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Abstract: Floridoside is a low-molecular-weight organic compound, which can be accumulated
by red algae under stressful conditions to protect cells via its excellent antioxidant properties.
In the present study, we investigated the antioxidant mechanism of floridoside toward human
hepatocyte L-02 cells. We found that floridoside had no toxicity to L-02 cells, and no reactive
oxidative species were induced by it either. However, the expression of hemoxygenase-1 (HO-1)
protein was up-regulated upon exposure to floridoside, and two antioxidant enzymes, superoxide
dismutase (SOD) and GSH-Px, were activated by floridoside. Moreover, we investigated the pathway
involved in the production of these antioxidants, p38/extracellular signal-regulated kinase (ERK)
MAPK-nuclear factor-erythroid-2-related factor 2 (Nrf2) pathway. ERK1/2 and p38 phosphorylation,
nuclear translocation of Nrf2, and activation of ARE luciferase activity were observed upon exposure
to floridoside. siRNA interference and inhibitor treatment suppressed the HO-1 expression and the
phosphorylation of ERK1/2 and p38, respectively. These results indicated that floridoside exerted
its antioxidant activity by activating HO-1 expression via p38/ERK MAPK-Nrf2 pathway in human
hepatocyte L-02 cells.
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1. Introduction

Floridoside, a 2-O-d-glycerol-α-d-galactoside, has long been known as a typical
low-molecular-weight red algal carbohydrate. It is not only the main photosynthetic product of
many Rhodophyceae, but also plays a role in cell protection under many stressful conditions, such as
hyperosmolality or high temperature [1,2]. The antioxidant activity of floridoside helps red algae fight,
in particular, the reactive oxygen species (ROS) in these stressful environments. Ochsenkühn et al. have
indicated that floridoside has an ability to prevent salinity- and heat-stress-induced ROS production [3].
Therefore, researchers are also curious about its biological activity in humans. Since Colin and Gueguen
have isolated floridoside in 1930, the biological activities of floridoside have been widely studied,
such as immune regulatory [4], anti-inflammatory [5], anti-bacterial [6], and antioxidant properties [7].
Li et al. have reported that floridoside isolated from Laurencia undulata inhibits ROS production and
improves expression of glutathione and superoxide dismutase (SOD) genes [8]. However, the molecular
mechanism underlying its antioxidant activity remains largely unexplored.

Liver is the main organ for metabolizing endogenous and exogenous substances. Alcohol,
chemicals, and infections can cause liver damage [9,10]. Studies have shown that diseases, such as
cirrhosis, liver cancer, and hepatitis, are thought to be induced by oxidative stress [11–13]. It can not only
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cause liver cell injury and death by changing intracellular macromolecules (including DNA, proteins,
and lipids), but also regulate the death of liver cells by altering signal transduction pathway [14,15].
Therefore, it is urgently necessary to develop effective hepatoprotective agents for the prevention
and treatment of liver diseases. Due to the particularity of liver medication, hepatoprotective drugs
should be safe and non-toxic to humans. In recent years, a great deal of attention has been paid
to the application of small-molecule polyhydroxy compounds in liver diseases. Ren et al. have
reported that quercetin nanoparticles exhibit antitumor activity by inhibiting the proliferation and
inducing the apoptosis of liver cancer cells [16]. Hsiang et al. have found that silymarin regulates the
expressions of genes relevant to apoptosis and oxidative stress in HepG2 cells via the suppression
of NF-κB activity [17]. Furthermore, our early study has indicated that floridoside can promote the
growth of hepatocytes L-02 cells and protect cells from the reduction of mitochondrial membrane and
apoptosis caused by H2O2 through free-radical scavenging [18]. However, the antioxidant mechanism
of floridoside has not been fully illuminated in hepatocytes.

Nuclear factor-erythroid-2-related factor 2 (Nrf2)/antioxidant response element (ARE) antioxidant
pathway is the most important endogenous antioxidant signaling pathway discovered so far [19,20].
Many antioxidants, such as flavonoids, polyphenols, and carotenoids, can exert antioxidant effects
by activating this pathway [21–23]. However, it still remains unknown whether floridoside can also
activate such pathway.

In the present study, we aimed to investigate the antioxidant mechanism of floridoside isolated
from Pyropia haitanensis (Figure 1) in L-02 cells and clarify whether the Nrf2/ARE signaling pathway
was also involved in the antioxidant effect of floridoside.
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Figure 1. The structure of floridoside isolated from P. haitanensis.

2. Results

2.1. Effect of Floridoside on Viability of L-02 Cells

Figure 2 shows that floridoside exposure had no cytotoxic effects, and the cell survival was even
increased upon exposure to 200 µmol/L floridoside. Compared with controls, the cell survival was
increased by 18.92% after exposure to 200 µmol/L floridoside for 2 h.

