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Abstract: Fucosylation is one of the most important glycan terminal modifications that affects
multiple biological activities of proteins. 2-Fluorofucose (2FF), its specific inhibitor, has recently
been reported to reveal numerous biological effects by blocking fucosylation both in vitro and
in vivo. The current study aimed to evaluate the effect of 2FF on hydrogen peroxide (H2O2)-induced
oxidative damage in vitro. In our study, treatment with H2O2 increased the level of fucosylation,
and 2FF improved the cell viability in H2O2-treated HepG2 cells. Our study also showed that
2FF significantly decreased the overproduction of reactive oxygen species (ROS) induced by H2O2

and the activities of catalase, glutathione and Mn-superoxide dismutase were remarkably increased
by 2FF pretreatment. Furthermore, 2FF attenuated H2O2-induced early mitochondria dysfunction.
The second part of the study revealed that 2FF enhanced antioxidant capacity by affecting Nrf2/keap1
and NF-κB signaling pathways in HepG2 cells. Being pretreated with 2FF significantly increased the
nuclear translocation of Nrf2 and simultaneously promoted the expression of downstream proteins,
such as HO-1 and NQO1. Moreover, 2FF remarkably suppressed the expression of inflammation-
associated proteins. Taken together, these data suggest that 2FF might have a potential therapeutic
effect for oxidative stress.

Keywords: 2-fluorofucose; fucosylation; oxidative stress; Nrf2; NF-κB

1. Introduction

Oxidative stress is defined as the imbalance between reactive oxygen species (ROS)
generation and clearance, which is involved in the development and progression of many
diseases, including cancer, diabetes type II, and neurodegenerative and liver diseases [1–3].
The impairment caused by excessive ROS is generally thought to be the result of proteins,
lipids and DNA damage, eventually leading to cellular dysfunction and cell death [2].

Many studies have shown that numerous defense systems are induced to relieve oxida-
tive damage in vivo. The nuclear factor erythroid 2-related factor 2 (Nrf2) is considered to
be one of the key factors in the cellular antioxidative defense system in vivo [2,4]. Normally,
Nrf2 activity is depressed by binding to Kelch-like ECH-associated protein 1 (keap1) in
the cytoplasm. Upon oxidative stress, Nrf2 breaks away from the Nrf2-keap1 complex
and transports to the nucleus. Then, it encodes detoxifying enzymes and antioxidant
enzymes, including NAD(P) H:quinine oxidoreductase 1(NQO1), heme oxygenase 1(HO-1)
and glutathione-S-transferases (GST) [5].

The transcription factor nuclear factor-κB (NF-κB) is of central importance in a series of
cellular processes, such as inflammation, cell differentiation, proliferation and apoptosis [6].
Recently, mounting evidence has demonstrated that there is a correlation between NF-κB

Life 2022, 12, 406. https://doi.org/10.3390/life12030406 https://www.mdpi.com/journal/life

https://doi.org/10.3390/life12030406
https://doi.org/10.3390/life12030406
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://doi.org/10.3390/life12030406
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life12030406?type=check_update&version=2


Life 2022, 12, 406 2 of 13

and ROS. The activity of NF-κB is regulated by the level of cellular ROS, and the transcrip-
tion of NF-κB-dependent genes in turn affects the level of intracellular ROS [5]. It has been
reported that ROS activates the NF-κB pathway mainly via modifying phosphorylation of
IκBα [7]. Simultaneously, the NF-κB pathway influences the level of ROS by upregulating
antioxidant proteins, such as Mn-superoxide dismutase (Mn-SOD), glutathione peroxidase
(GPx), and HO-1 [8].

In mammalian cells, most proteins are post-translationally modified by glycan struc-
tures, which affects the stability, folding and biological activities of proteins [9]. Fuco-
sylation, which is catalyzed by fucosyltransferases (FUTs), is a common glycan terminal
modification. On the cell surface, altered fucosylated structures are often associated with
cancer, inflammation and autoimmunity [10]. For instance, compared with corresponding
fucosylated mAbs, mAbs devoid of core fucose that catalyzed by FUT8 have a strong
affinity with Fcγ receptor IIIA and higher antibody-dependent cellular cytotoxicity [11].
Because of the important biological roles of fucosylation, its specific inhibitors may have
important applications in research and therapy [12,13]. 2-Fluorofucose, one such inhibitor,
was recently reported to inhibit tumor cell adhesion, migration and proliferation by block-
ing fucosylation in vitro [14,15]. Moreover, administration with 2FF inhibited the activation
of NF-κB and expression of vascular cell adhesion molecule-1 in the livers of sickle cell
disease mice [16]. However, the role that 2FF exerts on oxidative stress remains unknown.

Hydrogen peroxide (H2O2), which plays important roles in cellular physiology, is a key
ROS molecule in the process of multiple human diseases [17]. In mammals, H2O2-induced
cell damage is considered to be the best characterization system of oxidative toxicity and
is often used to screen antioxidative agents. Therefore, in the current study, we aimed to
estimate the protective effect of 2FF against H2O2-induced toxicity in HepG2 cells and
expound the possible mechanisms.

