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ABSTRACT

The marine biotoxin okadaic acid (OA) is produced by dinoflagellates and enters the human food chain by accu-
mulating in the fatty tissue of filter-feeding shellfish. Consumption of highly contaminated shellfish can lead to
diarrheic shellfish poisoning. However, apart from the acute effects in the intestine, OA can also provoke toxic
effects in the liver, as it is able to pass the intestinal barrier into the blood stream. However, molecular details of
OA-induced hepatotoxicity are still insufficiently characterized, and especially at the proteomic level data are
scarce. In this study, we used human HepaRG liver cells and exposed them to non-cytotoxic OA concentrations
for 24 hours. Global changes in protein expression were analyzed using 2-dimensional gel electrophoresis in com-
bination with mass-spectrometric protein identification. The results constitute the first proteomic analysis of OA
effects in human liver cells and indicate, amongst others, that OA affects the energy homeostasis, induces oxidative
stress, and induces cytoskeletal changes.

Keywords: Okadaic acid, HepaRG cells, liver proteome

INTRODUCTION significantly increased in the last years, lead-
ing to an increase in OA occurrence (Van
Dolah, 2000). OA is very lipophilic, thereby
accumulating in the fatty tissue of filter-feed-
ing shellfish, through which they can also en-
ter the human food chain. In humans, OA can
cause DSP, which leads to severe gastrointes-
tinal symptoms, like vomiting, diarrhea and
stomach pain. Based on that, the European
Union has implemented a limit of 160 OA
equivalents/kg shellfish meat, based on the
acute reference dose of 0.3 pg OA equiva-
lents/kg body weight (FAO, 2004).

Okadaic acid (OA) is one of the main tox-
ins to cause diarrheic shellfish poisoning
(DSP). It is produced by dinoflagellates of the
genus dinophysis and prorocentrum (EFSA,
2008). These dinoflagellates probably pro-
duce the toxin to gain an advantage against
other microalgae (Gong et al., 2021). Under
optimal conditions, OA-expressing dinoflag-
ellates can explosively grow, leading to so-
called harmful algae blooms. Due to climate
change and the industrial waste of humans,
the occurrence of harmful algae blooms has
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While the most extensively researched
acute effects of OA intoxication are observed
in the intestine, effects on other organs have
been investigated and understood much less.
However, it was shown that OA is distributed
throughout the whole body in vivo and that it
has a particularly long retention time in the
liver (Matias et al., 1999; Ito et al., 2002). Fur-
thermore, OA is able to inhibit several protein
phosphatases, mainly protein phosphatase 1
and 2A (Bialojan and Takai, 1988). There-
fore, it has the potential to severely influence
kinase- and phosphorylation-dependent sig-
naling pathways in the liver. There is also ev-
idence that OA acts as a potent tumor promo-
tor in animals (Jiménez-Carcamo et al., 2020;
Messner et al., 2006) and it might be the cause
of cancer cases reported in epidemiological
studies (Cordier et al., 2000; Lopez-Rodas et
al., 2006; Manerio et al., 2008). OA was also
found to be cytotoxic in several different cell
lines, including liver cells (Ferron et al., 2014;
Fessard et al., 1996; Le Hégarat et al., 2006;
Rubiolo et al., 2011). The toxin is furthermore
able to interfere with xenobiotic metabolism
in the liver by inhibiting several enzymes of
hepatic biotransformation (Vieira et al., 2013;
Wuerger et al., 2022). Apart from that, the in-
formation on the effects of OA on the liver is
very limited.

In a comparative proteomics 2D-PAGE
analysis of mouse liver, Wang et al. found 46
deregulated proteins involved in macromolec-
ular metabolism, molecular chaperone/stress
response, apoptosis, and cytoskeleton for-
mation after chronic exposure to OA (Wang
et al., 2021). This study in mice is, to the best
of our knowledge, the only available study de-
scribing changes to the liver proteome after
OA exposure. The only other proteomic study
with OA is reported in a publication from the
same research group and describes proteomic
alterations in mouse small intestine after a
single oral dose of OA (Wang et al., 2012).
Technically, both studies were performed us-
ing gel-based 2-dimensional separation of
proteins, followed by mass-spectrometric
identification of deregulated proteins.

