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Abstract: Cyanobacterial toxins, especially the microcystins, are found in eutrophied
waters throughout the world, and their potential to impact on human and animal health is a
cause for concern. Microcystin-LR (MC-LR) is one of the common toxic microcystin
congeners and occurs frequently in diverse water systems. Recent work suggested that
apoptosis plays a major role in the toxic effects induced by MC-LR in hepatocytes.
However, the roles of MC-LR in pancreatic beta cells have not been fully established. The
aim of the present study was to assess possible in vitro effects of MC-LR on cell apoptosis
in the rat insulinoma cell line, INS-1. Our results demonstrated that MC-LR promoted
selectively activation of NF-kB (increasing nuclear p50/p65 translocation) and increased
the mRNA and protein levels of induced nitric oxide synthase (iNOS). The chronic
treatment with MC-LR stimulated nitric oxide (NO) production derived from iNOS and
induced apoptosis in a dose dependent manner in INS-1 cells. Meanwhile, this effect was
inhibited by the NF-«xB inhibitor PDTC, which reversed the apoptosis induced by MC-LR.
Our observations indicate that MC-LR induced cell apoptosis via an iNOS-dependent
pathway. A well-known nuclear transcription factor, NF-kB, is activated and mediates
intracellular nitric oxide synthesis. We suggest that the apoptosis induced by chronic
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MC-LR in vivo presents a possible cause of B-cell dysfunction, as a key environmental
factor in the development of diabetes mellitus.
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1. Introduction

Microcystins (MCs) are a group of closely related cyclic heptapeptides produced by a variety of
common cyanobacteria. These are potent and highly specific hepatotoxins, the toxicity of which is
based upon their inhibition of protein phosphatase 1 and 2A, resulting in hyperphosphorylation of
cytoskeletal proteins [1]. Various other MC effects have also been reported, including neurotoxicity,
genotoxicity, and embryotoxicity, with some studies elucidating the potency of MCs as immune
intruders [2]. The adverse effects of MC-LR, as a key member of the microcystins, are closely related
to oxidative stress processes, free radicals and DNA damage, involved in major gene transcript
changes [3,4]. MC-LR induces programmed cell death or apoptosis both in vivo and in vitro [3,5].
However, the exact mechanisms underlying the suggested apoptosis-inducing potential are still
unknown. The expression of p53, Bcl-2 and Bax are involved in the regulation of MC-LR induced
apoptosis [6]. Recent studies have confirmed that the mechanism of MC-LR-induced hepatocyte
apoptosis is thought to include the involvement in oxidative stress [3,7]. In addition , NF-kB mediates
cellular apoptosis by MC-LR in HepG2 cells [8]. When human melanoma cells are exposed to
exceptionally high concentrations of the toxins, binding to the ATP synthetase subunit could be a
trigger of mitochondrial apoptotic signaling through perturbation of mitochondrial functions, with
possible leakage of cytochrome [9]. Apoptosis plays a major role in the toxicity induced by
microcystin-LR (MC-LR) in vivo.

The transcription factor , nuclear factor kappa B (NF-kB), is identified as a protein that binds to a
specific DNA sequence ,which is central in the regulation of inflammatory responses and control of the
innate immune system [10]. The general term NF-kB traditionally refers to the p50/p65 (pS0/RelA)
heterodimer, which is an apoptotic gene regulator. NF-xB-p65, a subunit of the NF-kappa-B
transcription complex, provides the gene regulatory function and plays a crucial role in inflammatory
and immune responses [11]. The inhibitory effect of I-kappa-B upon NF-kappa-B in the cytoplasm is
exerted primarily through the interaction with p65. p65 shows a weak DNA-binding site which could
contribute directly to DNA binding in the NF-kappa-B complex. The role of NF-kB in apoptosis is, up
to now, still controversial. In fact, it has been reported that it is either independent [12], or required in
both insulin-producing cells and in tumor cell lines [13,14]. NF-kB, as important transcription factor,
mediates various biological functions in vivo, but not as a final effector molecule. Previous studies
revealed that NF-«B acts in synergy with other transcription factors such as Ap-1 or Spl in order to
mediate an effective transcriptional activation. This suggests that a distinct combination of binding
sites for different transcription factors within individual gene promoters contributes to the selective
regulation of gene expression [15].