2. Materials and Methods
2.1. Reagents and Antibodies

2FF was provided by SynChem. Inc., Elk Grove Village, IL, USA. Hydrogen perox-
ide was purchased from Sangon Biotech (Shanghai, China). Catalase (CAT), glutathione
(GSH) and malondialdehyde (MDA) test kits were provided by Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). The mitochondrial membrane potential (MMP) assay
kit (JC-1 Kit), lactate dehydrogenase (LDH) kit, MTT cell proliferation and cytotoxicity
kit and Mn-SOD activity kit were obtained from Beyotime Biotechnology, China. ROS
Fluorescent Probe-Dihydroethidium (DHE) was purchased from Vigorousbio. CO., Ltd.
(Beijing, China). Biotinylated aleuria aurantia lectin (AAL, B-1395, 1:3000) was purchased
from Vectorlabs, Inc. (Burlingame, CA, USA). Antibodies against Nrf2 (ab62352, 1:1000),
NQO1 (ab34173, 1:1000), keap1 (ab139729, 1:2000), NF-κB p65 (ab32536, 1:2000), NF-κB
p65 (phospho S536, ab76302, 1:1000) and Nrf2 (phospho S40, ab76026, 1:2000) were from
Abcam (Cambridge, UK). Antibodies against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 60004, 1:5000), HO-1 (10701, 1:2000), cyclooxygenase-2 (COX-2, 66351, 1:1000),
IκBα (10268, 1:1000) and Histone (10856, 1:1000) were from Proteintech (Wuhan, China).

2.2. Cell Culture and Treatments

The HepG2 cells (ATCC, Manassas, VA, USA) were cultivated with 10% fetal calf serum
plus DMEM medium (Gibco, Waltham, MA, USA), containing streptomycin (100 U/mL)
and penicillin (100 U/mL), in a humidifier containing 5% CO2 at 37 ◦C. After incu-
bating with or without 100 µM 2FF for 48 h, the cells were individually exposed to
600 µM H2O2 dilutions for 4 h. Then supernatant medium and cells were harvested for the
next experiments.

2.3. siRNA Transfection

The Nrf2 knockdown cell model was established by transfection with specific siRNA.
In brief, 106 HepG2 cells were plated in 6-well plates and transiently transfected with 70 nM
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of small interfering oligonucleotide (siRNA) against Nrf2 (Shanghai GenePharma Co., Ltd.,
Shanghai, China) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA)
for 4 h. Thereafter, cells were allowed to recover in fresh media for 24 h according to the
manufacturer’s protocol. The efficiency of Nrf2 knockdown was confirmed by Western
blot assay.

2.4. Cell Viability Assay

An MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay was
used for the determination of cell viability according to the manufacturer’s protocol. Briefly,
2 × 104 HepG2 cells were plated and administered on a 96-well plate. MTT was prepared
into a solution with a final concentration of 5 mg/mL and then added to the 96-well
plate. After incubating for 4 h, a Formazan solution was added to the plate and mixed.
Subsequently, the plate was put into an incubator until the purple crystals of formazan
completely dissolved. The absorbance was measured at 570 nm with a microplate reader.

2.5. Fluorescence Probe-Dihydroethidium (DHE) Staining

ROS production was detected by DHE staining as described by Sun et al. [18]. Briefly,
105 HepG2 cells were placed in a 24-well plate for processing and then incubated with
5 µM DHE at 37 ◦C for 30 min. The nuclei were stained with DAPI, and photos were taken
with a laser confocal fluorescence microscope.

2.6. Lactate Dehydrogenase Assay

The cytotoxicity effect was detected by the LDH release assay kit. Briefly, the cells
were plated in a 96-well plate and treated with or without H2O2, then the LDH release
agent was added to the plate 1 h before the test. After centrifuging, the supernatant was
collected and incubated with LDH working solution in the dark. Thirty minutes later, the
absorbance at 490 nm was measured with a microplate reader.

2.7. Measurement of MDA Levels

The MDA content was determined with the thiobarbituric acid (TBA) method. Briefly,
the cell suspension was mixed with the reagents in the kit at 95 ◦C for 40 min, and then the
absorbance at 532 nm was measured. The MDA content was calculated according to the
formula.

2.8. Enzyme Activity Assay

HepG2 cells were collected 4 h after H2O2 treatment. The activities of CAT and Mn-
SOD were detected by the ammonium molybdenum acid method and the WST-8 method
with the corresponding commercial assay kits, respectively. After H2O2 administration,
cells were collected and homogenized for analysis at 4 ◦C. For the determination of CAT
activity, the cell suspension was mixed with the reagents in the kit at 37 ◦C for 1 min, and
then the absorbance at 405 nm was measured. For the detection of Mn-SOD activity, the cell
suspension and reagent mixture were incubated at 37 ◦C for 30 min, then the absorbance at
450 nm was measured. Subsequently, the enzyme activities were calculated according to
the formula. The total protein concentration was used as the standard for all the results in
each sample.

2.9. Mitochondrial Membrane Potential (MMP) Assay

MMP was detected by JC-1 assay according to the manufacturer’s protocol. Briefly,
105 HepG2 cells were placed in a 24-well plate for processing. After washing with PBS, the
prepared cells were incubated with JC-1 (10 µg/mL) working solution for 20 min at 37 ◦C.
Then, the supernatant was removed, and the cells were washed twice with staining buffer at
the end. Changes in mitochondria were observed with a confocal fluorescence microscope.
The J-aggregates produced red fluorescence, and the monomer emitted green fluorescence.
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2.10. Immunofluorescence

After being fixed with 4% paraformaldehyde for 20 min, the cells were washed with
PBS 3 times. The cells were then treated with PBS containing 0.3% Triton-X 100 and
blocked with 4% BSA for 1 h. After incubation with Nrf2 antibody overnight at 4 ◦C,
HepG2 cells were washed 3 times. Alexa Fluor 488-conjugated anti-rabbit immunoglobulin
G (ab150081) was added, and cells were incubated in the dark for 2 h. The nucleus was
stained with DAPI and finally washed with PBS 3 times. The images were taken with a
confocal fluorescence microscope.

