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A B S T R A C T

Karmitoxin, produced by Karlodinium armiger, is structurally related to karlotoxin and amphidinols, two potent 
ichthyotoxic hemolysins with high affinity for sterols. Given these structural similarities, karmitoxin is believed 
to exhibit comparable toxic effects. Cytotoxicity was assessed in the fish gill cell line RTgill-W1 and the human 
epithelial colon cell line HCEC-1CT. The hemolytic potential with and without added sterols was tested on fish 
erythrocytes to investigate possible impacts of toxin-sterol interactions. Sterol interactions were further evalu
ated using surface plasmon resonance. A 3-h incubation returned an EC50 of 111 and 175 nM in RTgill-W1 and in 
HCEC-1CT cells, respectively. Lactate dehydrogenase (LDH) release increased with toxin concentration, reaching 
11 % in the fish and 40 % in the human cell line. Extended exposure (24 h) increased the toxicity in RTgill-W1 
cells (EC50 74 nM, 40 % LDH release). In parallel, hemolytic potential of karmitoxin was confirmed, as well as its 
interaction with free sterols. Interaction kinetics revealed complex stabilities with kd(s−1) constants of 1.13 ×
10−2 (cholesterol), 5.48 × 10−3 (epicholesterol), and 4.72 × 10−3 (ergosterol). Interaction with cholesterol 
followed the single-exponential model well, while data indicated more complex binding with epicholesterol and 
ergosterol. Altering the RTgill-W1 cholesterol content did not impact cytotoxicity at the tested concentration. 
Overall, karmitoxin showed potent cytotoxic and hemolytic properties in human and fish models. Complex 
formation with sterols may play a role in membrane targeting, yet cellular cholesterol quantity might not affect 
cytotoxicity.

1. Introduction

The dinoflagellate species Karlodinium armiger was identified and 
isolated from the Mediterranean Sea two decades ago (Bergholtz et al., 
2006; Garcés et al., 2006). This species has been associated with several 
fish kills and has since its discovery been found to produce an ichthyo
toxin called karmitoxin which is structurally similar to karlotoxins and 
amphidinols (Fig. 1) (Rasmussen et al., 2017). The key feature 

distinguishing karmitoxin from karlotoxin and amphidinols is the pri
mary amine group at the end of the lipophilic arm. The mode of action 
(MOA) of karlotoxin and amphidinols is an ongoing area of research and 
is tentatively understood. It has been shown that these toxins can create 
pores in the plasma membrane, a process which is supported by their 
high affinity for membrane sterols, cholesterol or ergosterol (Deeds and 
Place, 2006; Deeds et al., 2002; Place et al., 2009; Swasono et al., 2010; 
Waters et al., 2015; Place et al. 2024). Their ability to create pores has 
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also been described to be largely aided by their hairpin structure, which 
all of these compounds have in common (Houdai et al., 2005; Waters 
et al., 2015). The information available on the MOA of karlotoxins and 
amphidinols may suggest that karmitoxin could likewise possess affinity 
towards cholesterol, and that its lytic potency is influenced by or 
dependent on the presence of cholesterol.

Therefore, the purpose of this project was to shed light on the 
interaction with sterols, particularly cholesterol, as well as on the 
importance of sterols in the MOA of karmitoxin. Interactions with 
different types of sterols were tested in hemolysis assays using blood 
from Atlantic salmon (Salmo salar) and were also assessed using surface 
plasmon resonance (SPR) to gain insight into the binding kinetics. In- 
vitro cytotoxicity tests were performed in the rainbow trout gill cell line 
RTgill-W1 and the epithelial human colon cell line HCEC-1CT. This 
human cell line was selected to demonstrate that karmitoxin toxicity is 
not limited to fish gill cells. It may also provide insights into potential 
adverse effects in the event of human exposure to this ichthyotoxin. The 
effect of altering the cholesterol content of RTgill-W1 cells on the po
tential of karmitoxin was also assessed in cytotoxicity experiments.