Nitric oxide (NO) is now recognized as one of the most important molecules influencing the
development, progression and treatment of diseases. A key component of its action is as a negative and
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positive regulator of apoptosis [16]. Constitutive levels of NO can be cytoprotective, in some instances
by acting as a free radical-scavenging antioxidant [17]. Many tumors produce low constitutive levels
of NO, which has been reported to promote angiogenesis and tumor growth [18]. During infection, NO
plays a crucial role in host defense mechanisms [19]. Rapid induction of iNOS expression can trigger
NO-dependent apoptosis in vitro, which appears to result from DNA damage and may be mediated by
a p53-dependent apoptotic pathway [20]. iINOS expression is typically absent in unstimulated cells, but
is markedly induced by pro-inflammatory cytokines including tumor necrosis factor-a, interleukin-1f,
and interleukin-6 [21,22]. Previous studies have shown that NO is an important modulator of apoptosis
in islet cells. Observations in islet cells have shown that IL-1B-mediated toxicity is partly induced by
production of reactive oxygen species, in particular nitric oxide (NO), through the activation of the
NF-xB pathway [23]. INOS gene silencing also protects these cells from inflammatory
cytokine-induced apoptosis and increases their capacity to secret insulin [24]. Therefore, intracellular
NO plays an important role in apoptosis in islet cells.

Based on the results described above, the aim of the present study was to investigate the toxicity of
MC-LR on pancreatic beta cell using the beta cell line INS-1.

2. Material and Methods
2.1. Reagents

Microcystin-LR (HLPC content 98%) was purchased from Alexis Biochemicals, Switzerland.
Ammonium pyrrolidine dithiocarbamate (PDTC, p8765) was purchased from Sigma-Aldrich, USA.

RPMI-1460 medium and Fetal bovine serum (FBS) were purchased from Gibco, USA. The
Lipofectamine 2000 reagent was obtained from Invitrogen Life Technologies, USA. The luciferase
reporter assay system and avian myeloblastosis virus reverse transcription system were obtained from
Promega, USA. The rabbit polyclonal antibody against iNOS was purchased from Santa Cruz
Biotechnology, USA. The rabbit polyclonal antibodies against p65 and p53 were purchased from Cell
signal technology, USA. Double Stain Apoptosis Detection Kit (Hoechst 33342/PI) was purchased
from GenScript, USA. Nitric Oxide Assay Kit (Griess Reagent) was purchased from Beyotime,
CHINA.The Annexin-V-FITC Apoptosis Detection Kit was purchased from BD Biosciences, USA.

2.2. Cell Culture

INS-1, a rat insulinoma cell line, was obtained from American type culture collection (ATCC),
USA. The cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS),
10 mmol/L HEPES, 2 mmol/L L-glutamine, 50 umol/L B-mercaptoethanol, 1 mmol/L sodium pyruvate,
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a humidified atmosphere containing
95% air and 5% CO,. The cells were exposed to various concentrations (50~1000 nM) of MC-LR or to
PDTC (1 uM or 5 uM) for the indicated times. Before the co-treatment with MC-LR and PDTC, cells
were pretreated with PDTC for 2 h.
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2.3. MTT Assay

Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, the cells were seeded in 96-well dishes at 1 x 10* to 2 x 10* cells per well, and
pretreated with or without MC-LR for 72 h. Each well was then supplemented with 10 pL MTT (Sigma)
and incubated for 4 h at 37 °C. The medium was then removed, and 150 pL dimethyl sulfoxide (Sigma)
was added to solubilize the MTT formazan. The optical density was read at 490 nm.

2.4. Hoechst/PI Staining

Apoptotic cell death was evaluated by staining the non-viable cells red with propidium iodide (PI)
and Hoechst 33342 (Sigma), which stained the nuclei of both live and dead cells blue. Staining with
Hoechst allows for the discrimination of apoptotic cells on the basis of nuclear morphology and
evaluation of membrane integrity. The Hoechst dye was added to the culture medium at a final
concentration of 5 pg/mL, and the cultured cells were incubated at 37 °C for 30 min. The PI (5 pg/mL)
solution was then also added immediately before observation in the fluorescence microscope.