2.11. Western Blot and Lectin Blot Assay

Total protein was extracted with radio immunoprecipitation assay (RIPA) lysis so-
lution with phenylmethylsulfonyl fluoride (PMSF) on ice. All extracted proteins were
quantified by the BCA method and denatured at 95 ◦C after mixing with loading buffer.
Western blot assay was performed according to a previous report [19]. For lectin blot assay,
the membranes were blocked with 3% bovine serum albumin (BSA) in TBST followed
by specific lectins. The bands were finally visualized by an ABC Kit (Vector Laborato-
ries). Image-J analysis software was used to quantify band intensity and calculate relative
protein content.

2.12. Statistical Analysis

Data were presented as mean ± standard deviation. GraphPad Prism 7.0 software
was utilized for data analysis. Comparisons between multiple groups were performed by
one-way ANOVA analysis of Tukey’s multiple comparison test, and p < 0.05 was considered
statistically significant.

3. Results
3.1. 2FF Improved Cell Viability in H2O2-Treated HepG2 Cells

Fucosylation is an important glycosylation modification that affects the function of
numerous proteins [10,14]. Therefore, the lectin blot by probing with aleuria aurantia lectin
(AAL), which preferentially recognizes α1,6-fucosylation, was used to test the effect of
H2O2 treatment on fucosylation in HepG2 cells. The level of fucosylation was upregulated
after H2O2 induction (Figure 1A), which suggested that altered fucosylation might affect
the process of oxidative damage. The effect of 2FF on cell viability was detected by the
MTT assay, and we found that 2FF remarkably increased cell viability after H2O2 treatment
(Figure 1B). These results indicated that inhibition of fucosylation by 2FF might be beneficial
for H2O2-injured cells.

3.2. 2FF Alleviated Cell Damage and Loss of MMP in H2O2-Treated HepG2 Cells

Higher exposure of H2O2 leads to cell death by various mechanisms, then the intra-
cellular enzyme release after the destruction of the cell membrane [17]. To investigate the
effect of 2FF on H2O2-treated HepG2 cells, the content of lactate dehydrogenase (LDH) in
the medium was measured to evaluate cell damage. Whether pretreated with 2FF or not,
the levels of LDH significantly increased after H2O2 induction, while 2FF pretreatment
significantly suppressed the increase induced by H2O2 (Figure 2A). Moreover, mitochon-
drial dysfunction is involved in the process of H2O2-induced oxidative damage [1,5]. As
the marker event of early mitochondrial dysfunction, the loss of MMP was measured with
JC-1 staining. After incubation with H2O2, the red fluorescence intensity of J-aggregates
was significantly attenuated, suggesting mitochondrial dysfunction and damage. In con-
trast, pretreatment with 2FF effectively prevented H2O2-induced MMP loss (Figure 2B,C).
These results further confirmed the protective effect of 2FF against oxidative damage in
H2O2-induced HepG2 cells.



Life 2022, 12, 406 5 of 13
Life 2021, 11, x FOR PEER REVIEW 5 of 13 
 

 

 
Figure 1. 2FF improved cell viability in H2O2-treated HepG2 cells. After incubating with or without 
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terials. Lectin blot analysis using AAL was performed to recognize α1,6-fucose. GAPDH was used 
as a loading control. (B) The MTT assay was used to evaluate cell viability. Data were expressed as 
the mean ± SD of 3 separate experiments. ## p < 0.01, vs. the control group without drug treatment. * 
p < 0.05, vs. the model group with H2O2 treatment. 
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Figure 1. 2FF improved cell viability in H2O2-treated HepG2 cells. After incubating with or without
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mean ± SD of 3 separate experiments. ## p < 0.01, vs. the control group without drug treatment.
* p < 0.05, vs. the model group with H2O2 treatment.
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Figure 2. 2FF alleviated cell damage and loss of mitochondrial membrane potential in H2O2-treated
HepG2 cells. After incubating with or without 100 µM 2FF for 48 h, the HepG2 cells were treated
or not with 600 µM H2O2 for 4 h, then the cells were harvested. (A) Cytotoxicity was evaluated in
LDH assays for LDH leakage. (B,C) Mitochondrial dysfunction was indicated by the determination
of mitochondrial membrane potential, which was measured by the JC-1 method and quantified using
Image J analysis software. The monomer produced green fluorescence, and the J-aggregates emitted
red fluorescence. DAPI was used for nuclear staining (blue). (Bar = 25 µm). Data were presented
as the mean ± SD from 3 independent experiments. ## p < 0.01, vs. the control group without drug
treatment. * p < 0.05, ** p < 0.01, vs. the model group with H2O2 treatment.