Mar. Drugs 2020, 18, 105 2 of 11 

 

cirrhosis, liver cancer, and hepatitis, are thought to be induced by oxidative stress [11–13]. It can not 
only cause liver cell injury and death by changing intracellular macromolecules (including DNA, 
proteins, and lipids), but also regulate the death of liver cells by altering signal transduction pathway 
[14,15]. Therefore, it is urgently necessary to develop effective hepatoprotective agents for the 
prevention and treatment of liver diseases. Due to the particularity of liver medication, 
hepatoprotective drugs should be safe and non-toxic to humans. In recent years, a great deal of 
attention has been paid to the application of small-molecule polyhydroxy compounds in liver 
diseases. Ren et al. have reported that quercetin nanoparticles exhibit antitumor activity by inhibiting 
the proliferation and inducing the apoptosis of liver cancer cells [16]. Hsiang et al. have found that 
silymarin regulates the expressions of genes relevant to apoptosis and oxidative stress in HepG2 cells 
via the suppression of NF-κB activity [17]. Furthermore, our early study has indicated that floridoside 
can promote the growth of hepatocytes L-02 cells and protect cells from the reduction of 
mitochondrial membrane and apoptosis caused by H2O2 through free-radical scavenging [18]. 
However, the antioxidant mechanism of floridoside has not been fully illuminated in hepatocytes. 

Nuclear factor-erythroid-2-related factor 2 (Nrf2)/antioxidant response element (ARE) 
antioxidant pathway is the most important endogenous antioxidant signaling pathway discovered 
so far [19,20]. Many antioxidants, such as flavonoids, polyphenols, and carotenoids, can exert 
antioxidant effects by activating this pathway [21–23]. However, it still remains unknown whether 
floridoside can also activate such pathway. 

In the present study, we aimed to investigate the antioxidant mechanism of floridoside isolated 
from Pyropia haitanensis (Figure 1) in L-02 cells and clarify whether the Nrf2/ARE signaling pathway 
was also involved in the antioxidant effect of floridoside. 

 
Figure 1. The structure of floridoside isolated from P. haitanensis. 

2. Results 

2.1. Effect of Floridoside on Viability of L-02 Cells 

Figure 2 shows that floridoside exposure had no cytotoxic effects, and the cell survival was even 
increased upon exposure to 200 μmol/L floridoside. Compared with controls, the cell survival was 
increased by 18.92% after exposure to 200 μmol/L floridoside for 2 h. 

 
Figure 2. Effect of floridoside on L-02 cell survival. Cells were exposed to 50, 100, and 200 μmol/L 
floridoside for 2 h. Data were expressed as the mean ± SD (n = 6). 

Figure 2. Effect of floridoside on L-02 cell survival. Cells were exposed to 50, 100, and 200 µmol/L
floridoside for 2 h. Data were expressed as the mean ± SD (n = 6).



Mar. Drugs 2020, 18, 105 3 of 11

2.2. Effect of Floridoside on Intracellular ROS Production

Different concentrations of floridoside (50–800 µmol/L) failed to increase the intracellular ROS
level. In contrast, decreased ROS production was observed in cells, although there was no significant
difference. Compared with controls, the intracellular ROS level was reduced by up to 24% upon
exposure to different concentrations of floridoside (Figure 3).
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Figure 3. Effect of floridoside on intracellular reactive oxygen species (ROS) production in L-02 cells.
L-02 cells were incubated with 50, 100, 200, 400, and 800 µmol/L floridoside for 2 h. Intracellular ROS
were detected by commercial DCFH-DA probes.

2.3. Effect of Floridoside on Enzyme Activities of SOD and GSH-Px in L-02 Cells

The effect of floridoside on antioxidant activities (SOD and GSH-Px) was assessed. Figure 4 reveals
that both SOD and GSH-Px enzyme activities were increased after exposure to different concentrations
of floridoside. However, the elevation of SOD activity induced by 50 and 100 µmol/L floridoside
was not significant, while 200 µmol/L floridoside significantly increased the SOD activity (p < 0.05).
Different concentrations of floridoside obviously increased the GSH-Px activity (p < 0.05), especially
the exposure at 200 µmol/L, which showed a 2.02-fold increase compared with controls.

Mar. Drugs 2020, 18, 105 3 of 11 

 

2.2. Effect of Floridoside on Intracellular ROS Production 

Different concentrations of floridoside (50–800 μmol/L) failed to increase the intracellular ROS 
level. In contrast, decreased ROS production was observed in cells, although there was no significant 
difference. Compared with controls, the intracellular ROS level was reduced by up to 24% upon 
exposure to different concentrations of floridoside (Figure 3). 

 
Figure 3. Effect of floridoside on intracellular reactive oxygen species (ROS) production in L-02 cells. 
L-02 cells were incubated with 50, 100, 200, 400, and 800 μmol/L floridoside for 2 h. Intracellular ROS 
were detected by commercial DCFH-DA probes. 

2.3. Effect of Floridoside on Enzyme Activities of SOD and GSH-Px in L-02 Cells 

The effect of floridoside on antioxidant activities (SOD and GSH-Px) was assessed. Figure 4 
reveals that both SOD and GSH-Px enzyme activities were increased after exposure to different 
concentrations of floridoside. However, the elevation of SOD activity induced by 50 and 100 μmol/L 
floridoside was not significant, while 200 μmol/L floridoside significantly increased the SOD activity 
(p < 0.05). Different concentrations of floridoside obviously increased the GSH-Px activity (p < 0.05), 
especially the exposure at 200 μmol/L, which showed a 2.02-fold increase compared with controls. 

 
Figure 4. Effect of floridoside on superoxide dismutase (SOD) and GSH-Px enzyme activity. Cells 
were exposed to 50, 100, and 200 μmol/L floridoside for 2 h. Data were expressed as the mean ± SD. * 
p < 0.05 and ** p < 0.01, compared with controls. 

