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Abstract: Microcystin-LR (MC-LR), a cyanotoxin produced by cyanobacteria, induces oxidative
stress in various types of cells. Prodigiosin, a red linear tripyrrole pigment, has been recently
reported to have antimicrobial, antioxidative, and anticancer properties. How prodigiosin reacts
to reactive oxygen species (ROS) induced by MC-LR is still undetermined. This study aimed to
examine the effect of prodigiosin against oxidative stress induced by MC-LR in HepG2 cells. Ros was
generated after cells were treated with MC-LR and was significantly inhibited with treatment of
prodigiosin. In prodigiosin-treated cells, the levels of nuclear factor erythroid 2-related factor 2 (Nrf2)
and Nrf2-related phase II enzyme heme oxygenase-1 (HO-1) were increased. Besides, prodigiosin
contributed to enhance nuclear Nrf2 level and repressed ubiquitination. Furthermore, prodigiosin
promoted Nrf2 protein level and inhibited ROS in Nrf2 knocked down HepG2 cells. Results indicated
that prodigiosin reduced ROS induced by MC-LR by enhancing Nrf2 translocation into the nucleus in
HepG2 cells. The finding presents new clues for the potential clinical applications of prodigiosin for
inhibiting MC-LR-induced oxidative injury in the future.

Keywords: prodigiosin; microcystin-LR; ROS; Nrf2; ubiquitination

Key Contribution: (1) Prodigiosin up-regulated protein levels of Nrf2 and HO-1 and suppressed
ROS induced by MC-LR; (2) Prodigiosin promoted Nrf2 translocation into nucleus.

1. Introduction

Cyanobacteria (blue green algae) are photosynthetic bacteria that breed in fresh, braskish, and
marine waters [1], causing health hazards to fish, shellfish, crops, and even people given certain
conditions. Massive blooms of cyanobacterial are considered as a worldwide environmental problem [2].
During the algae blooms, cyanobacteria produce cyanotoxins, which may contaminate drinking water
and lead to adverse health effects [3]. Microcystins (MCs) are the most prevalent cyanotoxin according
to reports. They have been proven to be a threat to aquaculture [4] and agriculture [5], polluting
lakes and reservoirs [6]. Surveys conducted in United States and Canada showed that 80% of source
and treated water samples were contaminated by MCs [7]. Similar results were generalized from
surveys in Europe, reporting that MCs comprised 60% of detected cyanotoxins in fresh water [8].
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Among MCs, microcystin-LR is most commonly detected in Europe, America, and East Asia. MC-LR
is known to induce DNA damage [9] and up-regulate important signaling pathways inducing
hepatotoxicity [10,11]. Some studies demonstrated that MC-LR could be transported into liver cells by
organic anion polypetide transporters (OATPs) and inhibited protein phosphatase 1 and 2A (PP1 and
PP2A) [12–15]. Besides, MC-LR was reported to induce reactive oxygen species (ROS) production,
then destroying the cytoskeleton and resulting in cell necrosis and apoptosis [16,17].

Prodigiosin is a red bacterial pigment that is secreted as a secondary metabolite of Serratia marcescens.
It is reported as the most prominent member of the prodiginine family (including undecylprodigiosin,
cycloprodigiosin, metacycloprodigiosin, and prodigiosin R1) [18]. Previous studies demonstrated that
Serratia marcescens could inhibit the growth of Anabaena [19] and Microcystis aeruginosa [20] by producing
prodigiosin. Due to its many potential benefit properties, including anticancer [21], antimicrobial [22],
and antimalarial [23] effects, prodigiosin has been a subject of interest. Besides those bioactivities
mentioned above, recent studies have begun to uncover the antioxidative activity of prodigiosin. It was
reported that prodigiosin could effectively scavenge the free radicals in food stuffs [24]. However,
the mechanism of prodigiosin for inhibiting ROS has not been reported in detail.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor active in response to
oxidative stress. It significantly enhances the antioxidative defense of stressed cells and contributes to
the elimination of exogenous chemicals and their toxic metabolite through elevating expression of
down-stream phase II detoxification enzymes [25]. Under the consideration of severe oxidative injury
induced by MC-LR, Nrf2 might be a crucial factor to control MC-LR caused intracellular damage.
In this study, to investigate whether prodigiosin could inhibit oxidative stress induced by MC-LR
through enhancing Nrf2, we treated HepG2 cells with MC-LR and prodigiosin and determined the ROS
level, intensity of Nrf2-related protein, and translocation of Nrf2. Furthermore, Nrf2 knocked-down
HepG2 cells were used to investigate the effect of MC-LR and prodigiosin on HepG2 with low level of
Nrf2. The results of the study could provide new clues for the mechanism of how prodigiosin inhibits
oxidative stress caused by MC-LR.

