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A B S T R A C T   

Okadaic acid (OA, C₄₄H₆₈O₁₃) is a neurotoxin and phosphatase inhibitor produced by several dinoflagellate 
species. OA is widely known to accumulate in black sponges and is associated with seafood poisoning. Humans 
can be exposed to OA by consuming contaminated shellfish that have accumulated toxins during algal blooms. 
Evidence from in vitro and in vivo studies demonstrate that OA exposure causes neurotoxicity in addition to 
diarrheal syndrome. It is unclear whether exposure to OA affects retinal function, a part of the central nervous 
system. We evaluated the toxicity of OA in human retinal pigment epithelial cells (ARPE-19) and in zebrafish 
retinas. Cell-based assays determined that OA significantly decreased cell viability in a dose-dependent manner 
and increased oxidative stress, inflammation and cell death compared to the untreated control group. In the in 
vivo study, zebrafish embryos at 24 h post fertilization (hpf) were treated with/without OA for four days, 
endpoint measurements including mortality, malformations, delayed hatching, altered heartbeat and reduced 
movement were performed. OA exposure increased mortality, decreased hatching, heartbeat rate, and caused 
morphological abnormalities. OA exposure also markedly decreased the expression of antioxidant genes and a 
significantly increased inflammation as well as evoking a loss of photoreceptors in zebrafish embryos. The data 
suggest that consuming OA-contaminated seafood can induce retinal toxicity.   

1. Introduction 

Anthropogenic activities have contributed to marine and freshwater 
pollution through industrial and domestic effluents (Dalton et al., 2015). 
These have boosted harmful algal blooms, a natural phenomenon that 
succeeds when phytoplankton colonies in aquatic environments fluo-
resce out of control producing toxins (Vale, 2004), which can intoxicate 
humans by consuming seafood, mainly molluscs and crustaceans 
(Tubaro and Hungerford, 2007). These toxins are currently classified 
into nine groups depending on their chemical characteristic and their 
effect on the intoxicated organism (Landsberg, 2002). The most common 
are the biotoxins: PSP (paralytic shellfish poisoning), NSP (neurotoxic 
shellfish poisoning), DSP (diarrheic shellfish poisoning), AZP (Azaspir-
acid Poisoning) and VSP (Venerupine Shellfish Poisoning), which are 
synthesised by dinoflagellates from the genus Gonyaulax, Gimnodinium 
and Pyrodinium; whereas the ASP (amnesic shellfish poisoning) is 

produced by diatoms (Fujiki et al., 1988). 
Cases of DSP intoxications were first reported in the 1960s in the 

Netherlands, then in Japan in 1970. Since then, several cases have been 
registered in South America and Europe (Aune and Yndstad, 1993; 
Yasumoto, 2003). The marine dinoflagellates Dinophysis are the main 
drivers of these intoxications, although they are irregularly distributed 
among species and zones of toxin production. These organisms are often 
found in the oceans, but their grouping does not always form the clas-
sical ‘red tide’. Nine toxins are produced by these groups of di-
noflagellates, of which okadaic acid (OA) and its derivatives are the 
most well characterised (Lee et al., 1989). 

Okadaic acid was primarily detected in the black sponge Halichon-
dria okadai on the Japanese Pacific coast (Prego-Faraldo et al., 2013). It 
usually accumulates in the hepatopancreas of mussels and oysters, 
causing diarrheic syndrome in humans after consuming these shellfish. 
As a dinophysistoxin, it causes toxicity by stimulating the 
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phosphorylation of proteins that control intestinal secretion by sodium. 
It is lipophilic and acts as a potent inhibitor for protein phosphatases 
(PP) 1 and 2 A, leading to the accumulation of hyperphosphorylated 
proteins in cells and alteration of several metabolic processes (Ikehara 
et al., 2010). One of the most well characterised toxic effects is the 
disruption of cell structure, causing the loss of the cell shape in culture, 
which is also a way to diagnose the presence of the toxin (Duracova 
et al., 2018). Although OA is known mainly as a diarrheic toxin, some 
studies indicate that OA results in the accumulation of phosphorylated 
microtubule associated proteins tau, concurrent with sudden changes in 
the neuronal cytoskeletal stability that provokes cell death in cortical 
neurons (Valdiglesias et al., 2013). OA is thus proposed to promote the 
disintegration of neurites, consequently leading to the swelling of 
cerebellar granule cell bodies (Yi et al., 2009). It can also condense 
chromatin, reorganise the cytoskeleton and incite DNA fragmentation, a 
characteristic of apoptosis (Opsahl et al., 2013; Munday, 2013). These 
observations affirm that OA precipitates neuronal death (Cruz et al., 
2013). However, it is unclear whether OA has similar toxic effects on the 
retina, as a part of the central nervous system. 

In this research, we evaluated the toxic effects of OA in vitro in human 
retinal epithelial cells and in vivo in zebrafish embryos. 

2. Materials and methods 

2.1. Cell viability 

Human retinal pigment epithelium (RPE) ARPE-19 cells (ATCC® 
CRL- 2302™) were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM)/F12 medium (Lonza, UK) supplemented with 10% fetal bovine 
serum (10%, v/v), Penicillin-Streptomycin (100 U) and 0.26% of So-
dium bicarbonate (Sigma, UK). To measure cell viability, ARPE-19 cells 
were cultured at a density of 30,000 cells/well in 96-well plates and 
incubated at 5% CO2 and 37 ◦C for 24 h. Confluent monolayers of cells 
were treated with Okadaic Acid (Santa Cruz Biotechnology) for 24 h at 
different concentrations (0, 10, 25, 50, 75, 100 and 125 nM). A con-
centration of 0.4 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)− 2,5- 
diphenyltetrazolium bromide) was used to assess cell viability, accord-
ing to the manufacture’s protocol. The absorbance at 570 nm was 
measured in a microplate spectrophotometer Epoch reader (Biotech, 
UK). The percentage of cell viability was determined using the following 
formula: % of viable cells = (absorbance of treated cells / absorbance of 
untreated cells) × 100. All experiments were performed in triplicate 
under the same conditions and repeated three times. 