2.4. Effect of Floridoside on HO-1 Expression in L-02 Cells 

Figure 4. Effect of floridoside on superoxide dismutase (SOD) and GSH-Px enzyme activity. Cells
were exposed to 50, 100, and 200 µmol/L floridoside for 2 h. Data were expressed as the mean ± SD.
* p < 0.05 and ** p < 0.01, compared with controls.



Mar. Drugs 2020, 18, 105 4 of 11

2.4. Effect of Floridoside on HO-1 Expression in L-02 Cells

HO-1 protein plays a vital role in cell antioxidant activity. In the present study, we assessed
whether floridoside could up-regulate the HO-1 expression at the protein level by western blotting
analysis. Figure 5A shows that the expression of HO-1 was significantly increased after exposure to
floridoside for 2 h (p < 0.05). Compared with controls, the HO-1 expression was increased by 27.7%,
41.3%, and 49.9% after exposure to three different concentrations of floridoside, respectively.
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Figure 5. Effect of floridoside on protein expression of HO-1 and mRNA expression of HO-1, γ-glutamyl
cysteine ligase (γ-GCL), and NAD(P)H: quinine oxidoreductase 1 (NQO1) in L-02 cells. (A) HO-1
protein expression was examined by western blotting analysis. (B) Expressions of HO-1, γ-GCL, and
NQO1 at the mRNA level were examined by RT-qPCR. Cells were exposed to 50, 100, and 200 µmol/L
floridoside for 2 h. * p < 0.05 and ** p < 0.01, compared with controls.

Next, the expressions of HO-1, γ-glutamyl cysteine ligase (γ-GCL), and NAD(P)H: quinine
oxidoreductase 1 (NQO1) at the mRNA level were examined by RT-qRCR. Figure 5B indicates that
exposure to 200 µmol/L floridoside significantly up-regulated the expression of HO-1 at the mRNA
level, showing a 1.67-fold increase compared with controls, which was consistent with the western
blotting analysis. However, floridoside exposure did not increase the expressions of γ-GCL and NQO1
at the mRNA level compared with controls.

2.5. Effect of Floridoside on Nrf2/ARE Pathway in L-02 Cells

We next examined whether floridoside treatment could activate Nrf2/ARE pathway. Figure 6A
shows that the expression of nuclear Nrf2 at the protein level was significantly increased compared
with controls after exposure to various concentrations of floridoside for 2 h (p < 0.05). Furthermore,
the ARE luciferase activity was examined (Figure 6B). The ARE luciferase activity was significantly
increased with the increase of floridoside concentration, showing a 4.5-fold increase after exposure
to 200 µmol/L floridoside. Finally, Nrf2 siRNA interference was used to detect the effect of Nrf2
interference on downstream regulation. The interference efficiency of siRNA was about 74%. After
siRNA interference, floridoside exposure failed to restore the expression of HO-1 protein to the normal
level (Figure 6C).
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Figure 6. Effect of floridoside on nuclear accumulation of nuclear factor-erythroid-2-related factor 2
(Nrf2), ARE luciferase activity, and HO-1 protein expression in L-02 cells. (A) L-02 cells were exposed
to 50, 100, and 200 µmol/L floridoside for 2 h. The Nrf2 nuclear proteins were examined by western
blotting analysis. (B) L-02 cells were transiently transfected with p-ARE-Luc reporter plasmid for 24 h
and then exposed to 50, 100, and 200 µmol/L floridoside for 2 h. (C) Cells were transiently transfected
with Nrf2 siRNA for 8 h and then exposed to 200 µmol/L floridoside for 48 h. HO-1 protein expression
was determined by western blotting analysis. * p < 0.05 and ** p < 0.01, compared with controls;
## p < 0.01, compared with floridoside-alone treatment group.

2.6. Effect of Floridoside on MAPK Pathway

The effect of floridoside on mitogen-activated protein kinases (MAPK) pathway was also examined.
Figure 7A indicates that high concentrations (100 and 200 µmol/L) of floridoside significantly increased
the expression of p-p38 at the protein level (p < 0.01). Compared with controls, the expression of p-p38 at
the protein level was increased by 26.3% and 62.8% after exposure to high concentrations of floridoside.
Moreover, we found that 50 and 100 µmol/L floridoside could not increase the phosphorylation of
extracellular signal-regulated kinase (p-ERK), while only 200 µmol/L floridoside markedly increased
the expression of p-ERK at the protein level. Floridoside treatment had no effect on the expression
of p-JNK at the protein level. Furthermore, we explored whether the expressions of p38 and ERK at
the protein level were associated with Nrf2/ARE pathway. We used specificity inhibitors of SB203580
(p38) and PD98059 (ERK) to block the expressions of p38 and ERK. We found that PD98059 inhibited
the expression of HO-1 protein, whereas SB203580 not only suppressed the HO-1 protein expression
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induced by flosidoside, but also decreased the endogenic HO-1 protein expression. Compared with
controls, the expression of HO-1 at the protein level was decreased by 22% (Figure 7B).
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were treated with 50, 100, and 200 µmol/L floridoside for 2 h. Whole cells lysates were prepared and
analyzed by western blot. (B) L-02 cells were pretreated with 25 µmol/L PD98059 or SB203580 for 1 h,
and then stimulated with 200 µmol/L floridoside for 2 h. HO-1 protein expression was determined
by western blot. * p < 0.05 and ** p < 0.01, compared with control; ## p < 0.01, compared with
floridoside-alone treatment group.