3.3. 2FF Alleviated H2O2-Induced ROS Accumulation in HepG2 Cells

As a prominent factor related to liver diseases [3,20], excessive ROS also plays a fun-
damental role in the process of H2O2-induced cellular toxicity [4]. To explore the effect of
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2FF on oxidative stress, the biomarkers of oxidative stress in HepG2 cells with different
treatments were measured. Fluorescence probe-dihydroethidium (DHE) staining was used
to determine the level of intracellular ROS. Meanwhile, the content of MDA was measured
to reflect the level of lipid peroxidation in the cells. As expected, ROS generation and levels
of MDA increased after H2O2 stimulation, whereas the effect of H2O2 was significantly
suppressed by 2FF pretreatment (Figure 3A,B). Moreover, without H2O2 stimulation, 2FF
pretreatment did not affect the generation of ROS in HepG2 cells. In addition, 2FF signifi-
cantly ameliorated the reduction of GSH level, CAT and Mn-SOD activities in H2O2-treated
cells (Figure 3C–E). These data indicated that 2FF reduced oxidative stress by suppressing
the generation of ROS in H2O2-induced HepG2 cells.
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without 100 µM 2FF for 48 h, the HepG2 cells were treated or not with 600 µM H2O2 for 4 h, then the
cells were harvested. (A) ROS in the cells was detected using a laser confocal microscope with DHE
fluorescent dye (red) and quantified using Image J analysis software. DAPI was used for nuclear
staining (blue) (Bar = 75 µm). (B–E) The levels of MDA (B), CAT (C), GSH (D) and Mn-SOD (E) were
determined to evaluate the level of oxidative stress in HepG2 cells. Data were expressed as the mean
± SD of 3 separate experiments. # p < 0.05, ## p < 0.01, vs. the control group without drug treatment.
* p < 0.05, ** p < 0.01, vs. the model group with H2O2 treatment.

3.4. Inhibition of Fucosylation Influenced Nrf2/keap1 Signaling Pathway in H2O2-Treated
HepG2 Cells

Activation of the Nrf2/Keap1 system is clearly protective after H2O2 overexposure [5].
In order to explore the underlying antioxidant mechanism of 2FF, a Western blot assay was
used to detect the protein levels of keap1, Nrf2, p-Nrf2, HO-1, and NQO1. Treatment of
HepG2 cells with H2O2 significantly increased the expression of keap1, while 2FF treatment
prior to H2O2 exposure attenuated the increase of keap1 (Figure 4A). The protein level
of Nrf2 in the cytoplasm significantly decreased after H2O2 treatment, while that in the
nucleus slightly decreased. However, pretreatment with 2FF upregulated the level of
nuclear Nrf2, although it showed little effect on cytoplasmic Nrf2 (Figure 4B,C). This data
was further confirmed by immunofluorescence (Figure 4D). Besides keap1, which is the
major regulator of the protein stability of Nrf2, phosphorylation of Nrf2 is also involved
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in Nrf2 regulation. Unexpectedly, 2FF slightly decreased the level of p-Nrf2, and there
was no significant difference compared with the control cells (Figure 4E). In addition, 2FF
pretreatment significantly enhanced the protein levels of HO-1 and NQO1 compared to
the H2O2 model group (Figure 4F). Thus, we suggested that the protective effect of 2FF
on oxidative stress might be relate to the Nrf2/keap1 system, and Nrf2 was crucial for its
cytoprotective mechanism.

Life 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. Inhibition of fucosylation influenced the Nrf2/keap1 signaling pathway in H2O2-treated 
HepG2 cells. After incubating with or without 100 μM 2FF for 48 h, the HepG2 cells were treated or 
not with 600 μM H2O2 for 4 h, then the cells were harvested. (A–C) Protein levels of keap1 (A), 
nuclear Nrf2 (B) and cytoplasm Nrf2 (C) were detected by Western blot. (D), Nrf2 translocation was 
indicated by immunofluorescent staining (green) and observed under a confocal microscope. DAPI 
was used for nuclear staining (blue) (Bar = 25 μm). (E,F), Protein levels of p-Nrf2 (E), HO-1, and 
NQO1 (F) were detected by Western blot analysis. The relative protein expression was quantified 
by densitometric analysis, with GAPDH, total Nrf2 or histone acting as controls. Data were ex-
pressed as the mean ± SD of 3 separate experiments. # p < 0.05, ## p < 0.01, vs. the control group without 
drug treatment. ** p < 0.01, vs. the model group with H2O2 treatment. 

3.5. Knockdown of Nrf2 Eliminated the Protective Effect of 2FF against H2O2-Induced Oxidative 
Injury in HepG2 Cells 

To verify our hypothesis on the mechanism of 2FF, the Nrf2 knockdown cell model 
was established by transfection with specific siRNA. Western blot analysis was performed 
to confirm the efficiency of transfection (Figure 5A). Cell viability was detected by the 
MTT assay, and we found that Nrf2 knockdown slightly reduced 2FF-increased cell via-
bility in H2O2-treated cells (Figure 5B). Moreover, Nrf2 knockdown significantly enhanced 

Figure 4. Inhibition of fucosylation influenced the Nrf2/keap1 signaling pathway in H2O2-treated
HepG2 cells. After incubating with or without 100 µM 2FF for 48 h, the HepG2 cells were treated
or not with 600 µM H2O2 for 4 h, then the cells were harvested. (A–C) Protein levels of keap1 (A),
nuclear Nrf2 (B) and cytoplasm Nrf2 (C) were detected by Western blot. (D), Nrf2 translocation was
indicated by immunofluorescent staining (green) and observed under a confocal microscope. DAPI
was used for nuclear staining (blue) (Bar = 25 µm). (E,F), Protein levels of p-Nrf2 (E), HO-1, and
NQO1 (F) were detected by Western blot analysis. The relative protein expression was quantified by
densitometric analysis, with GAPDH, total Nrf2 or histone acting as controls. Data were expressed as
the mean ± SD of 3 separate experiments. # p < 0.05, ## p < 0.01, vs. the control group without drug
treatment. ** p < 0.01, vs. the model group with H2O2 treatment.
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3.5. Knockdown of Nrf2 Eliminated the Protective Effect of 2FF against H2O2-Induced Oxidative
Injury in HepG2 Cells