2.5. Flow Cytometry

To estimate the number of apoptotic cells, cells were fluorescently labeled by addition of 20 pL of
binding buffer, 5 pL of Annexin V-FITC and 5 pL of propidium iodide. After incubation at room
temperature in the dark for 15 min, cells were applied to flow cytometry analysis. A minimum of
10,000 cells in the gated region was analyzed using a BD FACS Calibur Flow Cytometer. Results were
interpreted by the percentage of total cells appearing in each quadrant.

2.6. Immunofluorescence Microscopy

A standard immunostaining procedure was carried out to observe NF-kB nuclear translocation
activity. Cells grown on thick slides were washed with PBS, fixed by immersion at room temperature
with 4% polyformaldehyde for 20 min, and permeabilized with 0.1% Triton-X-100 in PBS at 4 °C for
10 min. Slides were then washed with PBS and blocked with blocking buffer consisting of 4% bovine
serum albumin (BSA) in PBS for 30 min at room temperature and then incubated with primary
anti-NF-kB (p65) monoclonal antibody diluted 1:25 in blocking buffer overnight at 4 °C, followed by
a secondary anti-rabbit FITC-labeled antibody incubation diluted 1:100 in blocking buffer at room
temperature for 1h. Subsequently, cells were stained with 5 pg/mL DAPI for 2 min and washed with
PBS. Coverslips and stained cells were captured and analyzed by a confocal laser scanning microscopy
system using a 400x magnification (LSM710, Carl Zeiss, Germany). Control samples with
HRP-conjugated secondary antibody and no DAPI showed a faint background staining (data not shown).

2.7. Transient Transfection and Luciferase Reporter Assay

The luciferase reporter construct 3xNF-kB-LUC and 3 % AP-1-LUC(NF-kB/AP-1 responsive
elements) was transiently transfected into INS-1 cells grown in 24 well plates using the Lipofectamine
2000 reagent according to the manufacturer’s instructions. The luciferase reporter construct driven by
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three copies of the NF-kB or AP-1 response elements were from B. M. Forman (Department of Gene
Regulation and Drug Discovery, Beckman Research Institute of City of Hope National Medical Center,
Duarte, CA, USA). A plasmid expressing the gene encoding P-galactosidase driven by the
cytomegalovirus (CMV) promoter (Clontech Laboratories, Palo Alto, CA, USA) was simultaneously
cotransfected as an internal control. The medium was replaced 4 h after transfection. Twenty-four
hours after transfection, the cells were treated with the indicated concentrations of MC-LR or PDTC
for an additional 24 h and harvested for luciferase reporter assays as described previously [25].

2.8. Real-Time RT-PCR Assay

Cells were cultured and treated as described above. The total RNA was extracted using Trizol
reagent. First-strand ¢cDNA synthesis was performed using 1 pg of total RNA and an avian
myeloblastosis virus reverse transcription system. The primers were designed using primer express
software (Applied Biosystems, Foster City, CA, USA). Real-time quantitative PCR was performed
using the SYBR Green PCR Master Mix and ABI Prism 7300 Sequence Detection System (Applied
Biosystems). All data were analyzed using the expression of the gene encoding B-actin as a reference.
The sequences of the primers used are available upon request. The iNOS gene primers were as
follows: forward primer, 5'-CTCACTGTGGCTGTGGTCACCTA-3' and reverse primer,
5'-GGGTCTTCGGGCTTCAGGTTA-3". The relative expression levels were calculated according to
the formula 272", where ACt is the difference in threshold cycle (Ct) values between the target gene
and the endogenous control.

2.9. Western Blot

Cells were cultured and treated as described above, and then lysed with ice-cold lysis buffer
containing 50 mmol/L Tris-HCI, pH 7.4; 1% NP-40; 150 mmol/L NaCl; 1 mmol/L EDTA; 1 mmol/L
phenylmethylsulphonyl fluoride; and complete proteinase inhibitor mixture (one tablet per 10 mL;
Roche Molecular Biochemicals, Indianapolis, IN, USA). After protein content determination using a
DC Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, USA), Western blotting was performed as
described previously [26].

2.10. NO Assay

INS-1 cells were seeded into 48-well plates for 24 h, and media was subsequently replaced by
200 pL of serum-free medium per well £ MC-LR. After 48 h of incubation, the medium was sampled
for NO determination using the Griess method.