2. Results

2.1. Effect of ROS Level Induced by MC-LR and Prodigiosin

HepG2 cells were exposed to different concentrations of prodigiosin for 24 h and a cell counting
kit-8 (CCK8) assay was performed. Calculated by graphpad prism 5, the IC50 of HepG2 treated with
prodigiosin was 1124 nM. After cells were treated with 0.2 µM and 0.4 µM prodigiosin, proliferation
in nearly 12.1% and 19.9% of cells, respectively, was inhibited. With the increasing concentration of
prodigiosin, the cell growth inhibition rate rose accordingly. When the concentration exceeded 3.2 µM,
the growth inhibition rate reached a plateau of about 95% (Figure 1a).

Intracellular reactive oxygen species content was determined by a fluorogenic probe, 2′,
7′-dichlorofluorescin diacetate (DCFH-DA). Compared with control group, it was observed that
fluorescent intensity was significantly increased by 1.3-fold after cells were treated with MC-LR and
declined by nearly 2-fold in the cells treated with prodigiosin in dose-dependent manner (Figure 1b).
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Figure 1. (a) Cell viability of HepG2 after prodigiosin (200, 400, 800, 1600, 3200, 6400, 12,800 nM)
treatment for 24 h. (b) Effects of microcystin-LR (MC-LR) (1 µM) and prodigiosin (0.2 and 0.4 µM) on
intracellular reactive oxygen species (ROS) production. Values are presented as mean ± SD. * p < 0.05.

2.2. Effect of Prodigiosin and MC-LR in Nrf2-Related Protein

The level of protein in the Nrf2/Keap1 pathway was determined by Western blot. After treatment
with prodigiosin, level of Nrf2 and heme oxygenase-1 (HO-1) was significantly increased at the
highest level at 3 h for Nrf2 and 9 h for HO-1 and declined afterward, while NADP(H): ubiquinone
oxidoreductase (NQO1) levels were comparatively unchanged (Figure 2a). Besides, protein levels of
Nrf2 and HO-1 were increased in a prodigiosin dose-dependent manner. Keap1 was expressed highly
in the low-dose prodigiosin group but decreased with rising doses. NQO1 showed no significant
change (Figure 2b).

Figure 2. (a) Prodigiosin (0.4 µM) affected the level of nuclear factor erythroid 2-related factor 2 (Nrf2)
and phase II enzyme in time dependence. (b) Effects of MC-LR (1 µM) and prodigiosin (0.2 and 0.4 µM)
on the levels of Nrf2, Keap1, heme oxygenase-1 (HO-1), and NADP(H): ubiquinone oxidoreductase
(NQO1) protein. Values were presented as mean ± SD. * p < 0.05 vs. the relative control group.
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2.3. Prodigiosin and MC-LR Affect the Translocation of Nrf2

2.3.1. Activation of Nrf2 in the Nucleus

To investigate whether prodigiosin or MC-LR could affect Nrf2 translocation, immunofluorescence
assay, and Western blot were performed to detect Nrf2 level in the plasm and nucleus of HepG2
cells. Through immunofluorescence staining, the Nrf2 (green)-stained fluor-conjugated secondary
antibody (Figure 3a, upper image), the nucleus (blue) stained with 4’,6-diamidino-2-phenylindole
(DAPI) (Figure 3a, middle image), and the merged image of MC-LR and prodigiosin-treated cells
(Figure 3a, lower image) showed the nuclear location of Nrf2 protein. MC-LR slightly increased
the intranuclear level of Nrf2, and prodigiosin exerted this effect better. This was confirmed by
Western blot analysis (Figure 3b left), showing remarkably higher levels of Nrf2 in the nucleus of the
prodigiosin-treated group as compared to the cells treated in the control group. MG132 was pretreated
to inhibit the degradation of Nrf2 so the nuclear translocation would be more obvious (Figure 3b right).
The result was similar to that of the non-MG132-treated group.
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Figure 3. (a) Effects of prodigiosin (0.4 µM) and MC-LR (1 µM) on Nrf2 translocation into the nucleus
performed with immunofluorescence analysis; (b) Effects of prodigiosin (0.4 µM) and MC-LR (1 µM)
on nuclear Nrf2 accumulation performed with Western blot analysis. Values are presented as mean ±
SD. * p < 0.05 vs relative control group.