In order to close the existing knowledge
gap regarding the effects of OA on human
liver cells, we conducted a proteomic study of
human HepaRG liver cells exposed to differ-
ent concentrations of OA. HepaRG cells are
able to differentiate into hepatocyte-like cells,
which express a variety of liver-specific
markers and xenobiotic-metabolizing en-
zymes at a level similar to primary human
hepatocytes (Kanebratt and Andersson, 2008;
Tascher et al., 2019). 2-dimensional gel elec-
trophoresis and subsequent mass-spectromet-
ric protein identification was chosen in order
to generate data suitable for a direct compari-
son to the results from the two studies by
Wang and co-workers (Wang et al., 2012,
2021).

MATERIALS AND METHODS

Chemicals

OA was purchased from Enzo Life Sci-
ences GmbH (Loerrach, Germany). All other
standard chemicals and materials were pur-
chased either from Sigma-Aldrich (Taufkir-
chen, Germany) or Roth (Karlsruhe, Ger-
many) in the highest available purity.

Cell cultivation

HepaRG cells (Biopredic International,
Saint-Grégoire, France) were cultivated at
37 °C for 14 days in William’s E medium
supplemented with 10 % fetal bovine serum
(FBS), 5 pg/mL insulin (medium and both
supplements from PAN-Biotech GmbH, Aid-
enbach, Germany), 50 uM hydrocortisone
hemisuccinate (Sigma Aldrich, Taufkirchen,
Germany), and with 100 U/mL penicillin and
100 pg/mL streptomycin (Capricorn Scien-
tific, Ebsdorfergrund, Germany). After 14
days, the medium was supplemented with 1 %
dimethyl sulfoxide (DMSO) for 2 days to start
differentiation of the cells. After that, the
DMSO content was increased to 1.7 % for an-
other 12 days. The medium was then changed
to serum-free assay medium (SFM), which
was adapted from Klein et al. (2014). SFM
consisted of William’s E medium without
phenol red (PAN-Biotech GmbH, Aidenbach,
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Germany), supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin, 2.5
uM hydrocortisone hemisuccinate, 10 ng/mL
human hepatocyte growth factor (Biomol
GmbH, Hamburg, Germany), 2 ng/mL mouse
epidermal growth factor (Sigma Aldrich,
Taufkirchen, Germany), and 0.5 % DMSO.
Cells were incubated with 33 nM OA, 100 nM
OA or the respective solvent control for 24
hours.

Cell viability testing

Cell viability testing was conducted as
previously reported (Wuerger et al., 2022). In
short, 9 x 10° cells/well were seeded in 96-
well plates and cells were cultivated as de-
scribed above. Cells were then incubated with
different OA concentrations for 24 h. Cell vi-
ability was subsequently determined using the
tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Bio-
mol GmbH, Hamburg, Germany).

Protein extraction

The HepaRG cells were washed in ice-
cold PBS and then scraped in PBS. The cells
were then centrifuged (5 min, 2000 x g, 4 °C).
For protein extraction from HepaRG cell pel-
lets, RIPA lysis buffer (pH 7.5; 50 mM Tris-
HCI, 150 mM NaCl, 2 uM EGTA, 0.1 % so-
dium dodecyl sulfate (SDS), and 0.5 % des-
oxycholic acid) containing 1:50 protease in-
hibitor (Complete Protease Inhibitor Cocktail
Tablets, Roche, Mannheim, Germany) and
1 % Triton X-100 was used. The cells were
lysed by rotating at 4 °C for 15 min, and ho-
mogenization was carried out using an ultra-
sonic homogenizer (Sonopuls HD 2070,
BANDELIN electronic GmbH & Co. KG,
Berlin, Germany, 25 % power, pulse 2). The
homogenized lysates were then centrifuged at
4 °C and 13,200 x g for 30 min. The superna-
tant was collected and stored at -80 °C. The
protein content in the resulting supernatants
was determined using the Bradford assay ac-
cording to the manual of the Bio-Rad protein
assay (Bio-Rad Laboratories GmbH, Feldkir-
chen, Germany) against a bovine serum albu-
min standard curve.