2. Materials and methods

2.1. Algal culture and toxin purification

K. armiger strain K-0668 was acquired from the Scandinavian Culture 
Collection of Algae and Protozoa (SCCAP now part of Norwegian Culture 
Collection of Algae (NORCCA)). The algae were grown in modified f/2 
medium with 50 µM NH4

+, replacing NO3
−, in autoclaved natural sea 

water at a salinity of 30. This was done according to the findings of 
Binzer et al. (2020), who showed that the mixotrophic algae K. armiger 
can grow well with the addition of NH4

+ as a food source. NaHCO3 at a 
final concentration of 0.5 mM was added to media after autoclaving the 
sea water. Cultures were grown at a constant temperature of 15 ◦C with 
aeration, a light-dark cycle of 14:10 h, and an irradiance of 150 µmol 
photons m−2⋅s−1. Once the algae had reached stationary phase they 
were centrifuged, the supernatant was then loaded onto a C18 Sepra 
material (Phenomenex) in a SNAP column (60 g) and eluted with 80 % 
methanol containing 10 mM formic acid using an Isolera autoflash 
system (both Biotage, Uppsala, Sweden). Karmitoxin was then isolated 
by semipreparative HPLC on a Luna C18(2) column using an acetoni
trile−H2O gradient from 30 % to 50 % acetonitrile containing 50 ppm 
trifluoroacetic acid over 40 min at a flow rate of 4 mL/min. The purified 
karmitoxin was then reconstituted in ethanol (EtOH) and the protocol 
using high performance liquid chromatography and fluorescent detec
tion (HPLC-FLD) for toxin semi-quantitation described for prymnesins 
by Svenssen et al. (2019) was applied to estimate the karmitoxin con
centration. In short, the primary amine of karmitoxin was derivatized 

through labeling with a fluorescent tag (AccQ-Tag Fluor Reagent Kit, 
Waters Corporation, Milford, MA, USA). The chromatographic separa
tion was performed on a 1200 HPLC system (Agilent Technologies, 
Waldbronn, Germany), using an Agilent Poroshell C18 column (2.1 × 50 
mm, 2.7 µm) using water (0.1 % formic acid) as eluent A and acetonitrile 
(0.1 % formic acid) as eluent B. The toxin was detected at a fluorescence 
excitation wavelength of 250 nm and an emission wavelength of 395 
nm. Data were evaluated using ChemStation for LC Rev. B.04.01 SP1 
from Agilent Technologies.

2.2. Cell culture

Cell viability tests were mainly performed on the rainbow trout 
(Oncorynchus mykiss) gill cell line RTgill-W1. This cell line was provided 
by K. Schirmer, Department of Environmental Toxicology, EAWAG, 
Dübendorf, Switzerland. Cultivation was performed as previously 
described, at 19 ◦C in Leibovitz’s 15 medium (L-15) supplemented with 
1 % (v/v) penicillin/streptomycin (Thermo Fisher Scientific, Waltham, 
MA, USA) and 10 % (v/v) fetal calf serum (EuroBio, Le Ulis, France) 
(Bols et al., 1994).

Cytotoxicity tests were also conducted on the human epithelial colon 
cell line HCEC-1CT, which was kindly provided by J.W. Shay, UT 
Southwestern Medical Center, Dallas, TX, USA, and cultured at 37 ◦C 
and 5 % CO2. Cultivation medium was prepared with 500 mL Dulbecco’s 
Modified Eagle’s Medium (DMEM (Thermo Fisher Scientific, Waltham, 
MA, USA)) supplemented with 10 mL HEPES buffer solution 1 M, 10 mL 
Medium 199 (10x), 10 mL HyClone™ Cosmic Calf™ Serum (GE 
Healthcare Life Sciences HyClone Laboratories, Danaher Corporation, 
Washington DC, USA), 5.2 mL Insulin-Transferrin-Selenium-G Supple
ment (Thermo Fisher Scientific, Waltham, MA, USA), 0.6 mL gentamy
cin solution (Sigma Aldrich GmbH, St. Louis, MO, USA), 100 µL 
Recombinant Human Epidermal Growth Factor (100 µg/mL, Szabo- 
Scandic HandelsgmbH & Co KG, Vienna, Austria), and 100 µL hydro
cortisone (5 mg/mL, Merck KGaA, Darmstadt, Germany).

2.3. Toxicity assays

2.3.1. Hemolytic assay
The hemolytic potential of karmitoxin was evaluated using red blood 

cells (RBCs) obtained from Atlantic salmon (Salmo salar). The protocol 
for preparation of the buffers and the RBC-solution was adapted from 
Deeds et al. (2002) and followed as described in Prause et al. (2024). 
Briefly, heparin-treated needles were used to draw blood, which was 
subsequently centrifuged at 1250 rcf and 4 ◦C for 25 min and washed 
with Tris-buffer I, consisting of 150 mM NaCl, 3.2 mM KCl, 1.25 mM 
MgSO4, 12.2 mM Tris base in MilliQ water. A 1.25 % (v/v) RBCs solution 
in Tris-buffer II (Tris-buffer I+ 3.75 mM CaCl2) was prepared and stored 