2.3.2. Inhibition of Ubiquitination by Prodigiosin and MC-LR

Unactivated Nrf2 is degraded through the ubiquitin-26S proteasome pathway in cytoplasm. We
next investigated the mechanism of Nrf2 by examining the ubiquitination of Nrf2 in HepG2 cells.
Total protein was normally extracted as input group (Figure 4a). Nrf2 and its conjoint ubiquitin were
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extracted by immunoprecipitation (Figure 4b). Pretreated with MG132, Nrf2 ubiquitination was greatly
preserved (fifth column in Figure 4c). This effect was significantly declined with the treatment of
MC-LR and prodigiosin (sixth to eighth columns in Figure 4c), indicating that MC-LR and prodigiosin
might strongly affect the binding between ubiquitin and Nrf2.

Figure 4. Effects of MG132 (10 µM), prodigiosin (0.4 µM), and MC-LR (1 µM) on Nrf2 ubiquitination.
(a) Protein extracted normally was detected by Western blot, and was used as a control. (b) Nrf2 protein
was extracted after immunoprecipitation with Nrf2 and was then detected by Western blot with the
ubiquitin antibody. (c) Quantification of ubiquitin protein bands. Values are presented as mean ± SD.
* p < 0.05 vs. relative control group.

2.4. Effect of Prodigiosin and MC-LR on Nrf2 Knocked Down Cells.

To discover the effect of prodigiosin and MC-LR on Nrf2, we further transfected HepG2 cells
with Nrf2 knocked-down short hairpin ribonucleic acid (ShRNA) plasmid. Compared with control
group, results of ROS assay indicated MC-LR led to high fluorescent intensity by 1.5 fold, while
prodigiosin significantly attenuated fluorescent intensity by about 1.3-fold (Figure 5a). Western blot
further demonstrated that MC-LR could not change the level of Nrf2 significantly, while prodigiosin
elevated Nrf2 level back to the normal level (Figure 5b).
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Figure 5. (a) Effects of MC-LR (1 µM) and prodigiosin (0.4 µM) on intracellular ROS production in
Nrf2-knocked down HepG2 cells. Data were determined by adopting spectrofluorimetry. (b) Effects of
MC-LR (1 µM) and prodigiosin (0.4 µM) on Nrf2 level in Nrf2-knocked down HepG2 cells. Results
were shown as Western blot for control ShRNA and Nrf2 ShRNA. Values were presented as mean ± SD.
* p < 0.05.

3. Discussion

Oxidative stress has been implied to be a crucial factor in numerous diseases, such as cancer,
ischemia, and neurodegenerative disorders [26]. The increasing level of ROS in cells can be a signal for
cell death or the autophagy pathway [27]. Among the toxicants that lead to serious oxidative injury,
cyanotoxin is considered to be one of the most dangerous and broadly affected. As the most prevalent
cyanotoxin in the environment, MC-LR has been widely studied for its induction of oxidative stress in
various organs of different animal species. For instance, a study of female zebrafish showed that MC-LR
could induce the overproduction of ROS and eventually lead to apoptosis [28]. In order to suppress
such effects, new detoxicants are studied to identify the compounds and mechanism against ROS, such
as quercetin [29] and naringin [30]. In this study, prodigiosin, a red bacterial pigment, was used as
an antagonist against ROS. The biological activities it has, including anticancer, immunosuppression,
and antimalarial effects, contribute to wide range of studies. How prodigiosin responses to ROS in
animal cells remains to be seen. Consequently, a hepatic carcinoma cell line (HepG2) was treated with
MC-LR to induce intracellular ROS, followed by prodigiosin treatment to identify the antioxidative
effect of this pigment on animal cells. After the IC50 of prodigiosin was ascertained as 1124 nM, we
chose 0.2 and 0.4 µM as the experimental concentrations of prodigiosin. A result screened from the
National Cancer Institute Drug Discovery Program demonstrated that prodigiosin has an average IC50

