that Nrf2 is a critical 
regulator of the internal antioxidant enzymes, exhibiting the protective 
effect against oxidative damage (Dai, Zhang, Zhang, Ma, & Zhang, 
2023). HO-1, one of the downstream antioxidant enzyme of Nrf2, pos
sesses antioxidant and anti-inflammatory properties. It has been re
ported that HO-1 is rate-limiting enzyme in the degradation of heme, 
catalyzing heme metabolism into biliverdin, carbon monoxide, free iron 
ions, and bilirubin. Oxidative stress could up-regulate the expression of 
HO-1 gene through the level of Nrf2 (Hattori, Narita, Mitsui, Uehara, & 
Ichihara, 2022). A growing body of studies have shown Nrf2 gene 
knockout mice have greatly reduced activities and contents of various 
antioxidant enzymes in vivo, revealing the indispensable role of Nrf2 in 
regulating cellular avoidance of oxidative damage (Li et al., 2020; Xiang 
et al., 2022). Our present study indicated the Nrf2 signaling pathway 
could be activated by NA4, playing the protective role against oxidative 
stress by re-regulating the expression levels of the related antioxidant 
genes including Nrf2, HO-1, and NQO1. Lui et al. showed that Paeonia 
lactiflora petal flavonoid prevented oxidative stress by activating the 
Nrf2 pathway, which enhanced the expression levels of Nrf2, HO-1, and 
NQO1, thereby triggered the antioxidant defense responses (Liu et al., 
2023a). 

4. Conclusions 

In the present study, NA4, a neoagarooligosaccharide monomer, 
displayed significant protective effect against H2O2-stimulated oxidative 
stress in HepG2 cells in a dose dependent manner at the concentration of 
25 to 100 µg⋅ml− 1. NA4 with concentrations of 25 to 400 μg⋅ml− 1 had no 

Fig. 4. The Nrf2 (a), NQO1 (b), and HO-1 (c) mRNA level of NA4 on H2O2-induced HepG2 cells. (d) and (e) Effects of NAO on Nrf2, HO-1, and NQO1 protein levels in 
H2O2-induced HepG2 cells. Data were expressed as the mean ± SD, *p < 0.05, ** p < 0.01, *** p < 0.001. 
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cytotoxicity on HepG2 cells and it could inhibit ROS production and 
enhance the activities of antioxidant enzymes including CAT, SOD, and 
GSH-Px in H2O2-stimulated oxidative damage HepG2 cells. Moreover, 
NA4 activated the mRNA and protein expression levels of Nrf2, which 
further increased the mRNA and protein expressions of the downstream 
antioxidant enzymes including HO-1 and NQO-1, suggesting that NA4 
could attenuate H2O2-induced oxidative damage through Nrf2 pathway 
in HepG2 cells. The study indicated that NA4 has the potential to be 
developed as a promising antioxidant component in healthy food. 
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