Fig. 1. Structures of karmitoxin produced by the dinoflagellate Karlodinium armiger in comparison to karlotoxin 2 from Karlodinium veneficum and amphidinol 3 from 
Amphidinium klebsii.
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at 4 ◦C for up to 10 days. The pH of both buffers was adjusted before 
sterile filtration (0.22 µm) to pH 7.4 at 10 ◦C, and a hemolytic calibra
tion curve using saponin (Quillaja bark, CAS No.: 8047–15–2; Sigma 
Chemical Co., St. Louis, MO, USA) was created for each new batch of 
1.25 %-RBC solution. The stability of the RBC solution was monitored by 
observing the absorbance value obtained for incubation with only 
Tris-buffer II. Saponin (8 µg/mL) was also used as positive control, and 
the solvent control consisted of Tris buffer II containing 0.5 % (v/v) 
EtOH. The assays were carried out in 96-well plates (V-bottom, poly
styrene, non-treated, Corning Inc., Corning, NY, USA). All experiments 
involving fish were carried out in accordance with the guidelines at the 
Institutional Animal Care and Use Committee (IACUC) of the University 
of Maryland Medical School: protocol No 0014 and No 0522012. Fish 
used for tissue sampling were anesthetized with tricaine methanesul
fonate (MS-222, 10 mg/L) for blood sampling and then euthanized with 
MS-222 (150 mg/L).

2.3.2. CellTiter blue® (CTB)
The CellTiter Blue® (CTB, (Promega, Madison, WI, USA)) assay was 

used to determine the cytotoxicity of karmitoxin on RTgill-W1 and 
HCEC-1CT cells. Cells were seeded onto 96-well plates at a density of 2 ×
104 cells per well (RTgill-W1) or 5 × 103 cells per well (HCEC-1CT). 
Following a 48-h growing period, they were exposed to karmitoxin 
diluted in culture medium (final EtOH concentration 0.5 % (v/v)). The 
solvent control consisted of medium containing 0.5 % (v/v) EtOH, and 
the positive control was 0.05 % and 0.1 % Triton™ X-100 (Triton X, 
(Sigma-Aldrich, St. Louis, MO, USA)) in culture medium. The cells were 
incubated with karmitoxin for 3 or 24 h in the dark at 19 ◦C (RTgill-W1) 
or 37 ◦C (HCEC-1CT). Subsequently, the solutions were aspirated and 
100 µL 1:10 diluted CTB reagent in the respective culture medium was 
added to the cells. After a 1-h reaction time, 80 µL of the CTB- 
supernatant were transferred into a black 96-well plate and fluores
cence was measured according to the manufacturer’s instructions.

2.3.3. Lactate dehydrogenase (LDH) assay
Lytic effects of karmitoxin were assessed with the lactate dehydro

genase (LDH) assay (Pierce CyQuant™, Thermo Scientific, Waltham, 
MA, USA). The manufacturer’s protocol was followed. Briefly, after the 
3-h toxin incubation 50 µL supernatant were transferred onto a new F- 
bottom 96-well plate, and by adding 50 µL LDH reaction mix the reac
tion was initiated. After 30 min 50 µL stop solution were added and the 
absorbance was read at 490 and 680 nm.

2.4. Interaction with sterols

2.4.1. Sterol combinations
In order to understand whether karmitoxin can interact with sterols, 

cholesterol (5(6)-cholesten-3-ol, Sigma St. Louis, MO, USA) and epi
cholesterol (5-cholesten-3a-ol, Steraloids Inc., Newport, RI, USA) were 
combined with karmitoxin before starting a hemolytic assay. The se
lection of these sterols was based on previous work showing that kar
lotoxin built highly stable complexes with cholesterol, but not with its 
epimer epicholesterol (Place et al., 2024). The assay protocol of Prause 
et al. (2024) was followed. Shortly, the karmitoxin sample diluted to the 
HC50

1 value was combined with the equivalent volume of either one of 
the sterols ranging from 0.1 nM to 10,000 nM. Sterols had previously 
been dissolved in EtOH, and dilutions were performed to maintain a 
total EtOH concentration of 0.5 % (v/v). Hemolysis was performed as 
described previously, by adding 100 µL 1.25 % (v/v) RBC solution.

