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A B S T R A C T

Microcystin-LR (MC-LR) is a type of cyclic heptapeptide toxin produced by cyanobacteria during bloom events.
MC-LR-induced cell death is critically involved in its potent specific hepatotoxicity. Many studies have de-
monstrated that prototypical apoptosis as a form of programmed cell death after MC-LR is associated with liver
injury. However, whether another form of programmed cell death exists and the underlying mechanism have not
been reported. Here, we demonstrate that MC-LR can induce necroptosis via ROS overactivation in primary
mouse hepatocytes. Various potential pathways of programmed cell death induced by MC-LR were evaluated by
annexin V/PI dual staining for flow cytometric analysis, image-based PI staining analysis and western blot
analysis. Cell viability was determined by the CCK8 assay. Rupture of the plasma membrane was indicated by
lactate dehydrogenase release. ROS was evaluated with the carboxy-H2DCFDA fluorescent probe. It was found
that in MC-LR-treated cells, as the plasma membrane was damaged, annexin V/PI-stained double-positive cells
were significantly induced and PI-stained nuclei were more diffuse. Western blot analysis showed that MC-LR
treatment significantly upregulated the expression of necroptotic and apoptotic proteins. Mechanistically, MC-
LR induced ROS overproduction by dysregulating the expression and activity of the pro-oxidants SOD1, MAOA,
and NOX4 and the antioxidant GPX1. These results indicate the presence of a novel mechanism for MC-LR-
mediated liver injury and present a novel target in the treatment of MC-LR-exposed patients.

1. Introduction

In recent years, due to serious eutrophication of freshwater, cya-
nobacterial blooms in aquatic environments have increased all over the
word (Lone et al., 2017; Shuai et al., 2017). Accumulating evidence
shows that toxins produced by cyanobacteria are responsible for var-
ious fatalities in animals and humans (Falconer and Humpage, 2005;
Gehringer, 2004). Cyanobacteria (blue-green algae) are capable of
producing a wide range of toxins including hepatotoxins, neurotoxins,
cytotoxins, dermatoxins and irritant toxins (lipopolysaccharides)
(Amado and Monserrat, 2010). Among these cyanotoxins, the cyclic
heptapeptide toxins microcystins (MCs) are the most commonly oc-
curring and the most widely studied natural toxins (Bischoff, 2001).
More than 90 isoforms of MCs have been detected, among which mi-
crocystin-LR (MC-LR) is the most ubiquitous and toxic (Campos and
Vasconcelos, 2010), and is classified as a type II B potential carcinogen
by the International Agency for Research on Cancer. Aquatic organisms

are particularly at risk of exposure to MCs, which can come into the
direct contact of organisms after the senescence and lysis of cyano-
bacterial cells. In addition, some phytoplanktivorous and omnivorous
species ingest cyanobacterial cells as food (Amado and Monserrat,
2010; Huang et al., 2015). This leads to the bioaccumulation of MCs in
aquatic animals and their entry into the food chain, where they pose a
health risk to livestock and human beings (Jia et al., 2014; Song et al.,
2007). MCs are able to induce a series of liver injuries, including acute
liver failure and primary liver cancer (Pouria et al., 1998; Soares et al.,
2006; Zegura et al., 2011). Humans can be exposed to MCs through
several routes: the oral one is the most important by far, and it occurs
via ingestion of contaminated drinking water or food (including dietary
supplements). In addition, dermal/inhalation exposure occurs through
the domestic use of water (i.e., during a shower) or with professional
and recreational activities (i.e., fishing). At present, the exact me-
chanisms of MC-induced hepatotoxicity and tumor promotion activity
have not been fully elucidated.
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Critical to preventing MC-LR-induced liver injury is understanding
the molecular basis behind MC-LR-induced hepatocyte cell death. The
current literature largely focuses on apoptosis as a form of programmed
cell death after MC-LR-induced liver injury (Chen and Xie, 2016; Ding
et al., 2000; Kleppe et al., 2015). This hypothesis has been extensively
tested in primary rat hepatocytes, and transfected cell models (Ding
et al., 2000; Komatsu et al., 2007; Takumi et al., 2010). However,
Fladmark et al. reported that the mammary carcinoma cell line MCF-7
with a defective caspase-3 enzyme, which is highly resistant to pan-
caspase inhibitor Z-VAD-fmk-induced apoptosis, is sensitive to MC-LR-
induced cell death (Fladmark et al., 1999). This finding indicates that
MC-LR induces cell death in this cell line through a mechanism other
than apoptosis. Whether another form of programmed cell death in
addition to apoptosis might exist in MC-LR-treated cells still needs to be
investigated.
Necroptosis and pyroptosis have been characterized as the two main

types of lytic programmed cell death (Zhang et al., 2018). Necroptosis
occurs in a caspase-independent manner, and the morphological fea-
tures of necroptotic cells (including early membrane integrity, cell and
intracellular organelle swelling) more closely resembles those of clas-
sical necrosis than apoptosis. Crucial to necroptosis is the activation of
both receptor-interacting protein (RIP) 1 and RIP3; phosphorylation of
MLKL by RIP3 leads to MLKL oligomerization and, subsequently, the
disruption of plasma membrane integrity (Cai et al., 2014; Cho et al.,
2011; Cho et al., 2009; Sun et al., 2012; Zhang et al., 2009). On the
other hand, pyroptosis is dependent on caspase activity; this pathway is
initiated by inflammasomes, which activate caspase-1 or caspase-11/4/
5 to cleave gasdermin D (GSDMD) or activate caspase-3 to cleave gas-
dermin E (GSDME). The N-terminal pore-forming domain of GSDMD or
GSDME undergoes oligomerization to form nonselective pores in the
membrane that drive cell swelling and membrane rupture, leading to
pyroptosis (Ding et al., 2016; Wang et al., 2017). Thus, presumably,
MC-LR might induce cell death via necroptotic or pyroptotic pathways.
In the present study, in order to understand the alternative me-