of 2.1µM in 60 kinds of human tumor cells, which was much higher than the concentration we chose.
Besides, the concentration of MC-LR was selected as 1 µM according to previous reports [31]. Under
such concentrations, prodigiosin and MC-LR treatment apparently did not affect the growth of HepG2
cells. In the ROS assay, ROS levels of HepG2 cells treated with prodigiosin were significantly lower
than in cells only treated with MC-LR, which indicated that prodigiosin might attenuate oxidative
injury caused by MC-LR. Similar outcome was reached in an experiment exerted on mice, showing
that prodigiosin inhibited oxidative injury induced by hypoxia [32]. To identify how prodigiosin
inhibits ROS induced by MC-LR in HepG2 cells, Nrf2, an essential transcription factor of regulating
the expression of antioxidative genes in response to oxidative stress, needs to be clarified.
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The Keap1/Nrf2 signaling pathway is a crucial mechanism to protect cells from oxidative stress [33].
In basic conditions, Keap1 binds Nrf2 in the cytoplasm, facilitating the ubiquitination and degradation
of Nrf2 in 26S proteasome to maintain Nrf2 at low level [34]. When the signaling pathway is activated by
oxidative stress, inflammation, or injury, Nrf2 is released from Keap1 and transfers into nucleus, where
it combines with small Maf proteins and binds to the antioxidative responsive elements, consequently
initiating downstream phase II detoxification enzymes, including heme-oxygenase-1 (HO-1), NADP(H):
ubiquinone oxidoreductase (NQO1), glutathione-S-transferase (GST) [35]. Phase II enzymes play an
important role in antioxidation. For instance, HO-1 shows cytoprotective activity through converting
free heme to biliverdin, Fe2+ and CO. Subsequently, biliverdin converts to bilirubin, Fe2+ increases level
of antioxidative ferritin, and CO produces anti-inflammatory and anti-apoptotic effect. In this study,
the protein level of Nrf2 did not change significantly after treated with MC-LR for 1 h. This might
indicate that the rising ROS level induced by MC-LR was not related to Nrf2. The results in the 6-h
prodigiosin-treated group indicated that increasing level of HO-1 might account for ROS declination,
in accordance with a previous review which reported that Nrf2 and HO-1 play an important role in
responsible for oxidative injury [36]. Interestingly, we found that Keap1, the Nrf2 regulatory protein,
was down regulated with prodigiosin treatment (Figure 2b). Since Keap1 restricts the translocation of
Nrf2, decreasing level of Keap1 could herald the activation of Nrf2 in the nucleus.

Previous study demonstrated that overexpression of Nrf2 and its target gene might be considered
as biomarkers of cells injury [37]. According to the upregulated level of Nrf2 and hypothesis of Nrf2
activation mentioned above, the level of Nrf2 in the cytoplasm and nucleus needs to be explored. As
immunofluorescence image development showed, prodigiosin contributed to the uptrend of Nrf2
located in the nucleus. This was further confirmed by Western blot, showing high nuclear level of
Nrf2 in cells treated with prodigiosin. Observed by former researchers, MC-LR could induce Nrf2
transportation into the nucleus. A possible explanation might be that MC-LR binds to Keap1 through
competition with Nrf2 and then liberates Nrf2 [38]. But in this study, MC-LR didn’t significantly
contribute to Nrf2 translocation. This might be due to different concentrations of MC-LR and type
of cell we used. We found that Nrf2 protein level of cells treated with prodigiosin was the highest
among the treatment groups, which might confirm that prodigiosin contributed to the translocation of
Nrf2. Effective as prodigiosin might be, the combination between Nrf2 and ubiquitin (degradation
biomarker of Nrf2) under prodigiosin and MC-LR interventions remained undiscovered. To confirm
the interaction between ubiquitin and Nrf2, immunoprecipitation experiments were carried out and
results suggested that the binding of Nrf2 and ubiquitin was enhanced with treatment of MG132, but it
was weakened after being treated with MC-LR and prodigiosin (Figure 4). Unbinding between Nrf2
and ubiquitin suggested Nrf2 was released from plasm and transferred into nucleus, based on the
results of cytoplasmic and nuclear protein Western blot. Therefore Nrf2 was released and triggered the
overexpression of genes in the pathway. In another study on p47phox, a cytosolic subunit of NADPH
oxidase, was similarly concluded that p47phox activated Nrf2 through attenuating ubiquitination. They
raised an interesting hypothesis that p47phox bound to Nrf2, consequently ubiquitination mediated
by Keap1 was interfered and Nrf2 began accumulating in the nucleus [39]. In addition to interpret
the way Nrf2 was activated, it provided a new thought of how Nrf2 react to exogenous compound.
Further study of prodigiosin is needed to investigate the interaction mechanism between prodigiosin
and Nrf2-related protein.

Since Nrf2 acts a specific role in cytoprotection, whether could cells resist ROS when Nrf2 is
knocked down must be considered. A study about sulforaphane-inhibited toxicity induced by MC-LR
demonstrated that antioxidative activities were abolished when Nrf2 was knocked down in NIH 3 T3
cells [40]. In present study, the significant difference of ROS level observed in ShControl and ShNrf2
cells treated with MC-LR indicated the absence of Nrf2 might lead to higher ROS levels when the
cells were affected by MC-LR. After treated with prodigiosin, ROS level declined compared to MC-LR
treated cells but did not differ significantly among prodigiosin-treated ShControl and ShNrf2 groups,
suggesting prodigiosin inhibited ROS induced by MC-LR and might promote Nrf2 to inhibit ROS



Toxins 2019, 11, 403 9 of 13

in ShNrf2 cells (Figure 5a). Results of Western blot confirmed that prodigiosin treatment promoted
the expression of Nrf2 back to normal level, while MC-LR could not significantly bring any effect
(Figure 5b), indicating prodigiosin could restore Nrf2 level and therefore attenuate ROS in Nrf2
knocked-down cells.