2-dimensional gel electrophoresis

2-dimensional gel electrophoresis was
carried out according to the protocol by Gorg
et al. (2000). In brief, isoelectric focusing
(IEF) was done using 24-cm IPG gel strips,
which were loaded with 150 pg protein; gel
running conditions are detailed in Gorg et al.
(2000). After equilibration, SDS—polyacryla-
mide gel electrophoresis was performed with
laboratory-made 12.5 % acrylamide gels.
Subsequent to fixation in aqueous acetic
acid/ethanol, gel staining was performed us-
ing Ruthenium II Tris solution (pH 7; 20 mM
potassium tetrachloroaurate (III), 0.16 mM
bathophenanthrolinedisulfonic acid disodium
salt hydrate, 96 mM sodium ascorbate). The
stained gels were scanned in a Molecular Im-
ager Versadoc MP 4000 (Bio-Rad Laborato-
ries GmbH, Feldkirchen, Germany), with an
excitation wavelength at 450 nm and emission
wavelength at 605 nm. Analysis of the images
was carried out using ProteinMine software
(Scimagix, San Mateo, CA, USA) with a min-
imal spot size of 8 and a sensitivity of 35. The
generated data was then analyzed in R (R
Core Team) using an internal script that uses
the Wilcoxon Rank sum test to determine the
differentially expressed protein spots (cutoffs:
p <0.01 and | log ratio | > 0.5). Spots were
included if detected in 2 out of 3 biological
and in 2 out of 4 technical replicates.

Mass-spectrometric protein identification
The annotated protein spots were identi-
fied using MALDI mass spectrometry. The
spots were cut from the gels and dehydrated
using acetonitrile (Merck KGaA, Darmstadt,
Germany). The dehydrated gel spots were
then rehydrated for 30 minutes at 4 °C using
a trypsin solution (0.425 pM trypsin (Roche,
Mannheim, Germany) in 50 mM ammonium
bicarbonate (pH 8, Sigma Aldrich, Taufkir-
chen, Germany)). After 30 minutes, the re-
taining solution was discarded and the gel
pieces were put into a 50 mM ammonium bi-
carbonate solution (pH 8; Sigma Aldrich,
Taufkirchen, Germany). The spots were di-
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gested over night at 37 °C. Then, trifluoroace-
tic acid (Merck KGaA, Darmstadt, Germany)
was added to the spots to extract the peptides.
Each spot was analyzed using an Ultraflex II
MALDI-TOF/TOF  mass  spectrometer
(Bruker Daltonics, Billerica, Massachusetts,
USA). The corresponding proteins for each
spot were then identified using MASCOT
(Matrix Science, London, UK). Proteins were
sorted into categories related to different cel-
lular processes using the UniProt database
(https://www.uniprot.org/2023).

RESULTS

To assess changes in the liver proteome
after exposure to OA, we analyzed the prote-
ome from differentiated HepaRG cells after
exposure to non-toxic concentrations of OA
using 2-dimensional gel -electrophoresis.
Non-toxic concentrations of OA were deter-
mined using the MTT assay. From the data
shown in Supplementary Figure 1, 33 nM and
100 nM were selected as moderate and high
non-toxic OA concentrations, respectively.
After incubation with OA, 2D gels were run
as described in the “Methods” section. Figure
1 depicts representative gels of each treatment
group. Gels were stained using Ruthenium II
Tris solution. The spot patterns on the gels
were then detected using the software Pro-
teinMine and analyzed using the Wilcoxson

MW [kDa]

rank sum test. Only spots that were detected
in at least two of the three biological and in
two of the four technical replicates were con-
sidered for the analysis. We were able to find
68 significantly deregulated protein spots in
the 33 nM OA group (p <0.01 and | logo ra-
tio | >0.5), 34 of which were upregulated and
34 downregulated. In the 100 nM OA group
we detected 65 downregulated protein spots
and 55 upregulated spots, which adds up to a
total of 120 deregulated spots (Figure 2A). 34
protein spots were overlapping between both
groups (Figure 2B). The combination of a
comparably strict p value and a moderate fold
change cutoff was chosen to allow for the
identification of only slightly deregulated
proteins, while at the same time avoiding
false-positive results. The individual proteins
present in the deregulated protein spots were
then identified using MALDI-MS. 41 proteins
were identified for the 33 nM group (identifi-
cation rate 60 %) and 84 proteins for the 100
nM group (identification rate 70 %), with 21
proteins that were found in both groups (Fig-
ure 2C). The most upregulated protein was
peroxiredoxin 6, which was found in the 100
nM treatment group (Table 1). The 15 most
upregulated proteins are listed in Table 1. The
most downregulated protein was isocitrate de-
hydrogenase (NADP) 1, which was found in
the 33 nM treatment group (Table 2). The 15
most down-