2.2. Measurement of reactive oxygen species (ROS) 

ARPE-19 cells (30,000 cells/well) were seeded in clear-bottomed 
black 96-well plates and incubated for 24 h at 5% CO2 and 37 ◦C, 
then treated with 50 nM OA for 24 h. Afterwards, the medium was 
discarded and 10 mM DCFH-DA (6-Carboxy-20,70- Dichlorofluorescin 
diacetate) in PBS (Sigma, UK) was added to measure the total ROS, 
according to the manufacturer’s guidance. For in vivo study zebrafish 
embryos at 24 h post fertilization (hpf) were exposed to 50 nM OA for 4 
days then euthanised with MS-222 (Sigma, UK) and washed twice with 
cold-PBS. Embryos were subsequently homogenised in buffer containing 
0.32 mM sucrose, 20Mm HEPES, 1 mM MgCl2 and 0.5 mM of phenyl-
methyl sulfonylfluoride (PMSF), pH 7.4, followed by centrifugation at 
4 ◦C, 15.000g for 20 min. Twenty µL of supernatant was transferred to 
each well of a 96-well-plate and 8.3 µL of DCFH-DA solution was added 
followed by 30-minutes incubation at 37 ◦C in the dark. Fluorescence 
was measured at 485 nm (excitation) and 520 nm (emission) using a 
Fluostar Optima microplate reader (BMG-labtech). 

2.3. Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from ARPE-19 cell at a density of 5 × 105 

cells per well and zebrafish embryos (50 fish for each sample) untreated 
and treated with 50 nM OA using TRI Reagent (Sigma UK) according to 
the manufacture’s protocol. Complementary deoxyribonucleic acid was 
synthesised using a High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, UK) according to the manufacturer’s guidance. 
The qRT-PCR assay was used to quantify the expression of targeted 
genes using the Invitrogen (MT) Platinum (MT) kit containing MgCl2 
buffer (50 mM) Platinum® SYBR® Green and PCR Super Mix-UDG w/ 
ROX and was performed according to manufacture guidance. Quantifi-
cation of relative gene expression was calculated using the 2-ΔΔCT for-
mula and normalised to GAPDH, a housekeeping gene. The primer 
sequences for qRT-PCR are listed in Tables S1 and S2. 

2.4. Catalase, malondialdehyde and glutathione measurement 

Catalase (CAT) activity was measured in ARPE-19 cells (5 ×105 cells 
per well) and zebrafish embryos (50 fish for each sample) untreated and 
treated with 50 nM OA using a CAT kit (Nanjing Jiancheng Bio-
enegineering Institute) according to the manufacture’s protocol. After 
treatment, the samples were washed in cold PBS and resuspended in 
200 µL of ice-cold Assay Buffer followed by homogenisation. The sam-
ples were then centrifuged for 15 min at 10,000x g at 4 ◦C, the super-
natant was collected and transferred to a new 1.5 ml tube and kept on ice 
for the next steps as described in the manufacturer’s guidance. The 
measurement was immediately run at OD 570 nm on Epoch Microplate 
Reader. 

Malondialdehyde (MDA) was measured by using MDA kit (Nanjing 
Jiancheng Bioenegineering Institute). The ARPE-19 Cells and zebrafish 
embryos were treated with or without 50 nM OA, then washed with cold 
PBS and homogenised in 300 µL Lysis Solution on ice followed by 
centrifugation at 13.000 x g for 10 min. The supernatant was collected 
and the assay was carried out according to the manufacture’s protocol. 
The absorbance was immediately read on a microplate reader at OD 532 
nm. 

Total glutathione (GSH) was measured using the commercial kit 
(Nanjing Jiancheng Bioenegineering Institute). OA-treated or untreated 
ARPE-19 cells or zebrafish embryos were washed with PBS and resus-
pended in 100 µL of cold PBS, then quickly homogenised. The samples 
were then centrifuged for 5 min at 4 ◦C at 13,000g, afterwards the su-
pernatant was transferred to a new tube. The assay was performed ac-
cording to the manufacturer’s instructions. The fluorescence was 
determined on a microplate reader and the concentration was calculated 
based on a standard. 