2.4.2. Surface plasmon resonance (SPR)
Binding interactions of karmitoxin with cholesterol, epicholesterol, 

and ergosterol (Fluka Chemie GmbH, Buchs, Switzerland) were also 

recorded via surface plasmon resonance (SPR). The protocol, originally 
described by Place et al. (2024) was followed precisely, using the T200 
Biacore system with a Series S Sensor Chip HPA (Cytiva, Danaher Cor
poration, Washington, DC, USA). The flow cells (Fcs) of the sensor chip 
were first pre-conditioned with 40 mM octyl-d-glucoside for 5 min at a 
flow rate of 10 µL/min. The sterols were diluted to 10 µM in HBS buffer 
(10 mM HEPES, 150 mM NaCl, pH 7.4) and immobilized on the Fcs at 
about 1000 responsive units (RUs) with a flowrate of 2 µL/min for 30 
min. The Fcs were rinsed with 10 mM NaOH for 30 s and then blocked 
for 5 min using bovine serum albumin (0.1 mg/mL in dH2O). HBS buffer 
was run over the sensor chip three times before karmitoxin at 1 µM was 
run over the Fcs for 2 min at 10 µL/min. The responses were fitted on a 
1:1 model, and complex stabilities were evaluated by calculating the 
dissociation rate constant kd(s−1) with the program Biacore T200 
Evaluation Software version 3.2.1 (Cytiva, Danaher Corporation, 
Washington, DC, USA).

2.4.3. Membrane cholesterol in RTgill-W1 cells
To get a better understanding of the relevance of cholesterol in the 

cytotoxic potential of karmitoxin the cholesterol content of the cells was 
modified to contain more or less cholesterol as described in Prause et al. 
(2024). A 24-h cholesterol-altering treatment was conducted using 10 
µM lovastatin (lovastatin sodium salt, Enzo, Farmingdale, NY, USA) for 
depletion and 10 µM methyl-β-cyclodextrin (MbCD) loaded with 
cholesterol (MbCD-Chol (Sigma Aldrich GmbH, St. Louis, MO, USA)) to 
augment cholesterol contents (Del Favero et al., 2020; Rebhahn et al., 
2022). The cellular cholesterol content was relatively quantified via 
fluorescence microscopy as reported in the previous paper, and a total 
cholesterol increase of about 30 % and a decrease of approximately 25 % 
could be achieved (Prause et al., 2024). Following the 24-h treatment, 
karmitoxin at approximately EC80 was added to the 
cholesterol-modified as well as unaltered cells and incubated for 3 h. The 
resulting cell viability was measured via CTB assay.

2.5. Statistics

All assays were carried out in technical triplicates, with the exception 
of SPR assays, which were performed in duplicates. The number of 
biological replicates is provided below the figures. Significance (* = p <
0.05; ** = p < 0.01; *** = p < 0.001) was calculated with One Way 
ANOVA followed by the posthoc Fisheŕs least significant difference test, 
as well as t-test (one-sample or two-sample) using OriginPro 2020 
Version 9.7.0.185 (Academic) from OriginLab Corporation (North
ampton, MA, USA). RStudio version 4.0.2 (RStudio Inc., Boston, MA, 
US) was used for calculating EC50 values.

3. Results

3.1. Toxicity

3.1.1. Hemolytic activity
Karmitoxin was tested for hemolysis of RBCs obtained from salmon 

blood. Concentrations ranging from 15 – 240 nM were applied to obtain 
a hemolytic response curve (Fig. 2). Strong hemolytic potential was 
observed, and an HC50 value of 160 nM could be estimated. The highest 
concentration, 290 nM, caused 90 % hemolysis of RBCs.

3.1.2. Cytotoxicity and lytic activity in RTgill-W1 cells
RTgill-W1 cells were used to assess the cytotoxic potential of the 

karmitoxin sample for both 3-h and 24-h exposure. Following a 3-h in
cubation (Fig. 3A) a linear decline in the metabolic activity was 
measured, with a 50 % cell viability (EC50) achieved by approximately 
111 nM karmitoxin. The release of intracellular LDH was positively 
correlated to cytotoxicity, with the largest release (about 11 %) at the 
highest tested concentration (191 nM). The first significant reduction in 
metabolic activity was observed at 78 nM karmitoxin, yet the first 1 Concentration at which 50 % of all RBCs are lysed.
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concentration at which a significant LDH release was observed was 122 
nM. A 24-h incubation (Fig. 3B) was performed and compared to the 
standard incubation time of 3 h. The three lowest concentrations (40, 
50, and 63 nM) caused an increase in metabolic activity to about 150 %, 
yet the higher concentrations (78 nM onwards) exhibited significantly 
stronger cytotoxic effects compared to the 3-h incubation. Exposure to 
122 nM karmitoxin for 24 h decreased the metabolic activity by about 
95 %, while a 3-h exposure only resulted in a 60 % reduction. The 
calculated corresponding EC50 for the 24-h incubation was thus 
approximately 74 nM. Interestingly, LDH release did not exceed 40 %, 
even at the highest concentrations of karmitoxin where the relative 
metabolic activity was at 0 %. In fact, the extracellular LDH content 
dropped back to 20 % at the highest concentration.