chanisms by which MC-LR induces cancer cell death, we examined the
expression and concentrations of necroptosis- and pyroptosis-associated
factors in primary cultured mouse hepatocytes subjected to MC-LR-in-
duced hepatotoxicity and cell injury. This is the first study to in-
vestigate the possible involvement of necroptosis and pyroptosis in the
cell death mechanisms of MC-LR in hepatocytes. We believe that our
findings have value from a therapeutic perspective, as identifying the
programmed cell death pathways involved will help determine future
targets for liver injury and associated diseases.

2. Materials and methods

2.1. Isolation and culture of mouse hepatocytes

The primary cultured mouse hepatocytes were isolated and purified
from a 28-day-old male C57BL/6 mouse with the modified two-step
perfusion method. An anaesthetized mouse liver was perfused with
calcium and magnesium-free Krebs-Ringer buffer containing col-
lagenase IV (Sigma Aldrich, St. Louis, MO, USA). The primary isolated
mouse hepatocytes were washed extensively with Dulbecco modified
Eagle medium (DMEM) to remove fibroblasts and liver non-par-
enchymal cells. The hepatocytes were then plated onto collagen-coated
plates coated with DMEM (Gibco BRL, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS; PAN-Biotech GmbH,
Adenbach, German) and penicillin (50 IU/m) and streptomycin (50 μg/
ml, Gibco). All animal experiments were performed in accordance with
the animal protocols and regulations of the FJMU Experimental Animal
Ethics Committee of Fujian Medical University (Fuzhou, Fujian, China).

2.2. MC-LR treatment

The human hepatoma cell line HepG2 (HB-8065, ATCC, Manassas,

VA, USA) and mouse hepatoma cell line Hepa 1–6 (SCSP-512, Stem Cell
Bank, Chinese Academy of Sciences) were maintained in DMEM, sup-
plemented with 10% (v/v) FBS. The cyanobacterial toxin MC-LR used in
the toxicity assays was purchased from Enzo Biochem (NY, USA), and
the purity was demonstrated to be 90–99% (HPLC analysis). The cells
were allowed to grow for 24 h and subsequently treated with freshly
prepared MC-LR (diluted in DMEM containing 10% FBS and 1% anti-
biotics) at concentrations ranging between 0 and 10 nM for primary
cultured mouse hepatocytes, 20 μM for HepG2 and 10 μM for Hepa 1–6.
DMEM without MC-LR served as the negative control. In some experi-
ments, z-VAD-fmk (5 μM, V116; Sigma), a potent pan-caspase inhibitor;
necrostatin-1 (nec-1) (N9037, 8 μM; Sigma), a specific inhibitor of RIP1;
mtROS scavenger Mito-tempo (3 μM); total ROS scavenger N-Acetyl-L-
cysteine (NAC, sigma, A7250, 5mM) or vehicle control was added 1 h
prior to the addition of MC-LR.

2.3. Periodic acid-Schiff staining

Hepatocytes synthesize glycogen, which can be identified by peri-
odic acid/Schiff (PAS) staining. Hepatocytes grown on glass cover-slips
were fixed with Carnoy fixative and stained with periodate solution for
10min. Following hematoxylin staining, the cover-slips were dried and
photographed with a microscope camera (Olympus, Tokyo, Japan).

2.4. Immunohistochemical analysis

Immunohistochemical evaluation of hepatocytes for cytokeratin 18
(CK18) expression was performed. Hepatocytes were seeded on glass
cover-slips and fixed with 4% paraformaldehyde for 30min. Following
this, endogenous peroxidase activity was quenched by incubation with
3% hydrogen peroxide. Subsequently, the sections were incubated with
anti-cytokeratin 18 (1:1500; Abcam, Cambridge, UK) for 1 h at room
temperature, and this was followed by labeling with horseradish per-
oxidase-conjugated secondary antibody for 30min at room tempera-
ture. Diaminobenzidine was applied as the chromogenic substrate, and
hematoxylin, as the nucleus counterstain. The results were examined
under a light microscope (Olympus IX71). Immunohistochemical as-
sessment was performed based on the prevalence and intensity of
brown granules.

2.5. Lactate dehydrogenase assay

MC-LR-induced lactate dehydrogenase (LDH) leakage was de-
termined by the LDH cytotoxicity assay kit (Roche Diagnostics, Basel,
Swiss) according to the manufacturer's instructions. Briefly, after MC-
LR exposure and the indicated treatment, the cells were lysed and the
supernatants and culture medium were collected to detect LDH release.
Absorbance values were monitored with a microplate reader (BioTek)
at 490 nm, and the percentage of LDH release was calculated.