2.5. Detection of cell death 

ARPE-19 cells were seeded onto round coverslips (16 mm diameter) 
in 6-well tissue culture plates (Greiner Bio-One, UK) incubated for 24 h, 
and then treated with or without 50 nM OA for 24 h. Cells were fixed 
with cold 4% w/v Paraformaldehyde for 25 min and washed with PBS 
three times (5 min/each) at room temperature. The cells were per-
meabilised by immersing the slides for 5 min in 0.2% (v/v) Triton® X- 
100 solution in PBS, followed by washing twice in cold PBS before being 
equilibrated at room temperature for 10 min. The DeadEnd™ fluoro-
metric TUNEL assay kit (Promega) was used to detect apoptosis. The 
samples were labelled with rTDT reaction mix for 60 min at 37 ◦C and 
stopped with 2 ×saline-sodium citrate (SSC) buffer, afterwards the 
coverslips were washed with cold PBS and incubated with 4′,6-dia-
midino-2-phenylindole (DAPI,0.5 mg/ml, Sigma, UK). The images were 
captured under a ZEISS LSM 800 confocal microscopy. Apoptosis was 
therefore quantified by counting TUNEL positive cells of 1000 cells 
using Image J. 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

Proinflammatory cytokines were detected by ELISA using human IL- 
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1β, IL-6, IL-8 and TNFα Mini ABTS ELISA Development Kits (PeproTech), 
respectively, following the manufacture’s instruction. Briefly, the cap-
ture antibody (1:200 dilution) was immediately added to each well of 
the ELISA plates and incubated overnight at room temperature. The 
unbound antibodies were removed and the plates were washed four 
times with washing buffer then incubated with blocking buffer for 60 
min at room temperature. Standards of individual cytokines (0–1000 
pg/ml) and media from OA-treated or untreated ARPE-19 cells were 
added in the plates and incubated for two hours at RT. The plates were 
washed four times and the detection antibody (0.5 μg/ml) was added, 
followed by incubation for two hours at room temperature. Avidin- 
horseradish peroxidase (HRP) conjugate (1:2000) was added and incu-
bated for 30 min at room temperature, followed by adding ABTS Liquid 
substrate. Absorbance was detected at 405 nm and 650 wavelengths, 
respectively, using Epoch Microplate Reader. 

2.7. Evaluation of cytoskeletal damage 

ARPE-19 cells were seeded onto round coverslips (16 mm diameter) 
in a 6-well plate (Greiner Bio-One, UK), incubated for 24 h, and then 
treated with or without 50 nM OA for 24 h. Cells were fixed with cold 4% 
Paraformaldehyde for 30 min and washed twice in PBS at room tem-
perature. The cells were permeabilized with 0.1% (v/v) Triton® X-100 
solution in PBS, followed by washing two times with PBS, then incu-
bated with FITC-labelled phalloidin (5 µg/ml, Sigma, UK) for 90 min in 
at room temperature. The cytoskeletal structure was observed under the 
confocal microscopy. 

2.8. Western blot 

Cells were lysed with ice-cold Nuclear and Cytoplasmic protein 
extraction buffer (Thermo Scientific), following which the lysates were 
collected and centrifuged (16200g for 20 min). Protein concentration of 
each fraction was determined using Precision Red Advanced Protein 
Assay reagent (Cat. number ADV02-A, Cytoskeleton Inc.) according to 
the manufacturer’s guidelines. Equal amounts of protein were separated 
in SDS-PAGE and transferred to nitrocellulose membrane (Amersham 
Biosciences). The membrane was blocked with 5%(w/v) skimmed milk 
for one hour at room temperature and incubated with primary antibody 
Histone H3 (1:1000 dilution) for the nuclear fraction or GAPDH (1:1000 
dilution) for Cytoplasmic fraction, or anti-NF-kB p65 antibody overnight 
at 4 ◦C. The membrane was washed three times and incubated with 
secondary antibodies (1:10,000) for one hour at room temperature. 
After washing, the signals were detected and analysed using the Image 
Studio™ Lite analysis software (LI-COR). 

2.9. Toxicity assay in the zebrafish embryo 

Zebrafish embryos at 24 hpf were exposed to OA at different con-
centrations of 0, 10, 25, 50, 75, 100 and 125 nM respectively. The 
treatments were carried out in 48-well plates (eight embryos/well) for 
four days. During the experiment, treatments were replenished every 24 
h and all dead embryos were removed to avoid intoxication of the living 
embryos due to the deterioration of dead ones. Parameters such as 
mortality, hatching, heartbeat and abnormality were recorded daily 
under a stereo light microscope to assure any abnormality in the em-
bryo’s development, specifically, altered heart rate, curved body axis, 
oedema and dark shade on the body, recorded. The images were 
captured from 48 to 120 hpf using a light microscope. 

2.10. Histology and immunohistochemistry 

OA-treated or untreated zebrafish larvae at 120hpf untreated and 
treated with 50 nM were fixed in 4% PFA overnight at 4 ◦C and washed 
twice with PBS (5 min each time). For haematoxylin and eosin (H&E) 
staining, embryos were dehydrated with 10% ethanol (6 mins), 30% 

ethanol (6 mins), 50% ethanol (6 mins), 70% ethanol (6 mins), 80% 
ethanol (3 ×6 mins), 90% ethanol (3 ×6 mins) and 100% ethanol (3 ×6 
mins). After that, the samples were submerged in histoclean (3 ×10 
mins) and embedded in paraffin, sectioned (8 μM) in a microtome and 
finally stained with H&E according to the manufacturer’s instructions. 
For immunostaining, fixed embryos were cryoprotected using 5%, 15% 
and 20% sucrose, afterwards embedded in Cryomatrix medium and 
sectioned (8 μM) in a cryostat. The sections were blocked with 2% (w/v) 
bovine serum albumin in PBS for 60 min at room temperature, followed 
by incubation with primary antibody (anti-rhodopsin 4D2 antibody or 
anti-arrestin 3 ZPR-1 antibody) overnight at 4 ◦C. The samples were 
washed three time with PBS and blocked again with 2%, sheep serum 
and 2% bovine serum albumin in PBS, followed by incubation with 
secondary antibodies (Alexa fluor 488 goat anti-mouse, 1:500 or Alexa 
Fluor® 594 goat anti-mouse, 1:500, both from Abcam) for 60 min at 
room temperature. Images were captured under Zeiss LSM 800 confocal 
microscope. The measurement of fluorescence signals in the photore-
ceptor layer was calculated using Image J software (https://imagej.nih. 
gov/ij/ index.html). 