3.1.3. Cytotoxicity and lytic activity in HCEC-1CT cells
The cytotoxic potential of karmitoxin was also evaluated in a human 

cell line for the first time (Fig. 4). A slightly higher concentration range, 
from 80 nM to 382 nM, needed to be applied to the cells for the standard 
incubation time of 3 h. These concentrations were based on preliminary 
assays, demonstrating a lower sensitivity of this cell line towards kar
mitoxin. Both CTB and LDH measurements were performed. Interest
ingly, the cellular metabolic activity increased when exposed to the two 
lowest concentrations (80 nM and 100 nM), with no LDH release. A 
significant decrease in cell viability, to 30 % metabolic activity, was first 
observed at 196 nM. This concentration had reduced metabolic activity 
to about 10 % in RTgill-W1 cells. The first significant LDH leakage of 24 
% from HCEC-1CT cells also took place after incubation with 196 nM 
karmitoxin. A concentration of approximately 300 nM was needed to 
achieve 0 % metabolic activity in HCEC-1CT cells. The highest LDH 
release of about 40 % occurred at 245 nM. This level of release remained 
consistent for the two subsequent highest concentrations tested (306 nM 
and 382 nM). The calculated EC50 value for karmitoxin in this cell line 
was approximately 175 nM.

Morphological changes of the cells after exposure to karmitoxin were 
observed in bright field images (Fig. 5). Upon coming in contact with 
karmitoxin the cells would change their shape and become more 
rounded, and with increasing concentrations the cells started detaching 
from the well bottom (Fig. 5A). Cells for which no metabolic activity was 
measured were generally presumed to be dead, which was supported by 
their swollen appearance and the fact that they had fully detached from 

the well bottom. This can be observed for exposure of HCEC-1CT cells to 
382 nM karmitoxin (Fig. 5B).

3.2. Sterol interactions

3.2.1. Combination assays
Whether karmitoxin can interact with sterols was evaluated by 

combining the toxin at its HC50 with different concentrations of 
cholesterol or epicholesterol. It was hypothesized that an interaction 
would subsequently affect the hemolytic potential (Place et al. 2024). 
Once the sterols were combined with the toxin, the expected 50 % he
molysis was reduced to 0 % with cholesterol, and nearly 0 % with epi
cholesterol (Fig. 6). This outcome was irrespective of the sterol 
concentration. Neither sterol exhibited hemolytic effects at any of the 
applied concentrations (supplementary information (SI) Fig. 1).

3.2.2. Surface plasmon resonance (SPR)
Following the hemolytic combination assays, the interaction be

tween karmitoxin and sterols was studied more closely via SPR (Fig. 7). 
The T200 Biacore Evaluation Software (Cytiva, Danaher Corp., Wash
ington, DC, USA) was used for the calculation of the dissociation rate 
constant kd(s−1), which can be used to interpret complex stability. 
Karmitoxin bound to all three sterols, and to octyl-d-glucoside (control) 
most likely due to an amphipathic character, as described for the 
structurally very close karlotoxin (Van Wagoner et al., 2008). Differ
ences were observed between the three sterols, with kd(s−1) values of 
1.13 × 10−2 for cholesterol, 5.48 × 10−3 for epicholesterol, and 4.72 ×
10−3 for ergosterol. From these constant rates it can be inferred that 
karmitoxin-cholesterol complexes decayed more quickly than the com
plexes formed with ergosterol or epicholesterol. The dissociation from 
ergosterol and epicholesterol on the other hand was nearly equal. The 
difference between the three sterols was further highlighted by the 
different fit quality (Chi2) of the single exponential model. 
Karmitoxin-cholesterol complexes seemingly followed this model well 
(Chi2(RU2) of 5.29), while the fitting of the karmitoxin-epicholesterol or 
-ergosterol complex decay exhibited larger Chi2 values, indicating more 
intricate binding interactions.