3. Discussion

Floridoside is a small-molecule carbohydrate synthesized by red algae during photosynthesis.
It has a wide range of applications, such as skin care additive [24], protective agent in ultra-low
temperature refrigeration [25,26], and fish food additive [27]. In our previous study, we have found
that floridoside can restore the decreased antioxidant enzyme activity and mitochondrial membrane
potential caused by H2O2 challenge [18]. The results in this study showed that high concentration
of floridoside alone promoted the proliferation of L-02 cells in 2 h and significantly increased the
antioxidant activities of GSH-Px and SOD. However, Li et al. found that cells (MRC-5, Raw264.7,
HL-60, and HT-1080) that were treated with 1, 10, 25, and 100 µmol/L floridoside for 24 h cannot
promote the cell proliferation [8]. Kim et al. also reported that floridoside (1, 10, and 50 µmol/L)
treatment for 24 h had no effect on BV2 cell proliferation [5]. Therefore, the reason for promoting rapid
cell proliferation of floridoside requires further investigation.

In addition, some antioxidants have two side effects. For example, Vc and VE have strong
antioxidant activity at low concentrations, but may be toxic to cells at high concentrations [28,29]. To
investigate whether floridoside has such characteristic, we examined the effect of floridoside (50 to
800 µmol/L) on intracellular ROS level, and the results showed that floridoside failed to increase the
ROS production and suggested that floridoside is safe and has no prooxidative properties within
the concentration ranging from 50 to 800 µmol/L. Therefore, we further investigated the antioxidant
mechanism of floridoside in L-02 cells.
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Cellular defensive properties of small-molecule polyhydroxy compounds, such as resveratrol and
epigallocatechin-3-gallate (EGCG), can be explained through direct and indirect ways. They can not
only directly scavenge free radicals and quench singlet oxygen, but also indirectly activate endogenous
Nrf2/ARE signaling pathways. Truong et al. have reviewed the two ways of resveratrol in regulating
cellular defense systems against oxidative stress [30]. Kanlaya et al. found that EGCG protects
renal tubular cells from oxalate-induced epithelial mesenchymal transition via Nrf2 pathway [31].
Floridoside also belongs to small-molecule polyhydroxy compounds. Early studies have shown that
the antioxidant mechanism of floridoside is mainly through free-radical scavenging [8]. It remains
unknown whether floridoside also has a potential to activate Nrf2/ARE pathway. The results in this
study showed that floridoside exposure caused the nuclear translocation of Nrf2, increased the ARE
luciferase activity, and up-regulated the HO-1 expression at the mRNA level, indicating that floridoside
might activate the Nrf2/ARE signaling pathway. Subsequently, siRNA interference dramatically
decreased the HO-1 protein expression, and floridoside exposure had no effect on such reduction,
indicating that floridoside indeed had an ability to activate Nrf2/ARE pathway.

It has been reported that Nrf2 is the substrate of several protein kinases, including protein
kinase C (PKC), phosphatidylinositol 3-kinase (PI3K), ERK, and p38 [32–34]. We examined the effect
of floridoside on MAPK pathway of Nrf2 upstream signaling pathway. The results showed that
floridoside activated the MAPK pathway through phosphorylation of p38 and ERK (200 µmol/L).
Furthermore, we found that inhibitors (SB203580 and PD98059) blocked the expression of HO-1 protein,
and floridoside failed to increase the expression of HO-1 protein. Therefore, we speculated that
floridoside activated Nrf2-mediated HO-1 protein expression through p38 and ERK MAPK pathways
in L-02 cells (Figure 8).
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4. Materials and Methods

4.1. Cell Culture

Human hepatocyte line L-02 was purchased from China Center for Type Culture Collection
(CCTCC, Wuhan, China) and maintained in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% (V/V) fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) at 37 ◦C in a humidified atmosphere containing 5% CO2. Cells were cultured to 70%–80%
confluence and then exposed to different concentrations of floridoside isolated from P. haitanensis
(Xiangshan, Ningbo, China) (purity ≥92.3%) for 2 h.
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4.2. Cell Viability Assay

L-02 cells were seeded into 96-well plates and exposed to 50, 100, and 200 µmol/L floridoside for
2 h, followed by incubation with 20 µL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) at 37 ◦C for 4 h. Subsequently, culture medium was removed, and 150 µL dimethyl sulfoxide
was added. Spectrophotometric absorbance of the samples was determined at a wavelength of 492 nm,
and the data were normalized to the control group.

4.3. ROS Detection

Commercial DCFH-DA probes were used to detect the effects of floridoside on intracellular ROS.
Cells were exposed to 50, 100, 200, 400, and 800 µmol/L floridoside for 2 h, followed by incubation with
FBS-free medium supplemented with 20 µmol/L DCFH-DA probe at 37 ◦C for 45 min. Beckman Gallios
Flow Cytometer (Beckman Counter, Inc., Brea, CA, USA) was used to determine the intracellular ROS
level, and the data were expressed as mean dichlorofluorescein (DCF) fluorescence intensity.