2.6. Cell viability assay

Cell proliferation and survival were assessed using Cell Counting
Kit-8 (CCK-8; Dojindo, Kuma-moto, Japan), as described by the man-
ufacturer. Cells were seeded at a density of 5×103 cells per well in 96-
well plates and incubated for 24 h to induce adhesion. After 24 h, MC-
LR was added to the medium at the indicated concentrations. The cells
were then cultured for another for 12, 24, 48, 72, 96 or 120 h. Then,
10 μl of CCK-8 working solution was added into each well and in-
cubated at 37 °C for 0.5 h. Absorbance at 450 nm was measured using a
microplate reader (BioTek).

2.7. Flow cytometry analysis

To examine the morphological features of apoptotic and necrotic
cells, the cells were seeded in the 12-well plate format (Nunc Products,
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Thermo Fisher Scientific Inc.) at 40% confluency and subjected to the
indicated treatments. The cells were then collected, washed with PBS
twice and stained using the FITC Annexin V apoptosis detection kit (BD
Biosciences, NY, USA) according to the manufacturer's instructions. The
stained cells were analyzed with flow cytometry (FACSVerse, BD
Biosciences) using the FACSuite software (BD Biosciences). Apoptotic
cells were identified by annexin V staining, while necroptotic and
pyroptotic cells were identified by PI staining.

2.8. Microscopic imaging of cell death

To examine cell death, primary mouse hepatocytes were treated as
indicated in 35-mm glass bottom dishes for image capture. PI (5 ng/ml)
was added to the medium for monitoring cell membrane integrity.
Static bright field images of dead cells were captured using a confocal
microscope (Leica TCS SP8; Leica, Heidelberg, Germany) at room
temperature. The images were processed using the NIH Image J soft-
ware with the commercially available.

2.9. Activity analysis

Caspase-3 or −9 activity was determined using a caspase-3 or
caspase-9 activity assay kit (Beyotime Institute of Biotechnology,
Jiangsu, China) according to the manufacturer's instructions. Briefly,
after 2.5 nM MC-LR treatment, cells were lysed and the supernatant was
used to detect the activity of caspase-3 or −9. The adsorption values
were obtained at 405 nm with a microplate reader.
The enzymatic activity of SOD1, MAOA, NOX1 and GPX1 was

measured using an assay kit, according to the manufacturer's protocol
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The
protein concentration in the cell lysate was determined using the BCA
method to normalize enzymatic activity. The assay results are expressed
as the unit of enzymatic activity per milligram of protein (U/mg pro-
tein).

2.10. Measurement of intracellular ROS level

ROS detection was performed with an Image-iT LIVE green reactive
oxygen species detection kit (I36007; Molecular Probes, Eugene, OR) in
accordance with the manufacturer's instructions, Briefly, primary cul-
tured hepatocytes were seeded in 35-mm dishes at a density of 1× 105.
Following this, 25 μM of carboxy-H2DCFDA was added at 48 h after
MC-LR treatment and incubated for 30min. After counterstaining with
Hoechst 33342, the cells were visualized under a confocal microscope
(Leica, Heidelberg, Germany). The intracellular ROS appeared green,
and the green fluorescence intensity was calculated.

2.11. Determination of intracellular glutathione content

The intracellular glutathione (GSH) levels were measured with a
glutathione assay kit (Sigma). Briefly, 1× 108 cells were harvested and
resuspended in three volumes of 5% 5-sulfosalicylic acid. The suspen-
sion was then snap frozen in liquid nitrogen and thawed at 37 °C twice.
All the samples were centrifuged at 10,000g for 10min, and 10 μl of
each supernatant was assayed spectrophotometrically according to the
manufacturer's instructions. Absorbance was measured using a micro-
plate reader (BioTek) set to 412 nm.

2.12. RNA extraction and quantitative real-time PCR

Total RNA was extracted from MC-LR-treated cells with TRIzol re-
agent (Invitrogen), in accordance with the manufacturer's instructions.
The reverse transcription reaction was carried out with 2 μg of RNA by
using the PrimeScript RT-PCR Kit (TaKaRa, Japan) in accordance with
the manufacturer's recommendations. Quantitative real-time PCR
(qPCR) was performed with the Agilent Mx3000P Real-Time PCR

System (Agilent Technologies, Santa Clara, CA) and the SYBR Premix
Ex Taq Kit (TaKaRa) in accordance with the manufacturer's instruc-
tions. GAPDH served as an internal control. Each sample was measured
in triplicate. The relative mRNA levels of CAT, SOD1, SOD2, SOD3,
GSR, GSTT2, NOX4, NQO1, MAOA, UCP2, NOS3, GPX3, GPX1, and
GCLC were calculated by normalization to endogenous GAPDH mRNA
expression prior to comparative analysis with the 2–∆∆Ct method. The
primers used are listed in Table 1.

2.13. Western blot analysis

A total of 30 μg protein was subjected to 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, and the gels were electro-
phoretically transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica, MA). Protein blots were incubated separately with
the following primary antibodies: anti-GSDMD (ab225867) and anti-
GSDME (ab223877) from Abcam Biotechnology, and anti-caspase 3
(#9662), anti-caspase 9 (#9504), anti-PARP (#9542), anti-RIP1
(#9493), anti-RIP3 (#95702), anti-MLKL (#37705), anti-phospho-
MLKL (#37333) and anti-GAPDH (#2118) from Cell Signaling
Technology. Next, the corresponding alkaline phosphatase-conjugated
secondary antibodies were added. The bands were scanned using
ImageQuant LAS 4000 mini (GE Healthcare, Waukesha, WI, USA). The
intensity of the band signals was quantified using the densitometric
software Quantity One (BioRad, Hercules, CA, USA). GAPDH served as
an internal control.