2.11. Statistical analysis 

Data were analysed using GraphPad Prism version 9.0 (GraphPad 
Software Inc. San Diego, CA). Pairwise comparisons were performed 
using a nonparametric t-test or one-way ANOVA. Data are represented as 
mean±SEM (standard error of the mean) and significance considered 
when p is < 0.05. 

3. Results 

3.1. Effect of OA on cell viability 

OA has been reported as a potent toxin which is able to change cell 
morphology, interfere negatively in several cell functionalities and leads 
to cell death (Fu et al., 2019). We used an MTT assay to assess the 
viability in ARPE-19 cells exposed to OA at different concentrations (0, 
10, 25, 50, 75, 100 and 125 nM). Our data showed no significant dif-
ference (p >0.05) in cell viability treated with 10 nM OA compared to 
the untreated control group. However, OA significantly decreased 
viability in a dose-dependent format (Fig. S1). A 50 nM concentration of 
OA was chosen for subsequent experiments. 

3.2. OA decreased antioxidative capacity in RPE cells 

OA has been reported to cause oxidative stress in neural cells and in 
chicken embryos (Jiao et al., 2021; Zhang et al., 2020). As a natural 
by-product of cellular oxidative metabolism, ROS plays a vital role in 
cell signalling processes, in cell proliferation, apoptosis and 
inflammation-related factor production. We firstly measured ROS pro-
duction in ARPE-19 cells exposed to 50 nM OA for 24 h and found that 
ROS production was significantly increased by 35% (p < 0.001) 
compared to that of untreated control cells (Fig. 1A). Catalase (CAT) 
alleviates toxic effects of ROS by converting H2O2 to O2 and H2O (Nandi 
et al., 2019). We assessed the effects of OA on CAT activity in ARPE-19 
cells treated with or without OA (50 nM). Our data showed that OA 
significantly decreased CAT activity by 52% (p < 0.0001) compared to 
untreated cells (Fig. 1A). GSH plays the prominent role as an antioxidant 
agent in eliminating electrophilic and oxidizing species (Ghanta and 
Chattopadhyay, 2011; Lu, 2013). We quantified GSH levels in cells 
treated with or without OA. The results showed a significant decrease of 
46% (p < 0.0001) compared to the untreated control group (Fig. 1A). 
Malondialdehyde (MDA) is a biomarker of lipid peroxidation and an 
indicator of cell membrane injury (Ryan, 2020). As an increase in free 
radicals induces overproduction of MDA, we measured MDA level in 
ARPE-19 cells treated with or without 50 nM OA for 24 h and found that 
MDA level was notably increased by 75% (p < 0.001, Fig. 1A). 
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We investigated whether the cellular antioxidant imbalance was 
associated with the change of antioxidant gene expression. qRT-PCR 
detected expression of superoxide dismutase 1 and 2 (SOD1 and 
SOD2), catalase and glutathione peroxidase 1 (GPX1) in the ARPE-19 
cells treated with or without OA for 24 h. The expression of SOD1, 
SOD2, CAT and GPX1 were significantly decreased by 43% 
(p < 0.0001), 54% (p < 0.0001), 28% (p < 0.05) and 49% (p < 0.0001) 
respectively compared to that of untreated cells (Fig. 1B). 

3.3. OA induced inflammation in retinal cells 

Oxidative stress is also associated with chronic inflammation. Firstly, 
we measured the levels of proinflammatory cytokines in the media of 
OA-treated or and untreated ARPE-19 cells by ELISA. The results showed 
that IL-1β, TNFα, IL-6 and IL-8 in OA-treated cells were significantly 
increased by 98% (p < 0.001), 123% (p < 0.001), 282% (p < 0.0001) 
and 139% (p < 0.0001) respectively, compared to untreated cells 
(Fig. 2A). Further qRT-PCR results showed mRNA levels of IL-1β, TNFα, 
IL-6 and IL-8 on OA-treated cells were notably increased by 75% 
(p < 0.0001), 87% (p < 0.0001), 38% (p < 0.001) and 110% 
(p < 0.0001), respectively, compared to untreated cells (Fig. 2B). 

The NF-κB (Nuclear Factor kappa-light-chain-enhancer of activated 
B cells) signalling pathway plays a crucial role in regulating the pro- 
inflammatory response and activation of the NF-kB pathway upregu-
lates expression of proinflammatory cytokines (Albensi, 2019). Trans-
location of NF-kB p65 subunit to the nucleus is a marker for NF-kB 
activation. We detected significantly higher level (p < 0.001; p < 0.01) 
of p65 subunit in both cytosolic and nuclear fractions of ARPE-19 cells 
exposed to OA, compared to untreated cells (Fig. 3 and S2). 

3.4. OA caused apoptosis in retinal cells 

Both oxidative stress and inflammation are proposed to induce cell 
death. We observed that OA treatment increased oxidative stress and 
inflammation and decreased cell viability, so an TUNEL assay was used 
to detect cell death. Cell death in ARPE-19 cells exposed to OA for 24 h 
was markedly increased (p < 0.001) by about 20 folds compared to the 
untreated control group (Fig. 4). The cytoskeleton, a complex of protein 
filaments, plays multiple functional roles in maintaining cell 
morphology, internal organization and function. Destruction of cyto-
skeleton by OA results in apoptosis of hepatocytes. We also found that 
OA disrupted cytoskeletal structures and shortened the microfilaments 
of ARPE-19 cells, suggesting disruption of F-actin cytoskeleton may 
contribute to OA-induced apoptosis (Fig. 5). 