4.4. Antioxidant Activity Assay

L-02 cells were cultured in 6-well plate in the presence of 50, 100, and 200 µmol/L floridoside
for 2 h. Subsequently, cells were washed twice with ice-cold PBS and lysed in lysis buffer (Beyotime,
Shanghai, China) for 30 min on ice. The cell lysates were centrifuged at 12,000 rpm for 10 min at 4 ◦C.
Enzyme activities of SOD and glutathione peroxidase (GSH-Px) were determined using commercial
enzyme activity assay kits (Beyotime, Shanghai, China) according to manufacturer’s instructions.

4.5. Western Blotting Analysis

L-02 cells was exposed to different concentrations of floridoside for 2 h. In parallel experiments,
L-02 cells were pretreated with 25 µmol/L PD98059 (S1805, Beyotime, Shanghai, China) or SB203580
(S1863, Beyotime, Shanghai, China) for 1 h, and then stimulated with 200 µmol/L floridoside for
2 h. Nuclear extracts were prepared using the Nuclear and Cytoplasmic Protein Extration kit (P0027,
Beyotime, Shanghai, China) according to manufacturer’s instructions. Total proteins were lysed and
extracted according to manufacturer’s instructions (P1103, Beyotime, Shanghai, China), and protein
concentration was determined using Easy II protein quantitative kit (BCA) (TransGen, Beijing, China).
For western blotting analysis, equal amounts of proteins (30 µg) in the nuclear extracts or in the
whole cell lysates were subjected to 10% sodium dodecylsulfate-polyacrylamide gel (SDS-PAGE) and
then electro-transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% skim milk at room temperature for 2 h, washed with Tris-buffered saline containing
Tween-20 (TBST) for 3 × 8 min, and incubated with antibodies against hemoxygenase-1 (HO-1)
(1:2000), phospho-ERK1/2 (1:1000), phospho-p38 (1:1000), and phospho-JNK (1:1000) (Cell Signaling
Technology, USA); Nrf2 (1:1000), ERK (1:1000), JNK (1:1000), p38 (1:1000), and β-actin (1:1000) (Santa
Cruz Biotechnology, CA, USA) overnight at 4 ◦C. Subsequently, blots were incubated with appropriate
horseradish-peroxidase (HRP)-conjugated secondary antibodies (mouse anti-rabbit IgG, 1:2000, goat
anti-mouse IgG, 1:8000, (Santa Cruz Biotechnology, CA, USA)) at room temperature for 1 h, and then
washed with TBST for 3 × 8 min. The immunoreactive bands were visualized by WesternBright
ECL-HRP Substrate (Advansta Inc., Menlo Park, CA, USA). The band intensity was quantified by
using ImageJ software, and β-actin was used as a loading control.

4.6. Real-Time Quantitative PCR (RT-qPCR)

After floridoside challenge, cells were harvested, and total RNA was isolated with RNA-Solv®

Reagent (Omega Bio-tek Inc., Norcross, GA, USA) according to the manufacturer’s Instructions. Briefly,
1 µg of total RNA was reversely transcribed into first-strand cDNA in a 20-µL reverse transcription (RT)
reaction system, and RT-qPCR was conducted with 1 µL of RT product on a LightCycler 96 Real-Time
PCR System (Roche, Switzerland) using SYER-Green I. Four pairs of specific primers were designed
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as follows [35]: HO-1-F: AAGTATCCTTGTTGACACG and HO-1-R: TGAGCCAGGAACAGAGTG;
NQO1-F: AGACCTTGTGATATTCCAGTTC and NQO1-R: GGCAGCGTAAGTGTAAGC;
γ-GCL-F: CAGTGGTGGATGGTTGTG and γ-GCL-R: ATTGATGATGGTGTCTATGC; β-actin-F:
CGGTGAAGGTGACAGCAG and β-actin-R: TGTGTGGACTTGGGAGAGG. The relative expression
levels of target genes were calculated with the 2-∆∆Ct method, and β-actin was selected as a
housekeeping gene for RT-qPCR.

4.7. Transient Transfection and Luciferase Reporter Assays

L-02 cells were transiently co-transfected with 1 µg of firefly luciferase reporter plasmid p-ARE-Luc
(Beyotimes, Shanghai, China) and 0.1 µg of p-RL. Transfection was performed using X-tremeGENE
HP DNA Transfection Reagent (Roche, Switzerland) according to the manufacturer’s instructions.
After transfection for 24 h, cells were exposed to floridoside for 2 h. Firefly and Renilla luciferase
activities were determined in cell lysates using the Dual-Glo® Luciferase Assay System (Promega
Corp., Madison, WI, USA). All experiments were performed in triplicate, and the luciferase activity
was normalized using Renilla luciferase activity.