2.11. Statistical Analysis

Differences between groups were analyzed using two-sided ¢ test and ANOVA with p < 0.05
considered statistically significant.
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3. Results
3.1. MC-LR Selectively Promotes Activation of NF-kB in INS-1 cells

Nuclear factor kappa B (NF-«B) and activator protein 1 (AP-1) transcription factors regulate many
important biological and pathological processes. Activation of NF-kB is mainly regulated by
pro-inflammatory cytokines and bacterial toxins (e.g., LPS, exotoxin B) [27]. AP-1 is a transcription factor
which is a heterodimeric protein composed of proteins belonging to the c-Fos, c-Jun, ATF and JDP
families. Fos, a key component of AP-1, is primarily transcriptionally regulated by various stimuli,
including cellular stress, ionizing and ultraviolet irradiation, DNA damage, and oxidative stress [28,29].
To analyze the relationship between nuclear transcription factor activity and MC-LR, activation of
NF-kB and AP-1 was determined by luciferase reporter assay. In our studies, MC-LR had no
significant effect on activation of AP-1 (data not shown). As depicted in Figure 1A, MC-LR
dose-dependently increased NF-kB response element reporter gene activity (NF-kB DNA-binding
activity) in cells, with maximum induction occurring at a concentration of 800 nmol/L (increases of
268% vs. control, p < 0.01). Furthermore, MC-LR increased NF-kB translocation from the cytoplasm
to the nucleus, increasing protein level of nuclear NF-xB (p65) as evaluated by Western blot and
immunostaining (Figure 1B and 1C). These data suggest that NF-xB, but not AP-1, is a mediator for
MC-LR -initiated toxicity in INS-1 cells.

Figure 1. Microcystin-LR (MC-LR) induces NF-kB activation in INS-1 cells. Cells were
treated with the indicated concentrations of MC-LR and PDTC (5 pmol/L) or not for 24 h.
(A) MC-LR dose-dependently increased NF-kB activation in luciferase reporter assay.
Values are the means = SD (n = 3) of three individual experiments. *p < 0.05, **p < 0.01
vs. control (DMSO); “p < 0.05, *p < 0.01 vs. group at the same dose of MC-LR without
PDTC; (B) Protein level of the p65 subunit of NF-xB, as determined by Western blot;
(C) Representative immunofluorescence localization for p65 subunit. MC-LR increased
NF-kB translocation from the cytoplasm to the nucleus. All MC-LR-induced increases

were reversed by PDTC.
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3.2. MC-LR Up-Regulates iNOS Expression and Stimulates NO Formation in INS-1 Cells

iINOS expression plays a critical role in proinflammatory cytokine-induced NO production [30]. In
order to determine whether MC-LR accumulated NO production by up-regulation of iNOS expression,
we investigated the mRNA and protein levels of iNOS by real-time RT-PCR and Western blot. As shown
in Figure 2, iNOS transcription and translation were markedly increased when cells were treated with
MC-LR for 48 h. Moreover, PDTC attenuated MC-LR-induced changes of iNOS mRNA and protein.
Extracellular NO in the media from INS-1 cells was not markedly detected until treatment with a low
concentration of MC-LR for 48 h (Figure 2B). NO is known to up-regulate and activate p53 (Cook et al.,
2004; Qiu et al., 2004) [31,32]. NO accumulation also accounts for the p53-dependent apoptotic
response to DNA damage .To evaluate whether NO formation mediated cell apoptosis, the expression of
p53 was observed by Western blot, which showed that the induction of iNOS coincided with p53
up-regulation when cells were treated with MC-LR for 48 h (Figure 2C). Therefore, NO derived from
iNOS plays an important role in MC-LR-induced B-cell toxicity.