2.14. Expression vectors construction and RNA interference assay

pCDNA3.1-GPX1 was constructed by ligation of the mouse GPX1
cDNA into the XhoI and KpnI sites of the pcDNA3.1(−)/myc-His A
(Invitrogen, Carlsbad, CA). GPX1 cDNA was synthesized by Anhui
General Biosystems Co.,Ltd. MAOA-specific small interfering RNA
(siRNA) mix (No. sc-35848), NOX4 siRNA mix (No. sc-41587) and

Table 1
List of primers used in the study.

Oligonucleotides Sequences (5′→ 3′) Product size
(bp)

CAT Forward GCCAATGGCAATTACCCGTC 277
Reserve GAGTGTCCGGGTAGGCAAAA

SOD1 Forward GGAACCATCCACTTCGAGCA 136
Reserve CTGCACTGGTACAGCCTTGT

SOD2 Forward AGAACCCAAAGGAGAGTTGCT 158
Reserve AGGCAGCAATCTGTAAGCGA

SOD3 Forward TGCTGCTCGCTCACATAACA 144
Reserve GAGGTTCTCTGCACCTGTCA

GSR Forward TGGCACTTGCGTGAATGTTG 233
Reserve CGAATGTTGCATAGCCGTGG

GSTT2 Forward CCTCAGCCCTGCTTTTGGTAT 296
Reserve TCATGTGCTGCCCTTTGAGTA

NOX4 Forward CCAAATGTTGGGCGATTGTGT 219
Reserve GGCTACATGCACACCTGAGA

NQO1 Forward AGCCAATCAGCGTTCGGTAT 237
Reserve TCGAGTCCTTCAGCTCACCT

GPX3 Forward CCAATACCTTGAACTGAATGCAC 206
Reserve GCTCTTTCTCCCCGTTCACA

GPX1 Forward CAGTTCGGACACCAGGAGAA 154
Reserve TCCGCAGGAAGGTAAAGAGC

GCLC Forward TTGGGTCGCAAGTAGGAAGC 283
Reserve GGTCTCTTCCCAGCTCAGTG

MAOA Forward ATCTCAGGATTGGCTGCTG 183
Reserve TTCTGTTCTGGGTTGGTCC

UCP2 Forward TCCACGCAGCCTCTACAAT 257
Reserve CAGTGCTCTGGTATCTCCGA

NOS3 Forward CTTCGTTCGGTTGACCAA 172
Reserve AGCAGGATGCCCTAACTACC

GAPDH Forward TGCACCACCAACTGCTTAGC 218
Reserve AGCTCAGGGATGACCTTGCC
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SOD1 siRNA mix (No. sc-36522) were obtained from Santa Cruz
Biotechnology, and NC-siRNA, a nontargeting siRNA, was used as a
negative control. 48 h after transfection the cells were harvested for
Western blot analysis, or Flow cytometry analysis.

2.15. Statistical analysis

All data were presented as the mean ± standard deviation (SD). An
unpaired t-test was used to analyze the differences between the dif-
ferent groups and the control group with the GraphPad Prism 7.0
software. A p value of< 0.05 was considered to indicate statistical
significance.

3. Results

3.1. Induction of programmed cell death by MC-LR

In the present study, primary cultured mouse hepatocytes were used
to systematically investigate the hepatotoxic characteristics of MC-LR.
The purity of the isolated mouse hepatocytes, as determined by CK18
immunohistochemical and PAS staining, was> 95% in all cases after
24 h of incubation (Fig. 1a and b). Considered in combination with cell
morphology, cells were used for the experiments after 24 h of culture.
To determine the non-cytotoxic concentration range of MC-LR, we

performed a dose-response analysis with freshly isolated primary mouse
hepatocytes by the CCK8 assay. MC-LR was added at a concentration
range of (0–100 nM) for 48 h, and the obvious dose-response curve was
obtained (Fig. 1c). The IC50 values, calculated from the curve, showed
that the 48 h IC50 values of MC-LR in primary mouse hepatocytes was
26 nM. These data indicate that primary mouse hepatocytes are highly
sensitive to MC-LR treatment, and MC-LR induces cytotoxicity when its
concentration reaches a certain level. For subsequent experiments, MC-
LR was not used at concentrations above 10 nM was the highest con-
centration tested for MC-LR.
In order to investigate the induction of programmed cell death by

MC-LR (Fig. 1d), Annexin V/PI dual staining for flow cytometric ana-
lysis was used to determine the level of apoptosis. As shown in Fig. 1e,
apoptosis was induced in MC-LR-treated cells, as a dose-dependent in-
crease in annexin V-positive staining without PI uptake was observed
(1.53%–12.50%, lower right quadrant). Further, MC-LR administration
also led to a significant dose-dependent increase in the annexin V and PI
double-positive cells (1.52%–15.19%, upper right quadrant). In the
case of annexin V and PI double staining, it is not possible to distinguish
between secondary necrotic/late apoptotic and necrotic cells using the
classical flow cytometry analysis. Inducing of apoptosis by MC-LR has
been extensively studied, but whether other forms of programmed cell
death in addition to apoptosis might exist in MC-LR-treated cells still
needs to be investigated.
To distinguish between late apoptotic and necrotic cells, image-

based analysis of Annexin V/PI staining was performed. As shown in
Fig. 1f, the MC-LR-treated cells exhibited diffuse PI staining, and
thereby, a very intense fluorescence signal all over the nuclear area on
account of the swollen necrotic nuclei; this was different from the small
areas of high PI intensity observed on account of the condensed chro-
matin present at the late apoptotic/secondary necrosis stage. Further-
more, the viability of cells dropped significantly upon MC-LR stimula-
tion (Fig. 1g); notably, the concentration of released LDH, which is an
indicator of plasma membrane rupture, was observed at a concentration
above 5 nM (Fig. 1h). These data together indicate that MC-LR induces
various types of programmed cell death, in addition to apoptosis, in
primary mouse hepatocytes.