To verify our hypothesis on the mechanism of 2FF, the Nrf2 knockdown cell model
was established by transfection with specific siRNA. Western blot analysis was performed
to confirm the efficiency of transfection (Figure 5A). Cell viability was detected by the MTT
assay, and we found that Nrf2 knockdown slightly reduced 2FF-increased cell viability
in H2O2-treated cells (Figure 5B). Moreover, Nrf2 knockdown significantly enhanced the
increase in LDH and MDA levels induced by H2O2 and partially abolished the reduction
effect of 2FF on the levels of LDH and MDA in H2O2-treated HepG2 cells (Figure 5C,D).
Subsequently, the protein levels of HO-1 and NQO1 were detected by Western blot analysis.
As shown in Figure 5E, Nrf2 knockdown inhibited the protein expression of HO-1 and
NQO1, especially after H2O2 treatment. However, 2FF pretreatment slightly alleviated the
trend. All these results demonstrated that Nrf2 knockdown partially abolished the cyto-
protective effect of 2FF, which also proved the important role of Nrf2 in the cytoprotective
mechanism of 2FF.

3.6. Inhibition of Fucosylation Affected the Expression of Inflammation-Associated Proteins in
H2O2-Treated HepG2 Cells

Since inflammatory response plays an important role in oxidative processes [1], the
protein expression of COX-2 was examined by the Western blot assay. The exposure of
HepG2 cells to H2O2 produced a remarkable increase in COX-2, while pretreatment with
2FF induced a significant decrease in COX-2 levels (Figure 6A). According to previous
studies, intracellular ROS regulates the NF-κB response, and NF-κB target genes affect the
production of ROS [8]. To further explore the mechanisms of the cytoprotective effect of
2FF, the levels of IκBα and p65 were investigated. As illustrated in Figure 6B, the expres-
sion of IκBα was markedly decreased upon H2O2 treatment, meanwhile, 2FF attenuated
the variation induced by H2O2. Concomitant with the inhibition of IκBα, the increased
p65 induced by H2O2 was significantly suppressed in nuclei after treatment with 2FF in
HepG2 cells (Figure 6D). In addition, whether there was H2O2 administration or not, the
phosphorylation level of p65 was significantly reduced by 2FF pretreatment (Figure 6C).
These results suggested that 2FF decreased H2O2-induced injury in HepG2 cells partially
by inhibiting the activation of the NF-κB pathway.
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Figure 5. Knockdown of Nrf2 reversed the protective effect of 2FF on H2O2-injured HepG2 cells.
The Nrf2 knockdown cell model was established by transfection with specific siRNA. (A) Western
blot analysis was performed to confirm the efficiency of transfection. (B) The MTT assay was used
to evaluate cell viability. (C) Cytotoxicity was evaluated by LDH assays for LDH leakage. (D) The
level of MDA was determined for evaluating the level of oxidative stress in HepG2 cells. (E) Protein
levels of HO-1 and NQO1 were detected by Western blot analysis. Quantification of relative protein
expression was performed by densitometric analysis with GAPDH. Data were presented as the
mean ± SD from 3 independent experiments. ## p < 0.01, vs. the control group without drug
treatment. * p < 0.05, ** p < 0.01 vs. the model group with H2O2 treatment. && p < 0.01 vs. 2FF-treated
model group.
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Figure 6. Inhibition of fucosylation affected the expression of inflammation-associated proteins
in H2O2-treated HepG2 cells. After incubating with or without 100 µM 2FF for 48 h, the HepG2
cells were treated or not with 600 µM H2O2 for 4 h, then the cells were harvested. Western blot
analysis was used to determine the expression of COX-2 (A), IκBα (B), p-p65 (C), nuclear p65, and
cytoplasm p65 (D). The relative protein expression was quantified by densitometric analysis, with
GAPDH, p65 or histone acting as controls. Data were expressed as the mean ± SD of 3 separate
experiments. # p < 0.05, ## p < 0.01, vs. the control group without drug treatment. * p < 0.05, ** p < 0.01,
vs. the model group with H2O2 treatment.

4. Discussion

In the current study, H2O2-injured HepG2 cells were used to evaluate the effect of
2FF on oxidative stress. Firstly, we found that H2O2 treatment upregulated the level of
fucosylation in HepG2 cells and 2FF revealed a protective effect against H2O2-induced cell
death. Then, the results demonstrated that 2FF ameliorated oxidative injury by enhancing
the antioxidative system and inhibiting inflammatory-related proteins.

The mitochondria play a crucial role in the process of ROS-mediated cell death [21,22].
As an early signal of mitochondria dysfunction, MMP significantly decreased in H2O2-
treated cells, while 2FF ameliorated the situation (Figure 2). Simultaneously, the levels
of ROS and MDA were consistent with these data. The burden of ROS production is
largely counteracted by an intricate antioxidant defense system that includes the enzymatic
scavengers SOD, CAT and GPx [5]. In the present study, the reduction of GSH level,
CAT and Mn-SOD activities after H2O2 exposure was significantly alleviated by 2FF
pretreatment (Figure 3). Accordingly, we speculated that inhibition of fucosylation by 2FF
relieved oxidative damage in HepG2 cells.