3.2.3. Membrane cholesterol in RTgill-W1 cells
Considering that karmitoxin supposedly binds to membrane choles

terol and the high complex stability obtained via SPR, it was of interest 
to see whether altering the cholesterol content of RTgill-W1 cells would 
impact its cytotoxicity. Indeed, effective modification of the lipid can be 
achieved by treating the cells with either MbCD-Chol (10 µM) to 
augment, or lovastatin (10 µM) to reduce cholesterol content. This 
treatment and a subsequent relative quantification of the cellular 
cholesterol was previously reported in Prause et al. (2024), where the 
cholesterol content could be increased by approximately 30 % and 
lowered by about 25 %. The cells were then exposed to karmitoxin at 
approximately EC80 (approximately 160 nM) for 3 h. There was seem
ingly no difference between the cells regarding the impact on the 
metabolic activity (Fig. 8). A tendency for both treatments to exhibit a 
protective effect on the cells could be seen, but no significance could be 
calculated.

4. Discussion

Karmitoxin is considered a very potent hemolysin, and its structural 
similarity to karlotoxin and amphidinols serves as a key feature in un
derstanding its chemical as well as functional and toxic properties 
(Rasmussen et al., 2017; Waters et al., 2015; Place et al. 2024). The 
cytotoxic potential of karmitoxin has already been established in pre
vious studies using the RTgill-W1 cell line (Binzer et al., 2020; Ras
mussen et al., 2017). The EC50 of 111 nM for a 3-h incubation obtained 
in this work was similar to the 125 nM found by Rasmussen et al. (2017). 
In general, exposure of RTgill-W1 cells to karmitoxin for 24 h led to 

Fig. 2. Hemolytic activity of karmitoxin in erythrocytes of Atlantic salmon 
(Salmo salar). Saponin (8 µg/mL) was used as positive control and set as 100% 
hemolysis, Tris-buffer II containing 0.5% (v/v) EtOH was used as solvent con
trol. Data is given as mean ± SD of n = 3 biological replicates fitted on a non- 
linear dose-response using the Levenberg Marquardt algorithm.
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apparently stronger cytotoxicity, with a lower concentration (74 nM) 
reaching a 50 % decrease in metabolic activity. Interestingly, the 
metabolic activity resulting from 24-h exposure to the lower toxin range 
was drastically higher than the control, with close to no LDH release. 
This behavior could be attributed to activation of repair mechanisms 
aimed at maintaining cellular homeostasis as a response to stress 
induced by karmitoxin (Fulda et al., 2010; Welch, 1993). It can be 
assumed that lower concentrations of karmitoxin contributed to cellular 
stress, initiating a pro-survival signaling pathway. However, once a 
certain threshold is surpassed, either due to the severity or persistence of 
the stress factor, cells are no longer able to counteract the damage and 
switch to a cell death signaling pathway (Fulda et al., 2010). This phe
nomenon explains the higher metabolic activity measured for the lower 
concentrations of karmitoxin after 24 h compared to the 3-h incubation 
time. The activation of such repair mechanisms may not be immediate, 

resulting in an initial disruption on cellular homeostasis (as observed 
after 3 h), which can later be repaired by the cellular stress response (as 
observed after 24 h).

The human epithelial cell line seemed to be less sensitive towards 
karmitoxin, with an EC50 value of 175 nM compared to 111 nM in 
RTgill-W1 cells. It should be noted that cell numbers for seeding were 
selected based on their ability to reproduce and create a 100 % confluent 
monolayer within 48 h, in order to maintain testing conditions across 
both cell lines. As HCEC-1CT cells reproduce more quickly than RTgill- 
W1 cells, a lower cell number is required to reach confluence. Still, both 
values are comparable to each other as well as to the hemolytic potential 
towards Atlantic salmon RBCs, with an HC50 of approximately 160 nM 
karmitoxin. Since membrane damage was also measured in RTgill-W1 
and HCEC-1CT cells, it can be assumed that the cytotoxic effects were 
at least in part caused by lytic activity of karmitoxin. Surprisingly, the 

Fig. 3. Cytotoxic potency of karmitoxin in RTgill-W1 cells after 3h (A) and 24h (B), measured as metabolic activity of the cells via the CellTiter-Blue® (CTB) assay 
and the lactate dehydrogenase (LDH) assay. Medium containing 0.5% (v/v) EtOH was used as solvent control (100% for the CTB assay and 0% for the LDH assay). 
Data from A is presented as mean ± SD of n ≥ 4 biological replicates, significant differences between the measurements are labeled with * (CTB) or # (LDH). Normal 
distribution of the data was analyzed with the Shapiro-Wilk normality test (p < 0.05). Outliers according to Nalimov were eliminated. Data from B represent results 
of technical triplicates, therefore, no statistics were performed.

H.-C. Prause et al.                                                                                                                                                                                                                              Harmful Algae 143 (2025) 102817 

5 



LDH release in both cell lines was much lower than expected, despite the 
positive control that represented the amount of LDH released from fully 
lysed RTgill-W1 or HCEC-1CT cells.