3.5. Toxicity of OA in zebrafish embryos 

Toxic effects of OA were assessed by treating the zebrafish embryos 
from 24 to 120hpf with OA at different concentrations. We monitored 
mortality, malformations (curved body axis and oedema), delayed 
hatching and altered heartbeat. Zebrafish embryos treated with 10, 25, 
50 nM OA did not cause a significant increase in mortality after three 
days of exposure, whereas there was a notable mortality rate in embryos 
treated with 75 (p < 0.01), 100 (p < 0.001) or 125 nM (p < 0.0001) 
following two days of treatment. All embryos exposed to 125 nM were 
dead within three days of exposure. The hatching rate was significantly 
delayed in embryos exposed to 100 (p < 0.01) or 125 nM (p < 0.01) at 
48 hpf (24 h of exposure) compared with the untreated control group. 
Heartbeat was also notably decreased (p < 0.05) in zebrafish embryos 
treated with 100 or 125 nM (Fig. S3). We also monitored the morpho-
logical abnormalities such as colour change, pericardial oedema and 
curved body axis. Embryos exposed to 10, 25 or 50 nM OA exhibited 

Fig. 1. OA induced effects on ROS production, CAT activity and the level of MDA as well as GSH. (A) ROS production was significantly increased in ARPE-19 cells 
exposed to OA compared to the untreated control group. CAT activity was significantly decreased in ARPE-19 cells treated with OA for 24 h. GSH level was markedly 
decreased, and MDA production was significantly increased in ARPE-19 cells treated with OA for 24 h. (B) ARPE-19 cells exposed to OA for 24 h had a significant 
decrease in antioxidant gene expression measured by qRT-PCR and normalized to the housekeeping gene, GAPDH. Data was presented as mean ± SEM (n = 6). 
*p < 0.05; * *p < 0.01; * **p < 0.001; * ** *p < 0.0001. 
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Fig. 2. OA induced overexpression of inflammation genes in ARPE-19 cells exposed for 24 h. (A) The protein concentrations of IL-1β, TNFα, IL-6 and IL, respectively, 
were measured by ELISA. (B) Quantification of IL1-β, TNFα, IL-6 and IL-8 mRNA in ARPE-19 cells treated with OA, measured by qRT-PCR and normalized to the 
housekeeping gene, GAPDH. Data was presented as mean ± SEM (n = 6). * *p < 0.01; * **p < 0.001; * ** *p < 0.0001. 

Fig. 3. ARPE-19 cells exposed to Okadaic acid for 24 h exhibited a significant increase in NF-kB protein levels, determined by Western blotting. (A) Representative 
Western blot image of NF-kB from the cytoplasmic protein normalized to GAPDH. (B) Representative Western blot image of NF-kB from the nuclear protein 
normalized to Histone H3. Data was presented as mean ± SEM (n = 6). * * p < 0.01; * ** p < 0.001. 
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normal morphology until 120hpf, whereas embryos exposed to 75, 100 
or 125 nM demonstrate abnormalities (Fig. S3). Based on these assays, 
50 nM OA was selected for subsequent experiments. 

3.6. OA induced oxidative stress and inflammation in zebrafish embryos 

In vitro experiments demonstrated 50 nM OA decreased antioxidant 
capacity and increased inflammation in ARPE-19 cells. We also detected 
significantly increased ROS production on OA exposed embryos by 74% 
(p < 0.0001), compared to untreated embryos; CAT activity and GSH 
level were notably decreased by 57.45% (p < 0.0001) and 69.89% 
(p < 0.01) respectively, compared to controls; MDA was markedly 
increased by 500% (p < 0.0001) in OA-treated embryos, compared to 
control embryos (Fig. 6A). mRNA levels of SOD1, SOD2, catalase and 
GPX1 in OA-exposed embryos were significantly decreased by 63.47% 
(p < 0.0001), 55.25% (p < 0.0001), 31.05% (p < 0.0001) and 29.22% 
(p < 0.0001), respectively, compared to control embryos (Fig. 6B). We 
also detected expression of proinflammatory cytokine genes by qRT-PCR 
and found that mRNA levels of IL-1β, IL-6, IL-8 and TNFα in OA-exposed 
embryos were significantly increased by 69% (p < 0.001), 73% 
(p < 0.001), 73% (p < 0.01) and 75% (p < 0.001), respectively, 
compared to control embryos (Fig. S4). 

3.7. OA caused loss of photoreceptor cells in zebrafish embryos 

Histological analysis was used to examine the morphology of the 
retinal sections. Zebrafish embryos exposed to 50 nM OA exhibited a 
significant decrease in the thickness of the photoreceptor layer (Fig. 7), 
which could be interpreted as a loss of photoreceptors. There was also a 

notable decrease in the thickness of the RPE layer, the inner nuclear 
layer (INL) and the ganglion cell layer (GCL) (Fig. 7), suggesting OA 
possibly cause toxicity to these layers. We further performed immuno-
staining to examine the loss of rod and cone cells by using the 4D2 (anti- 
rhodopsin) and ZRP1 (anti-arrestin 3a) antibodies respectively. OA 
caused a notable reduction in fluorescent signals of rod cells by 51.45% 
(p < 0.01) and of cone cells by 24.36% (p < 0.05) respectively, when 
compared to the untreated control group (Fig. 8). 