33 nM

e

pl

4" a2 4b 55 ST 60 7577 &5 9396

Figure 1: Representative gels of separated proteins from HepaRG cells incubated with 33 or 100 nM
OAfor 24 h. HepaRG cells were lysed, and proteins were extracted. Proteins were first separated using
isoelectric focusing and then further using SDS-PAGE. Gels were stained using Ruthenium Il Tris

solution, n=3.
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Figure 2: Deregulated protein spots and identified
deregulated proteins in OA-treated HepaRG cells.
Proteins were isolated from HepaRG cells incu-
bated with 33 or 100 nM OA for 24 h. Proteins
were then separated using 2D gel electrophoresis
and deregulated protein spots were identified us-
ing the Wilcoxon Rank sum test (p < 0.01 and
| log2 ratio| = 0.5). (A) Total numbers of up- and
downregulated protein spots. (B) Venn diagram
visualization of the overlap of deregulated protein
spots between the treatment groups, presented in
absolute numbers and percentages. (C) The pro-
teins corresponding to each spot were identified
using MALDI-MS; the diagram shows the num-
bers and percentages of identified proteins in the
treatment groups and their overlap.

regulated proteins are listed in Table 2. The
full list of deregulated proteins is contained in
Supplementary Table 1. Please note that indi-
vidual proteins might be present and detected
as different spots on the gels, for example
when a protein occurs in different post-trans-
lational modifications. Therefore, appearance
of a certain protein in the lists for up- and
downregulated proteins does not invalidate
the data, but points towards a shift between
protein isoforms. Moreover, changes detected
by 2-DIGE/MALDI-MS might not be re-
flected by changes in the overall amount of a
protein (i.e., the sum of all differently modi-
fied forms of it).

The identified proteins were assigned to
different cellular functions and processes us-
ing the UniProt database (Figure 3). It was ob-
served that 25 % of all identified proteins
were associated with energy homeostasis (for
example, PDHB, GLUL and ETFA), 15 %
were related to protein metabolism (for exam-
ple, EEF2, EIF4H or UBQLN1), and 13 %
were chaperones or proteins involved in oxi-
dative stress-related processes (for example,
HSP90B1, HSPA4 or PRDX6; Figure 3A).
As one quarter of all deregulated proteins
were connected with energy homeostasis, we
further assigned them to the different path-
ways of the energy metabolism (Figure 3B).
The largest group of the aforementioned pro-
teins (41 %) take part in the metabolisms of
lipids and/or fatty acids (for example ACAT]I,
APOE or HEXA), while another 19 % were
also associated to carbohydrate metabolism
(for example, PGM1, TALDOI1, ALDOC)
and another 18 % were proteins of the amino
acid metabolism (for example, ACY1, GLUL
or HIBCH). This indicates that both, lipid and
carbohydrate metabolism, are substantially
affected by OA in HepaRG cells.
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Table 1: The 15 most prominently upregulated proteins in all samples. Proteins were isolated from
HepaRG cells incubated with 33 or 100 nM OA for 24 h. Proteins were then separated using 2D gel
electrophoresis and deregulated proteins were identified using MALDI-MS.

Protein UniProt . Fold Treatment
. Protein name change p-value

symbol accession (log:) group
PRDX6 Q13162 Peroxiredoxin 6 1872 | 2.84E-06 | OA 100 nM
7YX Q15942 Zyxin 1752 | 5.67E-05 | OA 100 nM
EIF4H Q15056 Eukaryotic translation 1727 | 6.18E-03 | OA 100 nM

initiation factor 4H
PCNA P12004 Pro"feraggggceer']' MEEET 1530 | 7.66E-03 | OA 100 nM
7YX Q15942 Zyxin 1335 | 2.72E-04 | OA 100 M
PCNA P12004 Pro"feraggggcg' fluelean 1354 | 9.99E-04 | OA33nM
SLC9A3R1 014745 SLC9A3 Regulator 1 1284 | 1.23E-03 | OA 100 nM
PDIAG Q15084 U d'S“'R‘ée"Somerase 1280 | 7.97E-03 | OA 100 nM
FGB P02675 Fibrinogen beta chain 1.277 2.97E-03 OA 100 nM
EEF2 P13639 Elongation factor 2 1266 | 3.71E-04 | OA 100 nM
PCNA P12004 Pro"feraggﬁg":r:' nuclear 1258 | 6.80E-06 | OA33nM
ANXA1 P04083 Annexin A1 1190 | 8.23E-05 | OA 100 nM
PCNA P12004 Pro"feraggﬁg":r:' nuclear 1174 | 3.09E-06 | OA 100 nM
ALDOC P09972 Fructose-bisphosphate 1146 | 2.29E-03 | OA 100 M
aldolase C
ALDH1L1 075891 Aldehyde dehydrogenase 1 | 4 1,5 | 766E.03 | OA 100 nM
family member L1