The enzyme LDH plays an essential role in the anaerobic breakdown 
of glucose, and its cellular levels may be impacted by the activation of 
pro-survival signaling pathways, which demand increased energy from 
cells (Brooks et al., 1999). This rationale may in part account for the low 
LDH values of cells exposed to high toxin concentrations, although it 
appears to be an oversimplification of this phenomenon. Despite an 
initial decrease in metabolic activity at the lower toxin concentrations, 
no LDH release was observed. LDH release increased only at higher 
concentrations, suggesting that higher toxin concentrations may stabi
lize or enlarge pore diameter, thereby delaying LDH release relative to 
metabolic effects. Furthermore, pore-formation may not be the only 
mechanism causing the cell death. A premise that might be supported by 

the morphological state of the cells. To test this hypothesis, assays 
providing more information on cellular processes, such as cell cycle 
analyses, or monitoring dysregulation of cell signaling pathways 
including endoplasmic reticulum stress or oxidative stress are necessary 
(Fulda et al., 2010). Another option would be staining cellular structures 
such as cytoskeleton, nuclei, or mitochondria, to monitor changes 
thereof. Deeds et al. (2015) showed that karlotoxin can cause a 
non-selective pre-lytic increase in cellular cations. It may be that kar
mitoxin behaves in a similar way.

Generally, these results showed a rapid onset of cytotoxic effects 
induced by karmitoxin, which can be enhanced by longer incubation 
time, and possibly also reversed given that the concentration is low 
enough. This implies that the duration of toxin-exposure could impact 
the overall toxicity in the target organism. It would be of interest to 
assess whether RTgill-W1 cells exposed to karmitoxin, at various 

Fig. 4. Cytotoxic potency of karmitoxin in HCEC-1CT cells after 3 h, measured as metabolic activity of the cells via the CellTiter-Blue® (CTB) assay and the lactate 
dehydrogenase (LDH) assay. Medium containing 0.5 % (v/v) EtOH was used as solvent control (100 % for the CTB assay and 0 % for the LDH assay). Data is given as 
mean ± SD of n = 3 biological replicates. Significant differences between the measurements are labeled with * (CTB) or # (LDH). Normal distribution of the data was 
analyzed with the Shapiro-Wilk normality test (p < 0.05). Outliers according to Nalimov were eliminated.

Fig. 5. Bright field images of RTgill-W1 cells (A) and HCEC-1CT cells (B) after 3-h exposure to various concentrations of karmitoxin in comparison to the control. The 
control consisted of the respective culture medium containing 0.5 % (v/v) EtOH. Image contrast and brightness were adjusted for better visibility. Scale bars represent 
100 µm.
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concentrations and duration times, can recover from the cytotoxic 
damage during a recuperation period in toxin-free medium. This eval
uation would help determine the efficacy of cellular repair mechanisms 
and identify a concentration threshold for successful repair. With in
formation from such an in-vitro experiment it might be easier to estimate 
how fish would recover from short-term exposure to karmitoxin, similar 
to fish exposed to prymnesins from the haptophyte Prymnesium parvum 
(Svendsen et al., 2018). Importantly it could elucidate until which 
concentration such a recovery would be feasible.

The hemolytic potency of karmitoxin was similar to that of karlo
toxin, albeit karmitoxin seemed to be more potent (Deeds et al., 2015). 
To lyse about 90 % of salmon RBCs, 290 nM karmitoxin were sufficient, 
yet 500 ng/mL (≈370 nM) karlotoxin 2 were necessary to lyse 90 % of 
trout RBCs (Deeds et al., 2015). We hypothesize that the unique amine 
group at the lipophilic arm of karmitoxin may be the reason for its 
stronger potency (Rasmussen et al., 2017). As a result, interaction with 

phospholipids may be increased in comparison to karlotoxin, which 
would facilitate the insertion of karmitoxin into the cellular membrane 
(Place et al., 2009; Rasmussen et al., 2017). Of course, it should be noted 
that physiological differences between the RBC sources (salmon vs. 
trout) may exist. The combination of karmitoxin with sterols lowered 
the expected hemolysis significantly. This effect had already been 
documented for karlotoxin 2 in trout RBCs (Deeds and Place, 2006). No 
difference could be observed between the effects of cholesterol or epi
cholesterol. These results were corroborated by the SPR data, which 
showed that complex stabilities with cholesterol and epicholesterol were 
comparable, with dissociation rate constants of 1.13 × 10−2 s−1 and 5.48 
× 10−3 s−1, respectively. These kd(s−1) values are similar to the ones 
previously obtained for karlotoxin 2 and amphidinol 18 interacting with 
cholesterol (2.45 × 10−3 s−1 and 1.69 × 10−2 s−1, respectively) (Place 
et al., 2024). Interestingly, the lowest dissociation rate was found for the 
complex with ergosterol, the main membrane sterol in fungi (Axelsson 