3.2. Induction of necroptosis by MC-LR in primary mouse hepatocytes

MC-LR is known to induce cell death in primary hepatocytes by
caspase-3-dependent apoptosis pathways (Fladmark et al., 1999). In our

study, as expected, primary mouse hepatocytes treated with MC-LR
showed marked cleavage of the pro-apoptotic proteins caspase-3 and
caspase-9 and the caspase substrate PARP, which is concurrent with the
activation of caspase-3 and -9 (Fig. 2a-c).
Necroptosis and pyroptosis have been characterized as the two main

types of programmed necrosis pathways (Zhang et al., 2018). GSDMD
and GSDME were recently identified as key executors of pyroptosis (Shi
et al., 2015), so we investigated whether they are involved in MC-LR-
induced cell death. As shown in Fig. 2d-e, primary mouse hepatocytes
treated with MC-LR did not exhibit cleavage of pyroptotic GSDMD or
GSDME. This indicates that the programmed cell death mechanism of
MC-LR does not involve pyroptosis. On the other hand, when we ex-
amined the proteins associated with necroptosis, we found high levels
of RIP1, RIP3 and MLKL expression in the MC-LR-treated cells as
compared with the controls (Fig. 2f). RIP3-dependent signaling may
also mediate apoptosis (Dondelinger et al., 2013; Newton et al., 2014),
and it has been shown to directly regulate inflammatory signaling
(Vince et al., 2012). Therefore, in order to verify the findings, we
evaluated the expression of p-MLKL, a non-redundant executer of ne-
croptosis, in primary mouse hepatocytes by western blot analysis. The
p-MLKL levels were also substantially increased after MC-LR treatment,
in comparison with the control cells (Fig. 2f). Notably, the p-MLKL and
MLKL expression levels increased by 2.7- and 1.6-fold, respectively, in
MC-LR-treated cells; this is further indicative of MLKL phosphorylation
(Fig. 2g). Furthermore, necrostatin-1 (nec-1), a specific inhibitor of
RIP1, significantly reduced the number of PI+ cells (Fig. 3a). The re-
sults of western blot analysis also demonstrated that the expression of
RIP1, RIP3, MLKL and p-MLKL was significantly inhibited by nec-1
(Fig. 3b). On the other hand, z-VAD, a pan-caspase inhibitor, only
downregulated the number of annexin V–FITC+ cells, but did not affect
the number of PI+ cells after MC-LR treatment (Fig. 3a and c). Further,
co-treatment with both z-VAD and nec-1 resulted in a reduction in the
number of PI+ cells and annexin V–FITC+ cells (Fig. 3c). Moreover,
nec-1 significantly reduced LDH release, but z-VAD did not have the
same effect in MC-LR-treated cells (Fig. 3d). The decrease in the cell
viability of MC-LR-treated cells was significantly inhibited by nec-1 and
z-VAD (Fig. 3e). Similar results were obtained with mouse hepatoma
cell line Hepa 1–6 (Fig. 4a-c) and human hepatoma cell line HepG2
(Fig. 4d-f) treated with MC-LR at 20 μM (HepG2) or 10 μM (Hepa 1–6).
These results indicate that MC-LR induced programmed cell death in
primary mouse hepatocytes and hepatoma cell lines via necroptosis too
(in addition to apoptosis).

3.3. Role of ROS in MC-LR-induced necroptosis in primary mouse
hepatocytes

Excessive levels of ROS have been reported to be associated with
apoptotic or necroptotic cell death (Dixon and Stockwell, 2014;
Schieber and Chandel, 2014). Further, previous studies have shown that
excessive production of ROS and oxidative damage plays a significant
role in MC-LR-induced toxicity and apoptosis (Gates et al., 2003; Huang
et al., 2015; Jayaraj et al., 2006; Shammo and Stein, 2016). Therefore,
in this study, we investigated the role of ROS in MC-LR-induced pro-
grammed cell death. First, we examined the intracellular levels of total
GSH, a major intracellular antioxidant and indicator of ROS accumu-
lation, in the control and MC-LR-treated cells, and we found that MC-LR
exposure resulted in a significant drop in GSH (Fig. 5a). Next, to de-
termine whether MCLR-induced cell death is caused by intracellular
oxidative stress, carboxy-H2DCFDA was used as a probe to monitor the
ROS levels during live cell imaging. As shown in Fig. 5b and c, MC-LR-
treated cells produced considerably more ROS than control cells. We
tried to determine whether the increased ROS levels induced by MC-LR
were associated with changes in the levels of pro-oxidant/antioxidant
enzymes; therefore, the expression of 14 pro-oxidant/antioxidant en-
zymes [CAT (Deng et al., 2012; Yabe et al., 2002), SOD1 (Iuchi et al.,
2007), SOD2 (Hosoki et al., 2012), SOD3 (Kwon et al., 2015), GSR (Han

Y.-L. Wu, et al. Toxicology and Applied Pharmacology 377 (2019) 114626

4



(caption on next page)