In conclusion, we have shown that MC-LR can overproduce ROS and slightly increase translocation
of Nrf2 into nucleus. Acting as the antagonist against MC-LR, prodigiosin significantly boosts Nrf2
entry to the nucleus by inhibiting ubiquitination degradation and consequently activates antioxidative
enzymes. In Nrf2 knocked-down cells, prodigiosin is able to rebound Nrf2 and therefore might
scavenge ROS. Results suggest that prodigiosin presents the protective mechanism against oxidative
stress and reduces damage caused by MC-LR through activating Nrf2.

4. Materials and Methods

4.1. Cell Culture and Treatment

HepG2 cells were obtained from Cancer Research Institute of Central South University (Changsha,
China) and cultured in RPMI 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10%
FBS (Gibco, Grand Island, NY, USA) and penicillin–streptomycin solution (Gen-View, Calimesa, CA,
USA) in a humidified incubator at 37 ◦C and 5% CO2. HepG2 cells were seeded in 6-cm-dish at 37 ◦C
for 20 to 28 h; then prodigiosin (Enzo Life sciences, New York, NY, USA) stock solution was added
directly to cell culture media at a final concentration of 0.2 or 0.4 µM for 6 h. In the last 1 h, MC-LR
(Taiwan Algal Science Inc., Taiwan, China, purity ≥95%) stock solution was added directly to cell
culture media at a final concentration of 1 µM for 1 h.

4.2. CCK8 Assay

The CCK8 assay was performed to assess the impact on cell viability. Cells were seeded in 96-well
plates at a concentration of 4 × 103 cells/well, cultured for 16 h and subsequently treated with different
concentrations of prodigiosin (0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 µM) for 24 h. Then, 10 µL CCK8
(biotool, Kirchberg, Switzerland) was added to each well, and cells were incubated for 3 h at 37 ◦C.
Absorbance was measured using a microplate reader (BioTek, Winooski, VT, USA) at the wavelength of
450 nm. Cell viability was expressed as percentage of CCK8 reduction. Each experiment was repeated
three times.

4.3. ROS Assay

The formation of intracellular ROS was determined using DCFH-DA (Sigma-Aldrich, St. Louis,
MO, USA). HepG2 cells were seeded at a density of 3 × 105 into 3.5 cm-dish. After 24 h of incubation
at 37 ◦C in 5% CO2, RPMI 1640 medium was refreshed and cells were treated with prodigiosin (0.2,
0.4 µM) for 5 h. Then cells were treated with MC-LR (1 µM) for 1 h. After that, the culture medium
was refreshed again and DCFH-DA was added. After 1 h, culture medium was removed and cells
were preserved in PBS. Spectrofluorimeter (PerkinElmer, Waltham, MA, USA) was used to detect the
fluorescence at excitation wavelength of 485 nm and emission wavelength at 525 nm.

4.4. Western Blot Analysis

The Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) was
used for nuclear and cytoplasmic proteins extraction. Cell were harvested and lysed in radio
immunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, China) with protease inhibitor
phenylmethylsulfonyl fluoride (PMSF) (Beyotime, Shanghai, China). The lysates were centrifuged at
10,000 g, 4 ◦C, for 15 min. Protein concentration was determined by Ultra-micro spectrophotometer
(Implen, Munich, Germany). Proteins were separated on 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with 5% non-fat milk for 1 h and incubated with primary antibodies overnight
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at 4 ◦C. Then the membranes were washed with Tris-Buffered Saline Tween20 (TBS-T) and incubated
with secondary antibody for 1.5 h. Chemiluminescence imaging system (Tanon 5500, Shanghai, China)
was used to detect the membranes. Protein levels were standardized by comparison with Lamin B
(Santa Cruz, Dallas, CA, USA) or α-tubulin (ABclonal, Boston, MA, USA). Representative blots were
chosen from three independent experiments.

4.5. Immunofluorescence Assay

HepG2 cells (4 × 104/well) were cultured on coverslips in 24-well plates for 24 h. Then cells were
treated with prodigiosin (0.4 µM) for 6 h and MC-LR (1 µM) for 1 h. After treatment, cells were fixed
using 4% paraformaldehyde solution (Dingguo, Beijing, China) for 40 min, permeabilized with 0.1%
Triton-X (Solarbio, Beijing, China) for 20 min, and blocked with Goat Serum (Boster, Wuhan, China) for
1 h. Then, cells were incubated with Nrf2 primary antibody (Abcam, Cambridge, UK) at 4 ◦C overnight.
After that, cells were incubated with fluorescent secondary antibody for 2 h at room temperature and
stained with DAPI for 5 min. Finally, coverslips were mounted using antifade mounting medium
(Boster, Wuhan, China) on slides, observed, and photographed using fluorescence microscope (ZEISS,
Jena, Germany).