Activation of the Nrf2/keap1 system is clearly protective during oxidative stress [23].
Under oxidative stress, the dissociation of Nrf2 and keap1 increases with the accumulation
of intracellular ROS, then the dissociated Nrf2 translocates to the nucleus and translates
a set of antioxidant enzymes, such as NQO1, HO-1, and Mn-SOD [1,5]. Except for keap1,
phosphorylation of Ser40 in the Neh2 domain of Nrf2 is also involved in Nrf2 regulation [5].
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Several studies have suggested that oxidative stress will be alleviated when the expression
levels of HO-1 and NQO1 are increased [24]. In the present study, although there was little
effect on the cytoplasm Nrf2, 2FF increased the level of nuclear Nrf2. Unexpectedly, 2FF
slightly decreased the level of p-Nrf2, and there was no significant difference compared
with the control cells. As important antioxidant enzymes, expressions of HO-1 and NQO1
are generally considered to be regulated by Nrf2 [25,26]. However, Nrf2 is not the unique
pattern used to regulate the expression of HO-1 and NQO1. For example, convincing
evidence exists for HO-1 regulation by some other transcription factors, including HSF,
AP-1 and NF-κB families [27]. In the present study, 2FF induced the increase of NQO1
and HO-1 expression in the absence and presence of H2O2 treatment (Figure 4F), which
indicated that the protective effect of 2FF on oxidative stress might be partially related to
Nrf2-independent induction of antioxidant enzymes. Moreover, Nrf2 knockdown partially
abolished the reduction effect of 2FF on levels of LDH and MDA in H2O2-treated HepG2
cells, which also proved the important role of Nrf2 in the cytoprotective mechanism of 2FF
(Figure 5). In short, these results provided evidence that the effect of 2FF on oxidative stress
was partially related to the activation of Nrf2/keap1 system.

Recently, cumulative evidence has indicated that excessive ROS leads to the activa-
tion of the NF-κB pathway, while the NF-κB pathway also influences the expression of
antioxidant proteins [8,24]. Therefore, we speculated that the NF-κB pathway might be
involved in the antioxidant mechanism of 2FF. In response to specific stimuli, NF-κB first
liberates itself from its inhibitory IκB partner, then translocates to nuclei and initiates the
transcription of genes containing κB sites [6]. As a cellular DNA-binding subunit of NF-κB,
p65 is probably the strongest activator of most genes with κB sites [6]. Our results showed
that pretreatment with 2FF increased the level of IκBα and reduced the levels of p-p65 and
nuclear p65 in HepG2 cells (Figure 6). These findings suggested that the protective effect of
2FF on oxidative stress was partly due to its inhibitory effect of NF-κB in HepG2 cells.

Since fucosylation is usually upregulated in various malignant tumors, previous stud-
ies on 2FF mainly focused on its effects on tumor growth and migration. For instance,
Zhou et al. reported that 2FF suppressed HepG2 cell proliferation and migration, as well as
tumor formation [15]. According to our findings, 2FF attenuated ROS generation and cell
damage induced by high concentrations of H2O2. In this process, the Nrf2/keap1 system
and the NF-κB pathway, as well as their downstream target proteins, likely contributed
to the protective effect of 2FF. It has been well documented that ROS promotes the pro-
liferation of cancer cells by activating survival pathways, including mitogenic signaling,
but excessive ROS is harmful for cancer cells for the damage to cellular components [28].
Therefore, the overabundance of ROS and its induced cytotoxicity may be beneficial to
cancer treatment [29]. From this perspective, 2FF may weaken the effects of some anticancer
drugs that depend on ROS production, such as sorafenib [30].

Taken together, we elucidated the protective effect of 2FF against H2O2-induced
oxidative stress and explored its possible mechanisms in the present study. Nevertheless,
further studies are required to assess how 2FF regulates the activities of Nrf2 and NF-κB
and to determine whether other signaling pathways can interfere with the antioxidant
activity of 2FF.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life12030406/s1.

Author Contributions: Conceptualization, X.X. and Y.W.; methodology, Y.W.; software, M.T. and
S.J.; validation, M.T., X.F. and J.S.; formal analysis, X.X.; data curation, Y.W.; writing—original draft
preparation, Y.W.; writing—review and editing, Y.W.; supervision, X.X.; project administration, X.X.
and Y.W.; funding acquisition, Y.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of China
(31500649) and the Natural Science Foundation of Nantong City (JC2019101).

Data Availability Statement: The data presented in this study are available in the main text.

https://www.mdpi.com/article/10.3390/life12030406/s1
https://www.mdpi.com/article/10.3390/life12030406/s1


Life 2022, 12, 406 12 of 13

Acknowledgments: The authors thank Wenjuan Yao (Nantong University) for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
2. Holbrook, T.F.N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247.
3. Mansouri, A.; Gattolliat, C.H.; Asselah, T. Mitochondrial Dysfunction and Signaling in Chronic Liver Diseases. Gastroenterology

2018, 155, 629–647. [CrossRef] [PubMed]
4. Ahmed-Farid, O.A.; Rizk, H.A.; Shehata, A.M. Hydrogen peroxide modulates redox status, energy metabolism, and gene

expression in a dose- and time-dependent manner in rat liver. J. Biochem. Mol. Toxicol. 2018, 32, e22199. [CrossRef]
5. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell.

Longev. 2016, 2016, 4350965. [CrossRef] [PubMed]
6. Luedde, T.; Schwabe, R.F. NF-kappaB in the liver–linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev. Gastroenterol.