Table 2: The 15 most prominently downregulated proteins in all samples. Proteins were isolated from
HepaRG cells incubated with 33 or 100 nM OA for 24 h. Proteins were then separated using 2D gel
electrophoresis and deregulated proteins were identified using MALDI-MS.

Protein UniProt . ol Treatment
. Protein name change p-value
symbol accession group
(log2)
Isocitrate dehydrogenase
IDH1 075874 (NADP) 1 -1.971 6.50E-04 OA 33 nM
HP P00738 Haptoglobin -1.544 2.96E-06 OA 33 nM
HSP9OB1 P14625 Heat shock protein S0 beta | 4 539 | 1 98E.05 | OA 100 M
family member 1
HP P00738 Haptoglobin -1.538 1.98E-05 [ OA 100 nM
HNRNPK P61978 Heterogeneous nuclear -1.522 | 7.40E-07 | OA 100 nM
ribonucleoprotein K
GLUL P61978 Glutamine synthetase -1.462 2.65E-05 OA 100 nM
TUFM P49411 Tu translation elongation |~ 4 354 | 4 41E.04 | OA 100 nM
factor, mitochondrial

ACO2 Q99798 Aconitase 2 -1.371 5.35E-03 | OA 100 nM
SEPTIN2 Q15019 Septin 2 -1.145 1.49E-03 OA 33 nM
GSTA1 P08263 Glutathione S-transferase A1 -1.109 2.83E-03 OA 33 nM
TKFC Q3LXA3 Triokinase/FMN cyclase -1.102 9.99E-04 OA 33 nM
MAT1A Q00266 Methionine adenosyltransfer- | 1099 | 5.48£-03 | OA 100 nM
IMMT Q16891 MICOS complexsubunit | 1,079 | 6.43E-03 | 0A 100 nM
PGM1 P36871 Phosphoglucomutase 1 -1.054 9.69E-03 OA 100 nM
GLUL P15104 Glutamine synthetase -1.053 1.48E-06 OA 33 nM
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Figure 3: Grouping of identified OA-regulated proteins according to their cellular functions. (A)
Distribution of the proteins between different cellular functions and processes according to the UniProt
database. (B) Detailed functional grouping of the proteins related to energy homeostasis

DISCUSSION

Even though OA has mostly been recog-
nized for its acute effects in the gut, but is able
to pass the intestinal barrier and reach the
liver, where it has a long retention time (Ito et
al., 2002, Matias et al., 1999, Dietrich et al.,
2019). Nonetheless, only few hepatic effects
of OA have been characterized so far. For ex-
ample, a mechanism for the OA-dependent
downregulation of drug metabolism-related

enzymes in human liver cells has been re-
cently deciphered (Wuerger et al.,, 2022,
2023). Not much, however, is known about
the overall proteomic response of liver cells
to OA, and only a single proteomic study with
mouse liver after chronic exposure to OA has
been published in the past (Wang et al., 2021).
Additional proteomic information comes
from a study with mouse intestine (Wang et
al., 2012), and a limited proteomic data set
has also been generated from isolated lipid
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rafts of a human neuroblastoma cell line
(Opsahl et al., 2013). We aimed at closing the
knowledge gap regarding hepatic proteomic
effects of OA by using a well-established in
vitro model of human liver, HepaRG cells, in
combination with gel-based protein separa-
tion and mass-spectrometric protein identifi-
cation. This was done in order to generate a
proteomic data set allowing the comparison
with the aforementioned published data based
on a technically comparable approach. Hepa-
RG cells were incubated with non-toxic doses
of OA, to detect OA-specific alterations and
to avoid the occurrence of unspecific cyto-
toxic responses of the cells. Therefore, the
present study is the first to provide an unbi-
ased proteomic analysis of OA-induced alter-
ations in human cells, and the first proteomic
study of hepatic OA effects conducted with
human cells. In our study, a total number of
104 proteins were identified, as compared to
46 proteins in mouse liver and 58 proteins in
mouse intestine, respectively, in previous
studies (Wang et al., 2012, 2021). Thus, our
results constitute a substantial improvement
of knowledge regarding the cellular effects of
OA at the protein level.