4.8. Nrf2 siRNA Interference Assay

The siRNA duplexes were synthesized by GenePharma (Shanghai, China). Nrf2 siRNA duplex
with the following sense and antisense was used, 5′-GGAGGCAAGAUAUAGAUCUTT-3′ (sense)
and 5′-AGAUCUAUAUCUUGCCUCCTT-3′ (antisense). L-02 cells were seeded into 6-well plates
until 70%–80% confluence, and the medium was replaced with OPTI-MEM reduced serum medium.
Transient transfection of siRNAs was conducted using X-tremeGENE siRNA Transfection Reagent
(Roche, Switzerland). siRNA (2 µg) and X-tremeGENE siRNA Transfection Reagent (10 µL) were
briefly diluted into 100 µL OPTI-MEM reduced serum medium, followed by incubation at room
temperature for 5 min. Diluted X-tremeGENE siRNA Transfection Reagent was added into siRNA
dilution, followed by incubation at room temperature for 20 min, and the mixed transfection compound
was directly added to the cells. After transfection for 8 h, the medium was replaced, and the cells were
exposed to 200 µmol/L floridoside for 48 h. The transfection efficiency was determined by western
blotting analysis.

4.9. Statistical Analysis

The results were expressed as mean ± SD, and statistical analyses were performed using the
SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA). The statistical significance was analyzed by
one-way ANOVA. P < 0.05 was regarded as statistically significant.

5. Conclusions

Collectively, we, for the first time, reported the antioxidant mechanism of floridoside in hepatocytes.
The antioxidant mechanism of floridoside was activated by Nrf2-mediated HO-1 protein expression
through ERK1/2 and p38 MAPK pathways. Furthermore, floridoside was safe and could not induce
ROS production at high concentrations (up to 800 µmol/L) as isoeugenol, quercetin, and morin. Taken
together, our findings provided valuable insights into the development of floridoside products and its
application in the biomedical field.

Author Contributions: The authors’ contributions were as follows: conceptualization, H.C. and T.N.; methodology,
J.Z.; validation, W.W.; formal analysis, T.N. and G.F.; investigation, T.T. and J.C.; writing—original draft preparation,
T.N.; writing—review and editing, G.F. and H.H.; funding acquisition, H.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by National Key R&D Program of China (2018YFD0901103); NSFC (31872540,
41706170), Natural Science Foundation of Zhejiang (LY18C190004, LY19H030001, LQ20D060001), Medical Science
and Technology of Zhejiang Province (2018KY726, 2018KY710), China Agriculture Research System (CARS-50),



Mar. Drugs 2020, 18, 105 10 of 11

Natural Science Foundation of Ningbo (2019A610326); and Ningbo Programs for Science and Technology
Development (2019C50095,2017C110026), K.C. Wong Magna Fund in Ningbo University.

Acknowledgments: We would like to thank Jiuling Li for her assistance in floridoside extraction experiments.

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

References

1. Sun, M.; Zhu, Z.; Chen, J.; Yang, R.; Luo, Q.; Wu, W.; Yan, X.; Chen, H. Putative trehalose biosynthesis
proteins function as differential floridoside-6-phosphate synthases to participate in the abiotic stress response
in the red alga Pyropia haitanensis. BMC Plant Biol. 2019, 19, 325. [CrossRef] [PubMed]

2. Hagemann, M.; Pade, N. Heterosides–compatible solutes occurring in prokaryotic and eukaryotic phototrophs.
Plant Biol. 2015, 17, 927–934. [CrossRef] [PubMed]

3. Ochsenkühn, M.A.; Röthig, T.; D’Angelo, C.; Wiedenmann, J.; Voolstra, C.R. The role of floridoside in
osmoadaptation of coral-associated algal endosymbionts to high-salinity conditions. Sci. Adv. 2017, 3,
e1602047. [CrossRef] [PubMed]

4. Courtois, A.; Simon-Colin, C.; Boisset, C.; Berthou, C.; Deslandes, E.; Guezennec, J.; Bordron, A. Floridoside
extracted from the red alga Mastocarpus stellatus is a potent activator of the classical complement pathway.
Mar. Drugs 2008, 6, 407–417. [CrossRef]

5. Kim, M.; Li, Y.X.; Dewapriya, P.; Ryu, B.; Kim, S.K. Floridoside suppresses pro-inflammatory responses by
blocking MAPK signaling in activated microglia. BMB Rep. 2013, 46, 398–403. [CrossRef]

6. Liu, H.B.; Koh, K.P.; Kim, J.S.; Seo, Y.; Park, S. The effects of betonicine, floridoside, and isethionic acid from
the red alga Ahnfeltiopsis flabelliformis on quorum-sensing activity. Biotechnol. Bioproc. Eng. 2008, 13,
458–463. [CrossRef]

7. Kang, H.K.; Seo, C.H.; Park, Y. The effects of marine carbohydrates and glycosylated compounds on human
health. Int. J. Mol. Sci. 2015, 16, 6018–6056. [CrossRef]

8. Li, Y.X.; Li, Y.; Lee, S.H.; Qian, Z.J.; Kim, S.K. Inhibitors of oxidation and matrix metalloproteinases, floridoside,
and D-isofloridoside from marine red alga Laurencia undulata. J. Agric. Food Chem. 2010, 58, 578–586.
[CrossRef]

9. Yuce, A.; Atessahin, A.; Ceribasi, A.O.; Aksakal, M. Ellagic acid prevents cisplatin-induced oxidative stress
in liver and heart tissue of rats. Basic Clin. Pharmacol. Toxicol. 2007, 101, 345–349. [CrossRef]