4.6. Immunoprecipitation

After treatment with prodigiosin (0.4 µM) for 6 h and MC-LR (1 µM) for 1 h, HepG2 cells were
lysed with cell lysis buffer containing 1 mM PMSF. The lysates were stirred at 4 ◦C for 2 h, and the
homogenates were centrifuged at 12,000 g for 15 min at 4 ◦C. The protein concentrations of supernatants
were determined using Ultra-micro spectrophotometer. For immunoprecipitation, the cell extracts
(0.5 mg) were pre-incubated with 2 µg normal rabbit immunoglobulin G (IgG) and 20 µL Protein
A agarose beads for 2 h to reduce nonspecific reactions. The mixture was centrifuged at 4 ◦C at
2500 rpm for 5 min. After that, the supernatants were incubated with 2 µg of anti-Nrf2 antibody
(Dingguo, Beijing, China) at 4 ◦C overnight and then mixed with 30 µL Protein A agarose beads
(Beyotime, Shanghai, China) at 4 ◦C for 3 h. Then, immunoprecipitation solutions were centrifuged at
2500 rpm for 5 min at 4 ◦C to collect the beads, and the beads were washed once with cell lysis buffer.
The complexes were eluted with 30 µL SDS loading buffer, heated at 100 ◦C for 5 min, and analyzed by
Western blotting.

4.7. Transfection

ShRNA (ccggacTGACAGAAGTTGACAATTActcgagTAATTGTCAACTTCTGTCAgttttt-tg)
targeting Nrf2 (GeneChem, Shanghai, China) was designed and cloned into double-marked lentivirial
vector GV248 (GeneChem, Shanghai, China). The plasmids were generated and transfected into
HepG2 using Lipofectamine 3000 (Thermo Fisher Scientific, Shanghai, China). Non-specific cells were
eliminated with puromycin treatment and sorted by flow cytometry. Transfected cells were cultured
and examined with ROS assay and Western blot.

4.8. Statistical Analysis

The experimental results were expressed as the mean ± SD of at least three independent
experiments. Statistical analyses were performed with SPSS 18.0 (Chicago, IL, USA). Data were tested
for normality of distribution and homogeneity of variance before analyzing. Statistical difference
between two groups were assessed by Student’s t-test. Data that met normality and homoscedasticity
were evaluated with one-way ANOVA followed by Student-Newman-Keuls (S-N-K) comparison
among multiple groups. Otherwise, data were analyzed with non-parametric tests. p < 0.05 was
considered statistically significant.

Author Contributions: Conceptualization, J.C.; methodology, J.C. and D.-X.H.; software, Y.L. and X.Z.; validation,
J.C., Y.L. and F.Y.; formal analysis, J.C. and Y.L.; resources, J.C. and F.Y.; data curation, Y.L. and J.X.; writing-original



Toxins 2019, 11, 403 11 of 13

draft preparation, Y.L.; writing-review and editing, J.C., Y.L., D.-X.H., F.Y. and X.F.; visualization, J.C. and Y.L.;
supervision, J.C., D.-X.H., F.L., F.Y. and X.F.; project administration, J.C., D.-X.H. and F.L.; funding acquisition, J.C.
and F.Y..

Funding: This research was funded by the National Natural Science Foundation of China (No. 81472972,
No. 81302421, No. 81773393), and the Natural Science Foundation of Hunan Province, China (No. 2017JJ4201 and
No. 2018JJ2550).

Conflicts of Interest: The authors declare no conflict of interest

References

1. Codd, G.A.; Morrison, L.F.; Metcalf, J.S. Cyanobacterial toxins: Risk management for health protection.
Toxicol. Appl. Pharm. 2005, 203, 264–272. [CrossRef] [PubMed]

2. Massey, I.Y.; Yang, F.; Ding, Z.; Yang, S.; Guo, J.; Tezi, C.; Al-Osman, M.; Kamegni, R.B.; Zeng, W. Exposure
routes and health effects of microcystins on animals and humans: A mini-review. Toxicon 2018, 151, 156–162.
[CrossRef] [PubMed]

3. Roegner, A.F.; Brena, B.; González-Sapienza, G.; Puschner, B. Microcystins in potable surface waters: Toxic
effects and removal strategies. J. Appl. Toxicol. 2014, 34, 441–457. [CrossRef] [PubMed]

4. Zimba, P.V.; Grimm, C.C. A synoptic survey of musty/muddy odor metabolites and microcystin toxin
occurrence and concentration in southeastern USA channel catfish (Ictalurus punctatus Ralfinesque)
production ponds. Aquaculture 2003, 218, 81–87. [CrossRef]