Y.-L. Wu, et al. Toxicology and Applied Pharmacology 377 (2019) 114626

5



Fig. 1. MC-LR-induced cell death in primary mouse hepatocytes.
(a and b) Hepatocytes were isolated from 28-day-old C57BL/6 mice, and assessed after PAS (a) and IHC (b) staining. (c) The 48-h IC50 assay showed that the
minimum 50% inhibitory concentration of MC-LR in primary mouse hepatocytes is about 26 nM. (d) Schematic illustration of the screening strategy for different
forms of programmed cell death. (e) Flow cytometry analysis of propidium iodide (PI) and annexin V–fluorescein isothiocyanate (FITC)-stained cells treated with
2.5–10 nM MC-LR. (f) Representative confocal imaging of cells treated with 2.5 nM MC-LR. Cell morphological features were visualized by phase-contrast imaging
(upper panel), and cell integrity was monitored by annexin V–FITC and PI uptake (lower panel). (g and h) Detection of cell viability and LDH release in cells treated
with different concentrations of MC-LR. DMEM treatment served as the negative control. All data are shown as the mean ± SD values from three separate ex-
periments performed in duplicate. *p < .05 versus the control cells.

Fig. 2. Screening of biochemical markers in MC-LR-treated primary mouse hepatocytes.
(a–c) Apoptotic caspases and PARP were detected in MC-LR-treated or control cells. The activities of caspase-9 and caspase-3 are measured and shown (a). Cleavage
of caspase-9, caspase-3 and PARP in MC-LR-treated cells or control cells was detected (b and c). (d–e) MCLR-induced cleavage of the pyroptotic proteins GSDMD and
GSDME was assessed by western blot analysis. (f and g) Necroptotic RIP1, RIP3, and MLKL expression, MLKL phosphorylation and caspase-8 cleavage were also
detected. DMEM treatment served as the negative control. GAPDH served as a loading control for western blot analysis. Results are shown as the mean ± S.D. values
from three separate experiments performed in duplicate. *p < .05 versus the control cells.
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et al., 2017), GSTT2 (Schlormann et al., 2017), UCP2 (Pecqueur et al.,
2001), NQO1 (Wu et al., 2013), NOX4 (Lener et al., 2009), GCLC
(Sikalidis et al., 2014), NOS3 (Zhen et al., 2008), MAOA (Kaludercic

et al., 2010), GPX1 (Ardanaz et al., 2010), and GPX3 (Jin et al., 2011),
as shown in Table 2] was determined in MC-LR-treated cells and control
cells. Real-time RT-PCR (Fig. 5d) and western blot analysis (Fig. 5e and

Fig. 3. MC-LR-induced necroptotic death of primary mouse hepatocytes.
Primary mouse hepatocytes were treated with or without different inhibitors, including zVAD (5 μm z-VAD-fmk, a pan-caspase inhibitor) and nec-1 (8 μm necrostatin-
1, a specific inhibitor of RIP1), for 1 h, and this was followed by MC-LR treatment to evaluate the necroptotic features. (a) Representative confocal imaging of cells
treated with the indicated treatments. Cells were harvested at 48 h after MC-LR treatment, stained with PI and analyzed by confocal microscopy. Nuclei were
counterstained with Hoechst 33242 (blue). (b) Comparison of RIP1, RIP3, and MLKL expression and MLKL phosphorylation of cells with the indicated treatments. (c)
Flow cytometry analysis of PI- and annexin V–FITC-stained cells subjected to the indicated treatments. (d and e) Comparison of cell viability and LDH release in cells
subjected to the indicated treatments. Results are shown as the mean ± S.D. values of three separate experiments performed in duplicate. *p < .05 versus the
control cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. MC-LR-induced necroptotic death of hepatoma cell lines.
(a–c) Flow cytometry analysis, cell viability and LDH release assays subjected to the indicated treatments in mouse hepatoma cell line Hepa 1–6. (d–f) Flow cytometry
analysis, cell viability and LDH release assays subjected to the indicated treatments in human hepatoma cell line HepG2. Results are shown as the mean ± S.D.
values of three separate experiments performed in duplicate. *p < .05 versus the control cells.
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f) revealed that the expression levels of the pro-oxidant enzymes SOD1,
MAOA, and NOX4 in the groups exposed to MC-LR were significantly
elevated, while the level of the antioxidant GPX1 was significantly
decreased by MC-LR treatment. With regard to their enzymatic activity,
as shown in Fig. 5g, MC-LR treatment significantly induced the activity

of the pro-oxidants SOD1, MAOA, and NOX4 but reduced the activity of
the antioxidant GPX1. Thus, the expression levels and functional ac-
tivity of these enzymes showed good correlation. These data indicate
that the dysregulation of the pro-oxidant/antioxidant balance by MC-
LR treatment resulted in an imbalance in the dynamic balance between