Hepatol. 2011, 8, 108–118. [CrossRef]
7. Takada, Y.; Mukhopadhyay, A.; Kundu, G.C.; Mahabeleshwar, G.H.; Singh, S.; Aggarwal, B.B. Hydrogen peroxide activates NF-

kappa B through tyrosine phosphorylation of I kappa B alpha and serine phosphorylation of p65: Evidence for the involvement
of I kappa B alpha kinase and Syk protein-tyrosine kinase. J. Biol. Chem. 2003, 278, 24233–24241. [CrossRef]

8. Morgan, M.J.; Liu, Z.G. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell Res. 2011, 21, 103–115. [CrossRef]
9. Haltiwanger, R.S.; Lowe, J.B. Role of glycosylation in development. Annu. Rev. Biochem. 2004, 73, 491–537. [CrossRef]
10. Pinho, S.S.; Reis, C.A. Glycosylation in cancer: Mechanisms and clinical implications. Nat. Rev. Cancer 2015, 15, 540–555.

[CrossRef]
11. Ferrara, C.; Grau, S.; Jager, C.; Sondermann, P.; Brunker, P.; Waldhauer, I.; Hennig, M.; Ruf, A.; Rufer, A.C.; Stihle, M.; et al. Unique

carbohydrate-carbohydrate interactions are required for high affinity binding between FcgammaRIII and antibodies lacking core
fucose. Proc. Natl. Acad. Sci. USA 2011, 108, 12669–12674. [CrossRef] [PubMed]

12. Okeley, N.M.; Alley, S.C.; Anderson, M.E.; Boursalian, T.E.; Burke, P.J.; Emmerton, K.M.; Jeffrey, S.C.; Klussman, K.; Law, C.-L.;
Sussman, D.; et al. Development of orally active inhibitors of protein and cellular fucosylation. Proc. Natl. Acad. Sci. USA 2013,
110, 5404–5409. [CrossRef] [PubMed]

13. Rillahan, C.D.; Antonopoulos, A.; Lefort, C.T.; Sonon, R.; Azadi, P.; Ley, K.; Dell, A.; Haslam, S.M.; Paulson, J.C. Global metabolic
inhibitors of sialyl- and fucosyltransferases remodel the glycome. Nat. Chem. Biol. 2012, 8, 661–668. [CrossRef] [PubMed]

14. Carrascal, M.A.; Sliva, M.; Ramalho, J.S.; Pen, C.; Martins, M.; Pascoal, C.; Amaral, C.; Serrano, I.; Oliveira, M.J.; Sackstein, R.; et al.
Inhibiton of fucosylation in human invasive ductal carcinoma reduces E-selectin ligand expression, cell proliferation, and ERK1/2
and p38 MAPK activation. Mol. Oncol. 2018, 12, 579–593. [CrossRef] [PubMed]

15. Zhou, Y.; Fukuda, T.; Hang, Q.; Hou, S.; Isaji, T.; Kameyama, A.; Gu, J. Inhibition of fucosylation by 2-fluorofucose suppresses
human liver cancer HepG2 cell proliferation and migration as well as tumor formation. Sci. Rep. 2017, 7, 11563. [CrossRef]

16. Belcher, J.D.; Chen, C.; Nguyen, J.; Abdulla, F.; Nguyen, P.; Nguyen, M.; Okeley, N.M.; Benjamin, D.R.; Senter, P.S.; Vercellotti,
G.M. The fucosylation inhibitor, 2-fluorofucose, inhibits vaso-occlusion, leukocyte-endothelium interactions and NF-kB activation
in transgenic sickle mice. PLoS ONE 2015, 10, e0117772. [CrossRef]

17. Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol.
2017, 11, 613–619. [CrossRef]

18. Sun, L.; Chen, Y.; Luo, H.; Xu, M.; Meng, G.; Zhang, W. Ca(2+)/calmodulin-dependent protein kinase II regulation by inhibitor
1 of protein phosphatase 1 alleviates necroptosis in high glucose-induced cardiomyocytes injury. Biochem. Pharmacol. 2019,
163, 194–205. [CrossRef]

19. Song, S.; Ding, Y.; Dai, G.-L.; Zhang, Y.; Xu, M.-T.; Shen, J.-R.; Chen, T.-T.; Chen, Y.; Meng, G.-L. Sirtuin 3 deficiency exacerbates
diabetic cardiomyopathy via necroptosis enhancement and NLRP3 activation. Acta Pharmacol. Sin. 2021, 42, 230–241. [CrossRef]

20. Chen, Z.; Tian, R.; She, Z.; Cai, J.; Li, H. Role of oxidative stress in the pathogenesis of nonalcoholic fatty liver disease. Free Radic.
Biol. Med. 2020, 152, 116–141. [CrossRef]

21. Li, X.M.; Huang, D.; Yu, Q.; Yang, J.; Yao, J. Neuroligin-3 protects retinal cells from H2O2-induced cell death via activation of Nrf2
signaling. Biochem. Biophys. Res. Commun. 2018, 502, 166–172. [CrossRef] [PubMed]

22. Bock, F.J.; Tait, S.W.G. Mitochondria as multifaceted regulators of cell death. Nat. Rev. Mol. Cell Biol. 2020, 21, 85–100. [CrossRef]
[PubMed]

23. Lu, Y.; Li, C.F.; Ping, N.N.; Sun, Y.Y.; Wang, Z.; Zhao, G.X.; Yuan, S.H.; Zibrila, A.I.; Soong, L.; Liu, J.J. Hydrogen-rich water
alleviates cyclosporine A-induced nephrotoxicity via the Keap1/Nrf2 signaling pathway. J. Biochem. Mol. Toxicol. 2020, 34, e22467.
[CrossRef] [PubMed]