10. Mossa, A.-T.H.; Heikal, T.M.; Belaiba, M.; Raoelison, E.G.; Ferhout, H.; Bouajila, J. Antioxidant activity and
hepatoprotective potential of Cedrelopsis grevei on cypermethrin induced oxidative stress and liver damage
in male mice. BMC Complem. Altern. Med. 2015, 15, 251. [CrossRef]

11. Tanikawa, K.; Torimura, T. Studies on oxidative stress in liver diseases: Important future trends in liver
research. Med. Mol. Morphol. 2006, 39, 22–27. [CrossRef] [PubMed]

12. Li, S.; Tan, H.Y.; Wang, N.; Zhang, Z.J.; Lao, L.; Wong, C.W.; Feng, Y. The Role of Oxidative Stress and
Antioxidants in Liver Diseases. Int. J. Mol. Sci. 2015, 16, 26087–26124. [CrossRef] [PubMed]

13. García-Ruíz, C.; Morales, A.; Fernández-Checa, J.C. Oxidative stress and liver ischemia–reperfusion injury.
In Studies on Hepatic Disorders; Humana Press: Cham, Switzerland, 2015; pp. 149–170.

14. Czaja, M.J. Cell signaling in oxidative stress-induced liver injury. Semin. Liver Dis. 2007, 27, 378–389.
[CrossRef] [PubMed]

15. Zhu, R.; Wang, Y.; Zhang, L.; Guo, Q. Oxidative stress and liver disease. Hepatol Res. 2012, 42, 741–749.
[CrossRef]

16. Ren, K.W.; Li, Y.H.; Wu, G.; Ren, J.Z.; Lu, H.B.; Li, Z.M.; Han, X.W. Quercetin nanoparticles display antitumor
activity via proliferation inhibition and apoptosis induction in liver cancer cells. Int. J. Oncol. 2017, 50,
1299–1311. [CrossRef]

17. Hsiang, C.Y.; Lin, L.J.; Kao, S.T.; Lo, H.Y.; Chou, S.T.; Ho, T.Y. Glycyrrhizin, silymarin, and ursodeoxycholic
acid regulate a common hepatoprotective pathway in HepG2 cells. Phytomedicine 2015, 22, 768–777. [CrossRef]

18. Chen, Y.; Jiang, L.; Li, J.; Zhou, Y.; Niu, T.; Chen, H. Floridoside protects hepatocyte L-02 cells against
oxidative stress. J. Nutr. 2016, 38, 607–609.

19. Jeyapaul, J.; Jaiswal, A.K. Nrf2 and c-Jun regulation of antioxidant response element (ARE)-mediated
expression and induction of gamma-glutamylcysteine synthetase heavy subunit gene. Biochem. Pharmacol.
2000, 59, 1433. [CrossRef]

http://dx.doi.org/10.1186/s12870-019-1928-2
http://www.ncbi.nlm.nih.gov/pubmed/31324146
http://dx.doi.org/10.1111/plb.12350
http://www.ncbi.nlm.nih.gov/pubmed/25996303
http://dx.doi.org/10.1126/sciadv.1602047
http://www.ncbi.nlm.nih.gov/pubmed/28835914
http://dx.doi.org/10.3390/md6030407
http://dx.doi.org/10.5483/BMBRep.2013.46.8.237
http://dx.doi.org/10.1007/s12257-008-0145-x
http://dx.doi.org/10.3390/ijms16036018
http://dx.doi.org/10.1021/jf902811j
http://dx.doi.org/10.1111/j.1742-7843.2007.00129.x
http://dx.doi.org/10.1186/s12906-015-0740-2
http://dx.doi.org/10.1007/s00795-006-0313-z
http://www.ncbi.nlm.nih.gov/pubmed/16575511
http://dx.doi.org/10.3390/ijms161125942
http://www.ncbi.nlm.nih.gov/pubmed/26540040
http://dx.doi.org/10.1055/s-2007-991514
http://www.ncbi.nlm.nih.gov/pubmed/17979074
http://dx.doi.org/10.1111/j.1872-034X.2012.00996.x
http://dx.doi.org/10.3892/ijo.2017.3886
http://dx.doi.org/10.1016/j.phymed.2015.05.053
http://dx.doi.org/10.1016/S0006-2952(00)00256-2


Mar. Drugs 2020, 18, 105 11 of 11

20. Surh, Y.J.; Kundu, J.K.; Na, H.K. Nrf2 as a Master Redox Switch in Turning on the Cellular Signaling Involved
in the Induction of Cytoprotective Genes by Some Chemopreventive Phytochemicals. Planta Med. 2008, 74,
1526. [CrossRef]

21. Liu, C.L.; Chiu, Y.T.; Hu, M.L. Fucoxanthin enhances HO-1 and NQO1 expression in murine hepatic BNL
CL.2 cells through activation of the Nrf2/ARE system partially by its pro-oxidant activity. J. Agric. Food Chem.
2011, 59, 11344–11351. [CrossRef]

22. Smirnova, N.A.; Kaidery, N.A.; Hushpulian, D.M.; Rakhman, I.I.; Poloznikov, A.A.; Tishkov, V.I.;
Karuppagounder, S.S.; Gaisina, I.N.; Pekcec, A.; Leyen, K.V.; et al. Bioactive Flavonoids and Catechols as Hif1
and Nrf2 Protein Stabilizers - Implications for Parkinson’s Disease. Aging Dis. 2016, 7, 745–762. [CrossRef]
[PubMed]

23. Nabavi, S.F.; Barber, A.J.; Spagnuolo, C.; Russo, G.L.; Daglia, M.; Nabavi, S.M.; Sobarzo-Sanchez, E. Nrf2
as molecular target for polyphenols: A novel therapeutic strategy in diabetic retinopathy. Crit. Rev. Clin.
Lab. Sci. 2016, 53, 293–312. [CrossRef] [PubMed]

24. Jian, Q.; Jiang, L.; Yan, J.; Chen, H. Suppression of melanin formation by floridoside. J. Biol. 2017, 34, 39–42.
25. Li, J.; Zhou, C.; Jiang, Y.; Yan, X.; Chen, H. The Cryoprotective effect of floridoside on microalgae.