5. Beaver, J.R.; Manis, E.E.; Loftin, K.A.; Graham, J.L.; Pollard, A.I.; Mitchell, R.M. Land use patterns, ecoregion,
and microcystin relationships in U.S. lakes and reservoirs: A preliminary evaluation. Harmful Algae 2014, 36,
57–62. [CrossRef]

6. Loftin, K.A.; Graham, J.L.; Hilborn, E.D.; Lehmann, S.C.; Meyer, M.T.; Dietze, J.E.; Griffith, C.B. Cyanotoxins
in inland lakes of the United States: Occurrence and potential recreational health risks in the EPA National
Lakes Assessment 2007. Harmful Algae 2016, 56, 77–90. [CrossRef] [PubMed]

7. Carmichael, W.W. Assessment of blue-green algal toxins in raw and finished drinking water. AWWA Research
Foundation and American Water Works Association; American Water Works Association: Denver, CO, USA, 2000.

8. Greer, B.; McNamee, S.E.; Boots, B.; Cimarelli, L.; Guillebault, D.; Helmi, K.; Marcheggiani, S.; Panaiotov, S.;
Breitenbach, U.; Akçaalan, R.; et al. A validated UPLC–MS/MS method for the surveillance of ten aquatic
biotoxins in European brackish and freshwater systems. Harmful Algae 2016, 55, 31–40. [CrossRef] [PubMed]

9. Chen, L.; Yang, S.; Wen, C.; Zheng, S.; Yang, Y.; Feng, X.; Chen, J.; Luo, D.; Liu, R.; Yang, F. Regulation
of Microcystin-LR-Induced DNA Damage by miR-451a in HL7702 Cells. Toxins 2019, 11, 164. [CrossRef]
[PubMed]

10. Wen, C.; Yang, S.; Zheng, S.; Feng, X.; Chen, J.; Yang, F. Analysis of long non-coding RNA profiled following
MC-LR-induced hepatotoxicity using high-throughput sequencing. J. Toxicol. Environ. Health Part A 2018, 81,
1165–1172. [CrossRef]

11. Yang, S.; Chen, L.; Wen, C.; Zhang, X.; Feng, X.; Yang, F. MicroRNA expression profiling involved in
MC-LR-induced hepatotoxicity using high-throughput sequencing analysis. J. Toxicol. Environ. Health Part A
2018, 81, 89–97. [CrossRef] [PubMed]

12. Eriksson, J.E.; Toivola, D.; Meriluoto, J.A.; Karaki, H.; Han, Y.G.; Hartshorne, D. Hepatocyte deformation
induced by cyanobacterial toxins reflects inhibition of protein phosphatases. Biochem. Biophys. Res. Commun.
1990, 173, 1347–1353. [CrossRef]

13. MacKintosh, C.; Beattie, K.A.; Klumpp, S.; Cohen, P.; Codd, G.A. Cyanobacterial microcystin-LR is a potent
and specific inhibitor of protein phosphatases 1 and 2A from both mammals and higher plants. FEBS Lett.
1990, 264, 187–192. [CrossRef]

14. Hagenbuch, B.; Meier, P.J. The superfamily of organic anion transporting polypeptides. Biochim. Biophys. Acta
2003, 1609, 1–18. [CrossRef]

15. Yang, F.; Wen, C.; Zheng, S.; Yang, S.; Chen, J.; Feng, X. Involvement of MAPK/ERK1/2 pathway in
microcystin-induced microfilament reorganization in HL7702 hepatocytes. J. Toxicol. Environ. Health Part A
2018, 81, 1135–1141. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.taap.2004.02.016
http://www.ncbi.nlm.nih.gov/pubmed/15737680
http://dx.doi.org/10.1016/j.toxicon.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30003917
http://dx.doi.org/10.1002/jat.2920
http://www.ncbi.nlm.nih.gov/pubmed/24038121
http://dx.doi.org/10.1016/S0044-8486(02)00519-7
http://dx.doi.org/10.1016/j.hal.2014.03.005
http://dx.doi.org/10.1016/j.hal.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28073498
http://dx.doi.org/10.1016/j.hal.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28073545
http://dx.doi.org/10.3390/toxins11030164
http://www.ncbi.nlm.nih.gov/pubmed/30875960
http://dx.doi.org/10.1080/15287394.2018.1532717
http://dx.doi.org/10.1080/15287394.2017.1415580
http://www.ncbi.nlm.nih.gov/pubmed/29265921
http://dx.doi.org/10.1016/S0006-291X(05)80936-2
http://dx.doi.org/10.1016/0014-5793(90)80245-E
http://dx.doi.org/10.1016/S0005-2736(02)00633-8
http://dx.doi.org/10.1080/15287394.2018.1532715
http://www.ncbi.nlm.nih.gov/pubmed/30422063