24. McGarry, T.; Biniecka, M.; Veale, D.J.; Fearon, U. Hypoxia, oxidative stress and inflammation. Free Radic. Biol. Med. 2018,
125, 15–24. [CrossRef] [PubMed]

25. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-biochem-061516-045037
http://www.ncbi.nlm.nih.gov/pubmed/28441057
http://doi.org/10.1053/j.gastro.2018.06.083
http://www.ncbi.nlm.nih.gov/pubmed/30012333
http://doi.org/10.1002/jbt.22199
http://doi.org/10.1155/2016/4350965
http://www.ncbi.nlm.nih.gov/pubmed/26998193
http://doi.org/10.1038/nrgastro.2010.213
http://doi.org/10.1074/jbc.M212389200
http://doi.org/10.1038/cr.2010.178
http://doi.org/10.1146/annurev.biochem.73.011303.074043
http://doi.org/10.1038/nrc3982
http://doi.org/10.1073/pnas.1108455108
http://www.ncbi.nlm.nih.gov/pubmed/21768335
http://doi.org/10.1073/pnas.1222263110
http://www.ncbi.nlm.nih.gov/pubmed/23493549
http://doi.org/10.1038/nchembio.999
http://www.ncbi.nlm.nih.gov/pubmed/22683610
http://doi.org/10.1002/1878-0261.12163
http://www.ncbi.nlm.nih.gov/pubmed/29215790
http://doi.org/10.1038/s41598-017-11911-9
http://doi.org/10.1371/journal.pone.0117772
http://doi.org/10.1016/j.redox.2016.12.035
http://doi.org/10.1016/j.bcp.2019.02.022
http://doi.org/10.1038/s41401-020-0490-7
http://doi.org/10.1016/j.freeradbiomed.2020.02.025
http://doi.org/10.1016/j.bbrc.2018.05.141
http://www.ncbi.nlm.nih.gov/pubmed/29792861
http://doi.org/10.1038/s41580-019-0173-8
http://www.ncbi.nlm.nih.gov/pubmed/31636403
http://doi.org/10.1002/jbt.22467
http://www.ncbi.nlm.nih.gov/pubmed/32040235
http://doi.org/10.1016/j.freeradbiomed.2018.03.042
http://www.ncbi.nlm.nih.gov/pubmed/29601945
http://doi.org/10.1007/s00018-016-2223-0
http://www.ncbi.nlm.nih.gov/pubmed/27100828


Life 2022, 12, 406 13 of 13

26. Huang, S.Y.; Chang, S.F.; Chau, S.F.; Chiu, S.C. The Protective Effect of Hispidin against Hydrogen Peroxide-Induced Oxidative
Stress in ARPE-19 Cells via Nrf2 Signaling Pathway. Biomolecules 2019, 9, 380. [CrossRef] [PubMed]

27. Ananta, P.; Britta, E.V.; Rainer, B.; Stephan, I. Signaling to heme oxygenase-1 and anti-inflammatory therapeutic potential. Biochem.
Pharmacol. 2010, 80, 1895–1903.

28. Derek, L.; Iris, M.J.X.; David, K.C.C.; Josef, L.; Aki, P.W.T.; Macus, H.R.B.; Yuen, V.W.H.; Chan, C.Y.K.; Lai, R.K.H.;
Chin, D.W.C.; et al. Induction of oxidative stress through inhibition of thioredoxin reductase 1 is an effective therapeutic approach
for hepatocellular carcinoma. Hepatology 2019, 69, 1768–1786.

29. Perillo, B.; di Donato, M.; Pezone, A.; di Zazzo, E.; Giovanelli, P.; Galasso, G.; Castoria, C.; Migliacio, A. ROS in cancer therapy:
The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [CrossRef]

30. Coriat, R.; Nicco, C.; Chereau, C.; Mir, O.; Alexandre, J.; Ropert, S.; Weill, B.; Chaussade, S.; Goldwasser, F.; Batteux, F. Sorafenib-
induced hepatocellular carcinoma cell death depends on reactive oxygen species production in vitro and in vivo. Mol. Cancer
Ther. 2012, 11, 2284–2293. [CrossRef]

http://doi.org/10.3390/biom9080380
http://www.ncbi.nlm.nih.gov/pubmed/31430968
http://doi.org/10.1038/s12276-020-0384-2
http://doi.org/10.1158/1535-7163.MCT-12-0093

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture and Treatments 
	siRNA Transfection 
	Cell Viability Assay 
	Fluorescence Probe-Dihydroethidium (DHE) Staining 
	Lactate Dehydrogenase Assay 
	Measurement of MDA Levels 
	Enzyme Activity Assay 
	Mitochondrial Membrane Potential (MMP) Assay 
	Immunofluorescence 
	Western Blot and Lectin Blot Assay 
	Statistical Analysis 

	Results 
	2FF Improved Cell Viability in H2O2-Treated HepG2 Cells 
	2FF Alleviated Cell Damage and Loss of MMP in H2O2-Treated HepG2 Cells 
	2FF Alleviated H2O2-Induced ROS Accumulation in HepG2 Cells 
	Inhibition of Fucosylation Influenced Nrf2/keap1 Signaling Pathway in H2O2-Treated HepG2 Cells 
	Knockdown of Nrf2 Eliminated the Protective Effect of 2FF against H2O2-Induced Oxidative Injury in HepG2 Cells 
	Inhibition of Fucosylation Affected the Expression of Inflammation-Associated Proteins in H2O2-Treated HepG2 Cells 

	Discussion 
	References