Supplementary Table 1 lists the deregu-
lated proteins identified in our analysis, along
with information whether the respective pro-
teins (i.e., their direct murine orthologs, or
similar isoforms) have been identified as OA-
regulated in the two aforementioned publica-
tions by Wang and co-workers. In fact, con-
gruence of 34 entries (28 %) from our Hepa-
RG-derived protein list with proteins previ-
ously identified as being affected by OA in
mouse liver or intestine was noted (Supple-
mentary Table 1). This high level of congru-
ence, despite the species difference and the
differences in study design and analytical
workflow, substantiates the validity of the re-
sults obtained in our study.

One quarter of the OA-regulated proteins
identified in this study were functionally as-
sociated with energy homeostasis, and most
of them are part of pathways related to lipid
or fatty acid metabolism. The liver is one of

the most important organs for energy homeo-
stasis in the human body (Rui, 2014). It is the
central organ for fatty acid metabolism. This
includes, among other processes, the de novo
synthesis and also the elimination of fatty ac-
ids (Alves-Bezerra and Cohen, 2017). It has
been shown that OA is able to promote lipol-
ysis, thereby interfering with fatty acid me-
tabolism (He et al., 2006). The liver further-
more plays a central role in glucose metabo-
lism, including glycogenesis, glycogenolysis,
glycolysis and gluconeogenesis (Han et al.,
2016). Previous data indicate that OA is able
to interfere with glucose metabolism in
hepatocytes by increasing gluconeogenesis
and glucose output (Louzao et al., 2005).
Thus, the identification of a high percentage
of OA-deregulated proteins as associated with
fat and energy metabolism is in line with pre-
vious data. Only one core component of gly-
colysis (ALDOC) was found affected by OA
in our analysis, while a number of proteins re-
lated to the tricarboxylic acid cycle (ACO2,
IDHI1, PDHA1, PDHB) were also identified
as altered in OA-treated HepaRG cells.

Exposure to OA is able to induce inflam-
matory responses. For example, OA is able to
activate the expression and release of differ-
ent proinflammatory cytokines in vitro (Del
Campo et al., 2017; Suuronen et al., 2006;
Tchivelekete et al., 2022; Wuerger et al.,
2023). An increase of IL-1P caused by OA
was furthermore detected in rat brains in vivo
(Kamat et al., 2012). OA is furthermore a
known inducer of reactive oxygen species
(ROS) (Schmidt et al., 1995; Tanez et al.,
2003), and therefore a cellular ROS-related
response following OA exposure is to be ex-
pected. 13 % of the identified proteins in our
analysis were chaperones or part of the cellu-
lar response to oxidative stress. Similar re-
sults were also obtained by Wang et al., where
a comparable percentage of the identified pro-
teins in mouse liver was related to oxidative
stress and/or chaperone function (Wang et al.,
2021).

Another noteworthy aspect of our results
is that 8 % of the identified proteins were part
of the cytoskeleton. Wang et al. also found an
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effect of OA on the cytoskeleton in mouse
liver, with 13 % of their identified proteins
being part of it (Wang et al., 2021). In the sec-
ond study by Wang et al., the authors also
found a large number of the regulated proteins
in mouse intestine to be part of the cytoskele-
ton (Wang et al., 2012). The cytoskeleton is,
among others, responsible for the overall in-
tegrity of the cell, cell adhesion, and cell-cell
contacts (Huber et al., 2013). One of the
known main targets of OA is the cytoskeleton.
This leads, for example, to a disruption of
tight junctions or actin filaments (Dietrich et
al., 2019; Opsahl et al., 2013; Huang et al.,
2023). Our data provide additional evidence
for effects of OA on the cytoskeleton and thus
broaden our knowledge on this aspect of the
molecular toxicity of OA.

In conclusion, our data confirm and sub-
stantially extend our knowledge regarding
proteomic effects of okadaic acid in mamma-
lian cells and, for the first time, provide in-
sight into hepatocellular proteomic effects of
OA in human cells.
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