Fig. 5. Involvement of the ROS pathway in necroptosis induced by MC-LR.
Primary mouse hepatocytes were treated with or without different inhibitors, including NAC (5mMN-Acetyl-L-cysteine, a total ROS scavenger), nec-1 (8 μm ne-
crostatin-1, a specific inhibitor of RIP1), or Mito-tempo (3 μM, an mtROS scavenger), and this was followed by MC-LR treatment to detect the ROS level or to evaluate
the necroptotic features. (a) MC-LR treatment resulted in a decrease in the GSH levels. GSH content was measured in MC-LR-treated or control cell lysates using a
glutathione assay kit, as described under Materials and Methods. (b and c) Effect of MC-LR on ROS generation in cells subjected to the indicated treatments.
Intracellular ROS appeared green under a fluorescent microscope, and the green fluorescent intensity was quantified. (d–f) Effects of MC-LR on the mRNA and protein
levels of the pro-oxidant/antioxidant enzymes. (g) The effects of MC-LR on SOD1, MAOA, NOX4 and GPX1 enzymatic activity were assayed spectrophotometrically.
(h) Representative confocal imaging of cells subjected to the indicated treatments. Cells were harvested at 48 h after MC-LR treatment, stained with PI, and analyzed
by confocal microscopy. (i and j) Comparison of RIP1, RIP3, and MLKL expression and MLKL phosphorylation of cells with the indicated treatments. (k) Comparison
of LDH release in cells subjected to the indicated treatments. (l and m) Effects of either over-expression of GPX1 or knockdown of MAOA, NOX4 and SOD1. Results
are shown as the mean ± S.D. values from three separate experiments performed in duplicate. *p < .05 versus the control cells. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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ROS production and elimination in hepatocytes. Moreover, as indicated
in Fig. 5h, treatment with MC-LR enhanced the number of PI+ cells,
which is indicative of cell death. However, N-acetyl-L-cysteine (NAC)
and mito-tempo, which are inhibitors of ROS, markedly attenuated the
MC-LR-induced ROS elevation, thereby rescuing cell death. Nec-1 was
also used as a positive control. Expectedly, NAC also inhibited the ex-
pression of RIP1, RIP3, MLKL, and p-MLKL (Fig. 5i and j), as well as
LDH release (Fig. 5 k). In addition, we further examined and compared
the levels of apoptosis and necroptosis by Annexin-V/PI dual staining
for flow cytometric analysis, in the control and MCLR-treated cells
without or with the treatments by NAC, GPX1 over-expression, RNA
interference of MAOA, NOX4 or SOD1. NAC was also used as a positive
control. As shown in Fig. 5I and m, a dramatic increase in the percen-
tage of Annexin-V-FITC(+)/PI(−) cells (lower right quadrant) and
Annexin-V-FITC(+)/PI(+) cells (upper right quadrant) were observed
in the MCLR-treated cells, indicating that MC-LR increased apoptotic
and necroptotic susceptibility of the cells. Either over-expression of
GPX1, or knockdown of MAOA, NOX4 or SOD1 moderately reduced the
percentage of the early apoptotic cells and necroptotic cells. But they
were more effective when used in combination than when used in-
dividually. These findings indicate that MC-LR induced necroptosis in
an ROS-dependent manner in primary mouse hepatocytes.

4. Discussion

In the present study, we demonstrate that MC-LR, which has so far
been reported only in association with apoptosis, can induce another
type of programmed cell death—necroptosis—in primary mouse he-
patocytes.
Due to its high molecular weight (varying from 900 to 1100 Da),

MC-LR is taken up by hepatocytes via the organic anion transporter
polypeptides 1B1 (OATP1B1) and OATP1B3 (Eriksson et al., 1990;
Fischer et al., 2005; Runnegar et al., 1995). Primary hepatocytes better
simulate the in vivo conditions, have higher OATP expression, and are
more susceptible to MCLR-induced cytotoxicity (Fischer et al., 2010;
Ulvestad et al., 2012). This was also proved by our present study, as
indicated in Fig. 3 and Fig. 4, primary cultured mouse hepatocytes are
more susceptible to MCLR-induced cytotoxicity (< 10 nM) than hepa-
toma cell lines (20 μM for HepG2 and 10 μM for Hepa 1–6). Thus, in the
present study, primary cultured mouse hepatocytes isolated by opti-
mized in situ perfusion methods were chosen as the in vitro model to
investigate the toxic effects of MC-LR. MC-LR has been shown to induce
programmed cell death in the form of apoptosis, but we wanted to in-
vestigate the potential involvement of necroptosis and pyroptosis as

programmed cell pathways too. Annexin V/PI dual staining with flow
cytometric analysis showed that the MC-LR-treated primary mouse
hepatocytes had a considerably lower cell viability rate than the control
cells and also exhibited significant LDH release (which is indicative of
plasma membrane rupture). In particular, the staining data and patterns
indicated the presence of necroptotic cells, as demonstrated by the
presence of PI-stained cells. These data indicate that MC-LR may induce
lytic programmed cell death through pathways other than apoptosis.
In order to determine which pathways are associated with MC-LR-