Fig. 6. Hemolytic potential of karmitoxin at HC50 (approximately 160 nM) compared to hemolytic effects resulting from combination of karmitoxin at HC50 
combined with cholesterol or epicholesterol at different concentrations. Saponin (8 µg/mL) was used as positive control and set as 100 % hemolysis, Tris-buffer II 
containing 0.5 % (v/v) EtOH was used as solvent control. Data is given as mean ± SD of n = 2 for cholesterol and n = 3 for epicholesterol.

Fig. 7. Sensograms for 1 µM karmitoxin binding to immobilized ligands; 10 mM cholesterol, 10 mM epicholesterol, and 10 mM ergosterol. The measured curves are 
shown in a solid line in color and the fitted curves in a dark gray dashed line. Measurements were performed in duplicates. The dissociation rate constant kd(s−1) and 
the quality of the fitted model Chi2(RU2) are provided above the graphs.
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et al., 1995; Dufourc, 2008). Amphidinols and karlotoxins have both 
been described as potent antifungal agents (Place et al., 2009; Satake 
et al., 1991; Van Wagoner et al., 2008). For amphidinols the strong af
finity towards ergosterol was recently shown to be correlated to their 
antifungal potency (Matsumori et al., 2024; Swasono et al., 2010). With 
this information in mind, it can be assumed that karmitoxin also pos
sesses antifungal capacities, and that these are likewise related to their 
affinity to ergosterol. Matsumori et al. (2024) also showed that amphi
dinol 3 seems to follow a 2-step reaction model. The authors proposed 
that the first binding step reflects sterol recognition and binding to the 
surface, while the second step, which the presence of ergosterol affected 
significantly more, represents an orientational change and most likely 
pore-formation (Matsumori et al., 2024). Based on the SPR results ob
tained here it could be argued that also karmitoxin follows a 2-step 
binding with ergosterol and epicholesterol.

Possibly the most unexpected result was that alteration of the 
cholesterol content of RTgill-W1 cells had no impact on the cytotoxic 
potency of karmitoxin. This indicates that sufficient cholesterol was still 
present in the membrane, allowing karmitoxin to target the cell mem
brane regardless of the ~25 % decrease in cholesterol. As discussed in 
Prause et al. (2024), sterol modulation may take place throughout the 
entire cell, and not specifically in the cell membrane (Lange et al., 2004). 
This would mean that the actual change in membrane cholesterol was 
probably smaller than the measured 25 %. It is also likely that only small 
amounts of cholesterol are necessary for karmitoxin to target the cell 
membrane, just as it is likely for karmitoxin to interact with other lipids 
in the plasma membrane, such as the phospholipids. Regardless, both 
the increase and decrease of cholesterol resulted in the same tendency 
for somewhat lower cytotoxicity, which should be further examined. 
Creating liposomes with different sterol compositions would be valuable 
in assessing the significance of sterols for the MOA. Calcein leakage 
experiments previously performed for amphidinols have shown signifi
cantly higher leakage from liposomes containing ergosterol (Matsumori 
et al., 2024). Future studies may focus on conducting a similar experi
ment with karmitoxin.

Overall, this study demonstrates that the hemolytic potential of 
karmitoxin parallels its cytotoxic potential. While lytic activities were 
also observed in the RTgill-W1 and HCEC-1CT cell lines, the LDH 
leakage was considerably low. This raises the question whether the 

cytotoxic potential of karmitoxin is reversible when cells are exposed to 
a low concentration for a limited amount of time. Despite karmitoxin 
exhibiting a strong affinity towards ergosterol, cholesterol, and epi
cholesterol, a ± 25 % modulation of (membrane) cholesterol could not 
affect cytotoxicity of the tested concentration (EC80). For a better un
derstanding of the role of membrane sterols on the MOA of karmitoxin 
an assessment of lytic activity against liposomes with various lipid 
profiles is needed. In addition, assessing the impact on cellular mecha
nisms, such as disruption of cell signaling pathways, oxidative stress, or 
osmoregulation, is crucial for providing a more comprehensive picture 
of the MOA of karmitoxin. Another interesting aspect to evaluate is the 
influence of karmitoxin on the membrane permeability to Ca2+, Na+, 
and K+.
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