4. Discussion 

Our investigation aimed to evaluate the toxicity effects of OA on 
human RPE cells and zebrafish embryos. Previous studies indicate that 
OA causes toxic effects on nerve cells (Guatimosim et al., 2002; Di Fiore 
et al., 2013). Similarly, our results also show the toxic effect of OA on 
human RPE cells and zebrafish embryos. We found that OA increased 
ROS production, decreased antioxidant capacity, enhanced inflamma-
tion, and promoted loss of both rod and cone cells. 

Oxidative stress is an imbalance between the generation of oxidizing 
compounds and detoxification by the antioxidant defence systems, 
resulting in increased ROS production and associated damage. It plays a 
crucial role in the mechanism of nerve cell toxicity in several neurode-
generative diseases (Cioffi et al., 2019). ROS can cause tissue injury and, 
when in higher concentrations, can damage lipids, proteins, cell or-
ganelles and lead to cell death (Duggal and Mehan, 2019). In vivo and in 
vitro studies with different models indicate that OA exposure increases 
ROS production (Yi et al., 2009; Dwivedi et al., 2013; Chi et al., 2018). 
ROS accumulation is also increased in several groups of nerve cells 
treated with OA (Wilkerson et al., 2008; Rietz et al., 2012). Thus, our 

Fig. 4. ARPE-19 cells treated with 50 nM OA significantly increased apoptosis visualized by a TUNEL assay. (A) ARPE-19 cells, detected in different conditions, such 
as untreated, exposed to OA, negative control, and positive control treated with DNase. The samples were stained with TUNEL reagents (red) and co-stained with 
DAPI (blue) to detect apoptotic cells ; scale 10 µm (B) quantification of apoptotic cells by using 300 cells as a base and presented as a percentage ((number of 
apoptotic cells/300)× 100). Data was presented as mean ± SEM (n = 6). * ** p < 0.001. 
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study showed that OA induced overproduction of ROS in both RPE cells 
and in zebrafish embryos, consistent with previous reports. The increase 
in ROS production in ARPE-19 cells and in zebrafish embryos might be 
associated with redox homeostasis disruption. Thus, our study measured 
catalase activity, an enzyme that intervenes in the ROS detoxification 
process and controls intracellular hydrogen peroxide levels (Zhao et al., 
2019). A study in mice demonstrated that OA exposure induces a 
reduction in CAT activity (Vieira et al., 2013), corroborating the results 
found in this study where ARPE-19 cells and zebrafish embryos were 
exposed to 50 nM OA for 24 and 96 h respectively and exhibited a sig-
nificant decrease in CAT activity. A deficiency in CAT activity can lead 
to excessive accumulation of hydrogen peroxide due to insufficient 
decomposition (Nandi et al., 2019). Hydrogen peroxide is reported to act 
as a signalling molecule at low levels and is highly toxic at higher con-
centrations (Huang and Sikes, 2014). The present data suggests that low 
levels of this substance are necessary to avoid intense oxidative attacks 
on the subcellular structure and maintain its functions caused by OA 
exposure. 

We also measured the level of total GSH, which is the most abundant 
non-protein thiol defender against oxidative stress (Ghanta and Chat-
topadhyay, 2011). Glutathione plays a crucial role in redox signalling, 
which is preponderant in the detoxification of xenobiotics as a cell 
modulator in proliferation, fibrogenesis, immune function and apoptosis 
(Pizzorno, 2014). The integrity of this compound is directly related to 
the oxidative events of plasma proteins. Studies in animal cells indicate 
that OA exposure induces a reduction in the intracellular glutathione 
level (Túnez et al., 2006; Jiang et al., 2016). Similar to several studies 
performed, our results also indicate a significant reduction in the level of 
glutathione in both ARPE-19 cells and in zebrafish embryos treated with 
OA for 24 and 96 h, respectively. We also quantified the relative 
expression of catalase (CAT), superoxide dismutase 1 (SOD1), superox-
ide dismutase 2 (SOD2) and glutathione peroxidase 1 (GPX1), all known 
as antioxidant genes. There are few studies that quantify the relative 

expression of the above genes in mammalian or other models exposed to 
OA. Chi and collaborators (2018) demonstrated that SOD expression 
levels in the haemolymph of OA-exposed bay scallops decreased 
significantly after 48 h of exposure. Our investigation indicated a sig-
nificant decrease of antioxidant gene expression in both RPE cells and 
zebrafish embryos with OA exposure. 

The action of antioxidant enzymes attenuates the increase of MDA 
levels, as they prevent the attack of ROS on lipid membranes (Zim-
merman et al., 2017; Senders et al., 2018). Thus, it is proposed that the 
increase in MDA levels in cells exposed to OA could be related to a 
substantial reduction in antioxidant defences resulting from intoxication 
in such a way as to cause low cell protection, as determined in several 
studies in insects and in human neuroblastoma cancer cells (Coates 
et al., 2019; Gurunathan et al., 2019). We found that ARPE-19 cells and 
zebrafish embryos treated with OA exhibited a significant increase in the 
MDA level, corroborating with previous research. 