Figure 2. MC-LR accelerates intracellular nitric oxide (NO) production by up-regulating
iINOS expression. Cells were treated with the indicated concentrations of MC-LR and
PDTC (1 pmol/L) for 48 h. (A,B). MC-LR significantly induced iNOS mRNA level and
increased NO synthesis, and PDTC partly inhibited this effect. Values are the means = SD
(n = 3) of three individual experiments. *p < 0.05, **p < 0.01 vs. control (DMSO);
" < 0.05, ™p < 0.01 vs. group at the same dose of MC-LR without PDTC; (C) MC-LR
up-regulated iNOS and p53 protein expression in a dose-dependent manner.
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3.3. Chronic Treatment with MC-LR Induces Apoptosis in INS-1 Cells

Maintenance of beta cell mass is critical for secretion of adequate amounts of insulin. Dysfunction
induced by the decreased population of cells is regarded as an important factor in the pathogenesis of
various metabolic diseases. To investigate the effect of MC-LR on pancreatic beta cells, cell viability
was determined using MTT assays. MC-LR inhibited the viability of INS-1 cells in a dose-dependent
manner (Figure 3A). To further examine the effects of MC-LR on pancreatic beta cell growth, two
different methods were used. Determination of DNA content by Hoechst/PI staining indicated that
MC-LR increased the amount of dead cells in INS-1 cells (Figure 3C). Quantitative evaluation of
apoptosis through annexin V-FITC/PI staining was analyzed by Flow Cytometry. As shown in Figure 3B, the
rate of apoptotic cells raised to 19.82% with the treatment of MC-LR (500 nmol/L) for 72 h.
Furthermore, pretreatment with PDTC prevented MC-LR-induced apoptosis, which was demonstrated
in the results described above. It seemed that NF-kB played a major role in apoptosis mediated by
MC-LR in vitro. Taken together, these results suggest that MC-LR activated the NF-kB signaling
pathway to induce cells apoptosis.

Figure 3. MC-LR induces apoptosis in INS-1 cells. (A) Cells were treated with the
indicated concentrations of MC-LR and PDTC (1 umol/L) for 72 h, analyzed by MTT
assay. Values are the means £ SD (n = 3) of three individual experiments. *p < 0.05,
**p < 0.01 vs. control (DMSO); “p < 0.05, *p < 0.01 vs. group at the same dose of MC-LR
without PDTC. Cells were treated with MC-LR (500 nmol/L) and PDTC (1 pmol/L) for
72 h; (B) Cells were stained with Annexin V-FITC and PI, analyzed by flow cytometry.
Data are expressed as % of Annexin V-FITC-positive and PI-negative cells (early stage of
apoptosis) and as % of Anexin V-FITC- and PI-positive cells (late stage of apoptosis and
necrosis); (C) Representative photographs of double staining of PI and Hoechst 33342. The
apoptotic cells were observed as PI intense signal after double staining.
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4. Discussion

Microcystin-LR (MC-LR), a potent environmental hepatotoxin produced by blue-green algae in
eutrophic surface waters, has received increasing worldwide attention in recent decades. In recent
years, the effect of Microcystins was mainly focused on liver injury in vivo. It was confirmed that
MC-LR could induce the production of large amounts of ROS in primary hepatocytes [3,33], and
stimulated the sustained activation of JNK (C-Jun N-terminal kinase) and its downstream targets [34].
Some results showed that MC-LR could induce apoptosis in a variety of cell types, characterized by
cell membrane blebbing, cytoplasmic shrinkage, nuclear chromatin condensation, DNA fragmentation
and formation of apoptotic bodies. In addition, MC-LR could affect Ca**-channels and insulin release
by inhibiting an extracellular phosphatase-like activity [35]. However, the role of Microcystins in the
regulation of pancreatic beta cell apoptosis is not clear. Our results provided new insight into MC-LR
toxicity. MC-LR promoted NF-kB activation and increased NO accumulation mediated by NF-kB. We
speculated that the NO-dependent apoptosis might be the main toxic pathway for MC-LR in INS-1
cells instead of inhibition to protein phosphatase activity. Apoptosis had been evidenced indirectly by
three independent methods in our studies. Furthermore, it has been reported that the loss of -cells
observed late in the course of diabetes mellitus might be the result of NO-induced apoptosis [36].
Therefore, Microcystin-LR, as an environmental factor, possibly plays an important role in the
development of diabetes.