Toxins 2019, 11, 403 12 of 13

16. Fischer, W.J.; Dietrich, D.R. Pathological and Biochemical Characterization of Microcystin-Induced
Hepatopancreas and Kidney Damage in Carp (Cyprinuscarpio). Toxicol. Appl. Pharmacol. 2000, 164,
73–81. [CrossRef] [PubMed]

17. Gehringer, M.M. Microcystin-LR and okadaic acid-induced cellular effects: A dualistic response. FEBS Lett.
2004, 557, 1–8. [CrossRef]

18. Stankovic, N.; Senerovic, L.; Ilic-Tomic, T.; Vasiljevic, B.; Nikodinovic-Runic, J. Properties and applications of
undecylprodigiosin and other bacterial prodigiosins. Appl. Microbiol. Biot. 2014, 98, 3841–3858. [CrossRef]
[PubMed]

19. Darveau, R.P.; Lynch, D.L. The antibiotic activity of prodigiosins against certain blue-green and green algae.
Phycologia 1977, 16, 349–351. [CrossRef]

20. Yang, F.; Wei, H.; Li, X.; Li, Y.; Li, X.; Yin, L.; Pu, Y. Isolation and characterization of an algicidal bacterium
indigenous to lake Taihu with a red pigment able to lyse microcystis aeruginosa. Biomed. Environ. Sci. 2013,
26, 148–154.

21. Elahian, F.; Moghimi, B.; Dinmohammadi, F.; Ghamghami, M.; Hamidi, M.; Mirzaei, S.A. The anticancer
agent prodigiosin is not a multidrug resistance protein substrate. DNA Cell Biol. 2013, 32, 90–97. [CrossRef]

22. Ibrahim, D.; Nazari, T.F.; Kassim, J.; Lim, S. Prodigiosin—An antibacterial red pigment produced by Serratia
marcescens IBRL USM 84 associated with a marine sponge Xestospongia testudinaria. J. Appl. Pharmaceut.
Sci. 2014, 4, 1–6.

23. Papireddy, K.; Smilkstein, M.; Kelly, J.X.; Shweta; Salem, S.M.; Alhamadsheh, M.; Haynes, S.W.; Challis, G.L.;
Reynolds, K.A. Antimalarial activity of natural and synthetic prodiginines. J. Med. Chem. 2011, 54, 5296–5306.
[CrossRef] [PubMed]

24. Arivizhivendhan, K.V.; Mahesh, M.; Boopathy, R.; Swarnalatha, S.; Mary, R.R.; Sekaran, G. Antioxidant and
antimicrobial activity of bioactive prodigiosin produces from Serratia marcescens using agricultural waste as
a substrate. J. Food Sci. Technol. Mysore 2018, 55, 2661–2670. [CrossRef] [PubMed]

25. Lu, H.; Lei, X.; Zhang, Q. Moderate activation of IKK2-NF-kB in unstressed adult mouse liver induces
cytoprotective genes and lipogenesis without apparent signs of inflammation or fibrosis. BMC Gastroenterol.
2015, 15, 94. [CrossRef] [PubMed]

26. Butterfield, D.A. Amyloid beta-peptide (1-42)-induced oxidative stress and neurotoxicity: Implications for
neurodegeneration in Alzheimer’s disease brain. A review. Free Radical Res. Commun. 2002, 36, 1307–1313.
[CrossRef]

27. Zandalinas, S.I.; Mittler, R. ROS-induced ROS release in plant and animal cells. Free Radical Bio. Med. 2018,
122, 21–27. [CrossRef]

28. Wang, Z.; Li, G.; Wu, Q.; Liu, C.; Shen, J.; Yan, W. Microcystin-LR exposure induced nephrotoxicity by
triggering apoptosis in female zebrafish. Chemosphere 2019, 214, 598–605. [CrossRef] [PubMed]

29. Zhang, H.; Wu, Y.; Fang, W.; Wang, D. Regulatory effect of quercetin on hazardous microcystin-LR-induced
apoptosis of Carassius auratus lymphocytes in vitro. Fish. Shellfish Immun. 2014, 37, 278–285. [CrossRef]

30. Takumi, S.; Ikema, S.; Hanyu, T.; Shima, Y.; Kurimoto, T.; Shiozaki, K.; Sugiyama, Y.; Park, H.; Ando, S.;
Furukawa, T.; et al. Naringin attenuates the cytotoxicity of hepatotoxin microcystin-LR by the curious
mechanisms to OATP1B1- and OATP1B3-expressing cells. Environ. Toxicol. Phar. 2015, 39, 974–981.
[CrossRef]
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