Inflammation is a defence response against harmful stimuli and has 
been associated with several neurodegenerative diseases (Amor et al., 
2010). Pro-inflammatory processes are regulated by an equivalent series 
of cellular anti-inflammatory events (Ullah et al., 2021). Numerous 
studies in different cell and tissues models demonstrate that OA invades 
cell organelles, causing inflammation that alters the cell’s standard 
functionality (Luheshi et al., 2012; Opsahl et al., 2013; Rahman et al., 
2015). In the current study, we quantified the expression of 
pro-inflammatory cytokines (IL-1β, IL-6, IL-8 and TNF-alpha) and 
determined that ARPE-19 cells and zebrafish embryos treated with OA 
demonstrated a significant increase in expression of these cytokines. As 
NF-κB mediates the induction of pro-inflammatory cytokines, we also 
measured its level in ARPE-19 cells and found that OA induced a sig-
nificant increase of NF-κB p65 in nuclear fraction, suggesting OA acti-
vates the NF-κB signalling pathway. 

OA has been associated with neurotoxicity events in human neural 
cells and rodents (Vieira et al., 2013; Figueroa et al., 2020). Our results 

Fig. 5. ARPE-19 cells treated with 50 nM OA for 24 h exhibited a significant disruption in cytoskeleton compared to the untreated control cells. Cells were stained 
with phalloidin and visualized under confocal microscope to detect the filaments and DAPI for the nucleus visualization; Scale 20 µm. 
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exhibited a significant cell death in ARPE-19 cells treated with OA for 
24 h, possibly due to oxidative damage and inflammation without 
excluding the possible involvement of other pathways that excite cell 
death. Our histological data also demonstrate a significant decrease in 

thickness of zebrafish photoreceptor layer, suggesting loss of photore-
ceptor cells; indeed, immunohistochemistry confirmed loss of both rod 
and cone photoreceptors. We propose that OA destroys the retinal cells, 
resulting in reduced light sensitivity and colour differentiation. A recent 

Fig. 6. OA induced effects on antioxidant capacity in zebrafish embryos. (A) ROS production was significantly increased in zebrafish embryos exposed to OA 
compared to the untreated control group. CAT activity was significantly decreased in zebrafish embryos treated with OA. Total GSH level was markedly decreased, 
and MDA production was significantly increased in zebrafish embryos treated with OA. (B) Zebrafish embryos exposed to OA had a significant decrease in expression 
of antioxidant genes at mRNA levels, measured by qRT-PCR and normalized to the housekeeping gene, GAPDH. Data was presented as mean ± SEM (n = 6). 
* *p < 0.01; * ** *p < 0.0001. 

Fig. 7. Haemotoxylin and Eosin (H&E) stained retinal sections of zebrafish embryos untreated and treated with 50 nM OA from 24 to 120hpf. The thickness of the 
photoreceptor layer (between the RPE layer and the outer plexiform layer, labelled using a white bar) of control and exposed embryos were measured using Image J 
software. For each condition, the data were collected by measuring five images from sections from four eyes. Data was presented as mean ± SEM (n = 5). 
* ** p < 0.001. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bar, 40 µm. 
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study demonstrated that fish exposed to OA had significantly lower 
mean critical swimming performance, which can be associated with the 
visual defects due to the death of photoreceptors (Corriere et al., 2020). 

5. Conclusion 

We conclude that OA induces a significant decrease in ARPE-19 cell 
viability, caused mortality, delayed hatching, reduction in heart beating 
and morphological abnormalities in zebrafish. OA provoked an imbal-
ance in significantly increased ROS production and led to oxidative 
stress, and also caused inflammation in both cell and zebrafish embryos. 
OA also induced cell death in RPE cells and in zebrafish retinas and 
suggest that consuming OA contaminated shell fish may induce retinal 
damage. 
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Fig. 8. (A) Detection of rod cells visualization by immunostaining with anti-rhodopsin 4D2 antibody in zebrafish embryos treated with or without 50 nM OA from 24 
to 120 hpf. (B) Cone cells were detected by immunostaining with ZPR-1 antibody in retinal sections of zebrafish embryos treated with or without 50 nM OA from 24 
to 120hpf. Embryos exposed to OA illustrated a reduction in fluorescence intensity. Five images were taken from untreated and treated zebrafish retinal sections and 
quantified using Image J software. Data was presented as mean ± SEM (n = 5). * p < 0.05; * * p < 0.01. Scale bar, 20 µm. 
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Vieira, A.C., Rubiolo, J.A., López-Alonso, H., Cifuentes, J.M., Alfonso, A., Bermúdez, R., 

Otero, P., Vieytes, M.R., Vega, F.V., Botana, L.M., 2013. Oral toxicity of okadaic acid 
in mice: study of lethality, organ damage, distribution and effects on detoxifying 
gene expression. Toxins 5 (11), 2093–2108. https://doi.org/10.3390/ 
toxins5112093. 

Wilkerson, J.E., Satriotomo, I., Baker-Herman, T.L., Watters, J.J., Mitchell, G.S., 2008. 
Okadaic acid-sensitive protein phosphatases constrain phrenic long-term facilitation 
after sustained hypoxia. J. Neurosci. Off. J. Soc. Neurosci. 28 (11), 2949–2958. 
https://doi.org/10.1523/JNEUROSCI.5539-07.2008. 

Yasumoto, T., 2003. Oral and intraperitoneal studies of acute toxicity in mice 
homoyessotoxins and yessotoxin. Toxicon 41 (7), 783–792. 

Yi, K.D., Covey, D.F., Simpkins, J.W., 2009. Mechanism of okadaic acid-induced 
neuronal death and the effect of estrogens. J. Neurochem. 108 (3), 732–740. https:// 
doi.org/10.1111/j.1471-4159.2008.05805.x. 