It is well-known that pancreatic B-cell dysfunction is caused by chronic multi-factors such as
gluco-lipotoxicity and inflammatory mediators [37,38]. It has been reported that the B-cell decompensation
in the form of diabetes may involve excess nitric oxide generation by free fatty acids [39]. Glucose
induced production of IL-1beta in B-cells contributes to glucotoxicity in human pancreatic islets.
Moreover, in vitro exposure of islets from non-diabetic organ donors to high glucose levels resulted in
increased production and release of IL-1P, followed by NF-kB activation, iNOS up-regulation, DNA
fragmentation, and impaired B-cell function [40]. Thus, the islet expression of iNOS seems to be, at
least in part, a common signal pathway in both lipotoxicity and glucotoxicity. In addition, IL-18 may
be produced by beta cells themselves or by homing macrophages within the pancreas. Islet
inflammation and increased beta cell death have in particular been associated with the cytokine
IL-1pB [40]. Therefore, NO is a key marker of the signal transduction pathway for apoptosis in islet
cells. The mechanism of apoptosis induced by MC-LR showed such similarity in INS-1 cells. We
found that MC-LR up-regulated the mRNA level of iNOS by more than 30-fold in B-cells (Figure 2A).
MC-LR-induced NO accumulation was shown in a time and dose dependent manner, with maximum
production after 48 h (Figure 2B). Furthermore, MC-LR induced iNOS transcription, radical formation
and B-cell death were all reversed by NF-kB inhibitor, indicating a link between NO accumulation and
B-cell dysfunction.

Nuclear factor kappa B (NF-«xB) is a transcription factor thought to play an important role in the
onset of cell apoptosis. NF-kB activation coincided with the expression of the pro-inflammatory
marker iNOS. To determine the effects of NF-xB inhibition during apoptosis, the NF-kB inhibitor
pyrrolidine dithiocarbamate (PDTC) was given. The apoptosis from MC-LR to islets mediated by
INOS could be suppressed by PDTC, which led to cell survival (Figure 3). For this reason, NF-xB
might become a candidate target for new anti-inflammatory and anti-apoptosis treatment. However, the
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abrogation of NF-«kB activation did not completely prevent INS-1 cells from MC-LR-induced
apoptosis, suggesting that this event may not be totally dependent on NF-«xB activation.

Microcystin is a cyclic peptide comprising seven amino acids, as a potent hepatotoxin produced by
cyanobacteria. Only three human proteins (organic anion-transporting polypeptides OATP1B1, OATP1B3,
and OATP1A2) are thought to be able to mediate the hepatic uptake of microcystins, and the predominant
hepatic expression of these transporters accounts for the liver-specific toxicity of microcystins [41]. A
significant obstacle in the study of microcystins is the requirement of specific transport proteins for cellular
uptake. It has been reported that these transporters are expressed in a few cell lines created from liver,
colon, and pancreatic tumors [42,43]. It was suggested that MC-LR induced apoptosis in vitro with
obvious individual difference. Our observations indicated that a series of P-cell lines presented
different sensitivities to apoptosis induced by MC-LR, which was observed to be very resistant in
MING cells compared with INS-1 cells. In addition, MC-LR inhibited the viability of INS-1 cells at the
indicated concentrations (Figure 3A) as determined by MTT assay, but MC-LR had no significant
effect on apoptosis at the same dose (50 nmol/L) as analyzed by Hoechst/PI staining and flow
cytometry (data not shown). When the concentration of MC-LR was increased to 500 nmol/L,
apoptosis was markedly increased (Figure 3B and 3C). These results suggested that MC-LR might
inhibit pancreatic islet beta cell proliferation partly through cell apoptosis.

The uptake amount of MC-LR in mammals from drinking water was difficult to detect [44]. For this
reason, the effect of chronic toxicity was constantly dismissed. When cells were exposed to MC-LR
(10 pmol/L, beyond the physiological range) for 16 h, apoptosis was rapidly induced (data not shown).
However, MC-LR was able to induce apoptosis when cells were treated for a long period of time at
lower concentrations (Figure 3), which corresponded with toxicity in vivo. Therefore, a low
concentration of MC-LR in water could significantly interrupt cellular processes, and more care should
be taken in determining the criteria for microcystins content in drinking water.

In summary, we have demonstrated that MC-LR activated the NF-kB signaling pathway to
up-regulate iNOS expression and induce cells apoptosis, which provides additional insight into the
mechanism of MC-LR-induced toxicity in vivo.
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