induced cell death, western blot analysis was used to detect the ex-
pression of key players associated with necroptotis and pyroptotis
(Fig. 2). MC-LR-treated cells showed significantly upregulated expres-
sion of the necroptotic proteins RIP1, RIP3, MLKL and p-MLKL, but no
marked cleavage of pyroptotic GSDMD and GSDME was observed.
Furthermore, the necroptotic inhibitor nec-1 was found to remarkably
attenuate the number of PI+ cells, but it did not affect the number of
apoptotic cells. In contrast, the apoptotic inhibitor zVAD only down-
regulated the annexin V–FITC+ cells and did not affect the necroptotic
cells. Thus, nec-1 and zVAD could inhibit necroptosis and apoptosis,
respectively, but they were more effective in treating MCLR-induced
cell injury when used in combination than when used individually
(Fig. 3 and Fig. 4). These results indicate that MC-LR treatment induced
both apoptosis and necroptosis, which coexisted in a relatively in-
dependent way, in the primary cultured mouse hepatocytes. Previous
studies have reported that activation of necroptosis is a pathophysio-
logical event in chronic inflammatory liver diseases, namely, alcoholic
and non-alcoholic steatohepatitis (Afonso et al., 2015; Gautheron et al.,
2014; Roychowdhury et al., 2013). Further, necroptosis has also been
suggested to mediate experimental acetaminophen-induced hepato-
toxicity in early phases, although the findings are controversial
(Deutsch et al., 2015; Ramachandran et al., 2013; Yang et al., 2016)
Further, p-MLKL has been detected in liver biopsy samples from pa-
tients with drug-induced liver injury (Wang et al., 2014). These findings
indicate that there might exist some crosstalk between apoptosis and
necroptosis as MC-LR treatment progresses; these pathways therefore
need further investigation.
Necroptosis plays a role in a wide range of pathological cell death

events, such as ischemic brain injury, myocardial infarction, ex-
citotoxicity and chemotherapy-induced cell death (Vandenabeele et al.,
2008). ROS have long been considered a driving force for necroptosis.
In particular, oxidation of specific cysteins in RIP1 by ROS leads to
necrosome activation (Yang et al., 2018). It has been reported that
RIP3-induced mitochondrial ROS production leads to necroptosis in
response to TNF-α stimulation (Yang et al., 2018; Zhang et al., 2009).

Table 2
14 pro-oxidant/antioxidant enzymes.

Enzymes Aliases Functions Reference

CAT Catalase,cas-1 Encode catalase, a key antioxidant enzyme defense against oxidative stress [Deng et al., 2012; Yabe et al., 2002]
SOD1 SOD; Cu/Zn Superoxide Dismutase Destroy intracellular radicals [Iuchi et al., 2007]
SOD2 Mn-SOD Destroy superoxide anion radicals from mitochondria [Hosoki et al., 2012]
SOD3 Extracellular Superoxide Dismutase

[CueZn]
Convert extracellular superoxide radicals into hydrogen peroxide and oxygen [Kwon et al., 2015]

GSR GR,GR1 Reduce oxidized glutathione disulfide (GSSG) to the sulfhydryl form GSH, an
important antioxidant

[Han et al., 2017]

GSTT2 GST Class-Theta-2 Catalyze the conjugation of reduced glutathione to a variety of electrophilic and
hydrophobic compounds

[Schlormann et al., 2017]

UCP2 SLC25A8, UCPH Regulate the production of reactive oxygen species from mitochondria [Pecqueur et al., 2001]
MAOA Amine Oxidase A Catalyze the oxidative deamination of biogenic and xenobiotic amines, generating

hydrogen peroxide
[Kaludercic et al., 2010]

NOS3 eNOS, Endothelial NOS A reactive free radicals, strongly susceptible to upregulation by ROS [Zhen et al., 2008]
NOX4 KOX-1 Catalyze the production of reactive oxygen species [Lener et al., 2009]
GCLC GLCL-H; Ggcs-hs A rate-limiting enzyme of GSH biosynthetic pathway [Sikalidis et al., 2014]
NQO1 NAD(P)H Quinone Dehydrogenase 1 Prevent the one electron reduction of quinones that results in the production of

radical species
[Wu et al., 2013]

GPX1 GSHPX1,GPXD Convert hydrogen peroxide and organic hydroperoxides to nonreactive products [Ardanaz et al., 2010
GPX3 GSHPx-3,GPXP Plasma antioxidant enzyme, inactivate ROS [Jin et al., 2011]
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Previous studies have indicated that MC-LR exposure could lead to
oxidative stress in cells and induce apoptosis or cell death (Chen and
Xie, 2016; Kleppe et al., 2015). As shown in our results (Fig. 5), gradual
elevation in ROS production was observed in hepatocytes exposed to
MC-LR, in accordance with previous studies (Huang et al., 2015). Our
study showed that MCLR-induced ROS overgeneration results in the
dysregulation of the pro-oxidants SOD1, MAOA, and NOX4 and the
antioxidant GPX1. Similarly, the involvement of NOX1 in necroptosis
has also been reported by Kim et al. (2007). NAC and mito-tempo
treatment, GPX1 over-expression, MAOA, NOX4 and SOD1 knockdown
effectively reduced ROS accumulation and thereby rescued MCLR-in-
duced necroptosis; this indicates that ROS signaling plays a causative
role in MCLR-induced cell death and hepatotoxicity. However, there is
some controversy with regard to the role of ROS in cell death. For in-
stance, some publications have indicated that modest amounts of ROS
can induce apoptosis, whereas necroptosis occurs when cells of a si-
milar type are exposed to high ROS levels (Saito et al., 2006; Takeda
et al., 1999; Teramoto et al., 1999). Therefore, ROS may play various
roles in cell death, for example, by directly oxidizing cellular compo-
nents and by initiating cell death through the activation of relevant
signaling pathways.
In summary, our study confirms that necroptosis occurs in MC-LR-

treated primary mouse hepatocytes. Further, the findings indicate that
MC-LR induces both apoptosis and necroptosis in this cell line, and
these processes appear to take place concurrently and independently of
each other. With regard to the involved molecules, it seems that ROS
acts as a causative factor for MC-LR-driven necroptosis. Thus, our study
demonstrates that MCLR-induced necroptosis is a novel target in the
treatment of patients exposed to MC-LR.
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