Zhang, Z., Sheng, H., Liao, L.I., Xu, C., Zhang, A., Yang, Y., Zhao, L., Duan, L., Chen, H., 
Zhang, B., 2020. Mesenchymal stem cell-conditioned medium improves 
mitochondrial dysfunction and suppresses apoptosis in okadaic acid-treated SH- 
SY5Y cells by extracellular vesicle mitochondrial transfer. J. Alzheimer’S Dis. 1–16. 

Zhao, M.X., Wen, J.L., Wang, L., Wang, X.P., Chen, T.S., 2019. Intracellular catalase 
activity instead of glutathione level dominates the resistance of cells to reactive 
oxygen species. Cell Stress Chaperons 24 (3), 609–619. https://doi.org/10.1007/ 
s12192-019-00993-1. 

Zimmerman, M.C., Clemens, D.L., Duryee, M.J., Sarmiento, C., Chiou, A., Hunter, C.D., 
Tian, J., Klassen, L.W., O’Dell, J.R., Thiele, G.M., Mikuls, T.R., Anderson, D.R., 2017. 
Direct antioxidant properties of methotrexate: inhibition of malondialdehyde- 
acetaldehyde-protein adduct formation and superoxide scavenging. Redox Biol. 13, 
588–593. https://doi.org/10.1016/j.redox.2017.07.018. 

G.M. Tchivelekete et al.                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref1
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref1
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref2
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref2
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref3
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref3
https://doi.org/10.3390/toxins10080308
https://doi.org/10.3233/JAD-190863
https://doi.org/10.3233/JAD-190863
https://doi.org/10.1007/s10565-018-09448-2
https://doi.org/10.1007/s10565-018-09448-2
https://doi.org/10.1016/j.toxicon.2020.02.022
https://doi.org/10.1016/j.toxicon.2020.02.022
https://doi.org/10.3390/md11061866
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref9
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref9
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref9
https://doi.org/10.4161/cbt.25944
https://doi.org/10.4161/cbt.25944
https://doi.org/10.3233/ADR-190125
https://doi.org/10.3233/ADR-190125
https://doi.org/10.3390/toxins10030099
https://doi.org/10.3390/toxins10030099
https://doi.org/10.1155/2013/294501
https://doi.org/10.1080/15287394.2020.1793046
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref15
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref15
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref16
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref16
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref16
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref16
https://doi.org/10.4161/psb.6.6.15147
https://doi.org/10.4161/psb.6.6.15147
https://doi.org/10.1046/j.1471-4159.2002.01029.x
https://doi.org/10.3390/ijms20184439
https://doi.org/10.3390/ijms20184439
https://doi.org/10.1016/j.redox.2014.08.001
https://doi.org/10.1016/j.redox.2014.08.001
https://doi.org/10.3390/toxins2010195
https://doi.org/10.1371/journal.pone.0152371
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref23
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref23
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref23
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref24
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref24
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref25
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref25
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref25
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1002/eji.201142079
https://doi.org/10.3390/toxins5020267
https://doi.org/10.3390/toxins5020267
https://doi.org/10.1155/2019/9613090
https://doi.org/10.3390/md11061763
https://doi.org/10.3390/md11061763
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref31
https://doi.org/10.3390/md11082829
https://doi.org/10.3390/md11082829
https://doi.org/10.1038/srep10063
https://doi.org/10.1111/j.1476-5381.2011.01559.x
https://doi.org/10.1016/j.jacc.2017.11.036
https://doi.org/10.1016/j.jacc.2017.11.036
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref36
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref36
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref36
https://doi.org/10.1016/j.phrs.2006.05.004
https://doi.org/10.3390/cells10020282
https://doi.org/10.3390/md11114328
https://doi.org/10.3390/md11114328
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref40
https://doi.org/10.3390/toxins5112093
https://doi.org/10.3390/toxins5112093
https://doi.org/10.1523/JNEUROSCI.5539-07.2008
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref43
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref43
https://doi.org/10.1111/j.1471-4159.2008.05805.x
https://doi.org/10.1111/j.1471-4159.2008.05805.x
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref45
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref45
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref45
http://refhub.elsevier.com/S0300-483X(22)00121-4/sbref45
https://doi.org/10.1007/s12192-019-00993-1
https://doi.org/10.1007/s12192-019-00993-1
https://doi.org/10.1016/j.redox.2017.07.018

	Evaluation of okadaic acid toxicity in human retinal cells and zebrafish retinas
	1 Introduction
	2 Materials and methods
	2.1 Cell viability
	2.2 Measurement of reactive oxygen species (ROS)
	2.3 Quantitative real-time polymerase chain reaction (qRT-PCR)
	2.4 Catalase, malondialdehyde and glutathione measurement
	2.5 Detection of cell death
	2.6 Enzyme-linked immunosorbent assay (ELISA)
	2.7 Evaluation of cytoskeletal damage
	2.8 Western blot
	2.9 Toxicity assay in the zebrafish embryo
	2.10 Histology and immunohistochemistry
	2.11 Statistical analysis

	3 Results
	3.1 Effect of OA on cell viability
	3.2 OA decreased antioxidative capacity in RPE cells
	3.3 OA induced inflammation in retinal cells
	3.4 OA caused apoptosis in retinal cells
	3.5 Toxicity of OA in zebrafish embryos
	3.6 OA induced oxidative stress and inflammation in zebrafish embryos
	3.7 OA caused loss of photoreceptor cells in zebrafish embryos

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supporting information
	References