Acta Hydrobiol. Sin. 2016, 40, 1020–1024.
26. Gao, Y.; Li, J.; Yan, X.; Yang, R.; Zhang, C.; Chen, H. Extraction of floridoside and the effect of floridoside on

Ctenopharyngodon idellasurimi during frozen storage. J. Fish. China 2017, 41, 311–318.
27. Zhang, J.; Chen, H.; Zhou, Q. Effects of Floridoside on growth performance and haematological indexes of

juvenile yellow catfish (Pelteoobagrus fulvidraco). Chin. J. Anim. Nutr. 2015, 27, 2443–2449.
28. Carocho, M.; Ferreira, I.C. A review on antioxidants, prooxidants and related controversy: Natural and

synthetic compounds, screening and analysis methodologies and future perspectives. Food Chem. Toxicol.
2013, 51, 15–25. [CrossRef]

29. Bouayed, J.; Bohn, T. Exogenous Antioxidants-Double-Edged Swords in Cellular Redox State: Health
Beneficial Effects at Physiologic Doses versus Deleterious Effects at High Doses. Oxid. Med. Cell. Longev.
2010, 3, 228. [CrossRef]

30. Truong, V.L.; Jun, M.; Jeong, W.S. Role of resveratrol in regulation of cellular defense systems against
oxidative stress. Biofactors 2018, 44, 36–49. [CrossRef]

31. Kanlaya, R.; Khamchun, S.; Kapincharanon, C.; Thongboonkerd, V. Protective effect of
epigallocatechin-3-gallate (EGCG) via Nrf2 pathway against oxalate-induced epithelial mesenchymal
transition (EMT) of renal tubular cells. Sci. Rep. 2016, 6, 30233. [CrossRef]

32. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates
antioxidant response element-mediated transcription. J. Biol. Chem. 2002, 277, 42769–42774. [CrossRef]
[PubMed]

33. Xi, Y.-D.; Yu, H.-L.; Ding, J.; Ma, W.-W.; Yuan, L.-H.; Feng, J.-F.; Xiao, Y.-X.; Xiao, R. Flavonoids protect
cerebrovascular endothelial cells through Nrf2 and PI3K from β-amyloid peptide-induced oxidative damage.
Curr. Neurovasc. Res. 2012, 9, 32–41. [CrossRef] [PubMed]

34. Gong, P.; Hu, B.; Cederbaum, A.I. Diallyl sulfide induces heme oxygenase-1 through MAPK pathway.
Arch. Biochem. Biophys. 2004, 432, 252–260. [CrossRef] [PubMed]

35. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; De Cabo, R.; Csiszar, A. Resveratrol
confers endothelial protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol.
Heart Circ. 2010, 299, H18–H24. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1055/s-0028-1088302
http://dx.doi.org/10.1021/jf2029785
http://dx.doi.org/10.14336/AD.2016.0505
http://www.ncbi.nlm.nih.gov/pubmed/28053825
http://dx.doi.org/10.3109/10408363.2015.1129530
http://www.ncbi.nlm.nih.gov/pubmed/26926494
http://dx.doi.org/10.1016/j.fct.2012.09.021
http://dx.doi.org/10.4161/oxim.3.4.12858
http://dx.doi.org/10.1002/biof.1399
http://dx.doi.org/10.1038/srep30233
http://dx.doi.org/10.1074/jbc.M206911200
http://www.ncbi.nlm.nih.gov/pubmed/12198130
http://dx.doi.org/10.2174/156720212799297092
http://www.ncbi.nlm.nih.gov/pubmed/22272764
http://dx.doi.org/10.1016/j.abb.2004.09.024
http://www.ncbi.nlm.nih.gov/pubmed/15542064
http://dx.doi.org/10.1152/ajpheart.00260.2010
http://www.ncbi.nlm.nih.gov/pubmed/20418481
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Floridoside on Viability of L-02 Cells 
	Effect of Floridoside on Intracellular ROS Production 
	Effect of Floridoside on Enzyme Activities of SOD and GSH-Px in L-02 Cells 
	Effect of Floridoside on HO-1 Expression in L-02 Cells 
	Effect of Floridoside on Nrf2/ARE Pathway in L-02 Cells 
	Effect of Floridoside on MAPK Pathway 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	ROS Detection 
	Antioxidant Activity Assay 
	Western Blotting Analysis 
	Real-Time Quantitative PCR (RT-qPCR) 
	Transient Transfection and Luciferase Reporter Assays 
	Nrf2 siRNA Interference Assay 
	Statistical Analysis 

	Conclusions 
	References

