
Toxic effects of palmitoyl-, oleoyl-, and linoleoyl-fumonisin B1
derivatives on zebrafish embryos and their interactions with serum
albumin

Zsolt Csenki a,1, Ill�es Bock a,1, Levente Horv�ath b, Artur Stepniak c, B�ela Fiser c,d,e,
Adam Buczkowski c, Gerg}o T�oth f,g, D�avid Csabai h, D�avid Hesszenberger h, Anik�o Lajtai h,
S�andor Kuns�agi-M�at�e i, j, Melinda Kov�acs k,l, Istv�an Szab�o a, Bal�azs Kriszt m, Tibor Bart�ok b,
Mikl�os Po�or h,n,*

aDepartment of Environmental Toxicology, Institute of Aquaculture and Environmental Safety, Hungarian University of Agriculture and Life Sciences, P�ater
K�aroly u. 1, H-2100, G€od€oll}o, Hungary
b Fumizol Ltd., Kisfaludy u. 6/B, H-6725, Szeged, Hungary
cDepartment of Physical Chemistry, Faculty of Chemistry, University of Lodz, Pomorska 163/165, Lodz, 90-236, Poland
dHigher Education and Industrial Cooperation Centre, University of Miskolc, H-3515, Miskolc-Egyetemv�aros, Hungary
eRakoczi II Transcarpathian Hungarian College of Higher Education, 90200, Beregsz�asz, Transcarpathia, Ukraine
fDepartment of Pharmaceutical Chemistry, Semmelweis University, H-1085, Budapest, Hungary
gCenter for Pharmacology and Drug Research & Development, Semmelweis University, Üll}oi str. 28, 1085, Budapest, Hungary
hDepartment of Laboratory Medicine, Medical School, University of P�ecs, Ifjús�ag útja 13, H-7624, P�ecs, Hungary
iDepartment of Organic and Medicinal Chemistry, Faculty of Pharmacy, University of P�ecs, Honv�ed u. 1, H-7624, P�ecs, Hungary
jGreen Chemistry Research Group, J�anos Szent�agothai Research Centre, University of P�ecs, Ifjús�ag útja 20, H-7624, P�ecs, Hungary
k Institute of Physiology and Nutrition, Department of Physiology and Animal Health, Agribiotechnology and Precision Breeding for Food Security National
Laboratory, Hungarian University of Agriculture and Life Sciences, H-2103, G€od€oll}o, Hungary
lHUN-REN-MATE Mycotoxins in the Food Chain Research Group, Hungarian University of Agriculture and Life Sciences, Guba S�andor u. 40, H-7400,
Kaposv�ar, Hungary
mDepartment of Environmental Safety, Hungarian University of Agriculture and Life Sciences, Institute of Aquaculture and Environmental Safety, P�ater
K�aroly. u. 1, P�ater Karoly u. 1, 2100 G€od€oll}o, Hungary
nMolecular Medicine Research Group, J�anos Szent�agothai Research Centre, University of P�ecs, Ifjús�ag útja 20, H-7624, P�ecs, Hungary

a r t i c l e i n f o

Article history:
Received 3 October 2025
Received in revised form
11 November 2025
Accepted 22 December 2025
Available online 23 December 2025

Keywords:
Fumonisin B1
Acyl-fumonisin B1 derivatives
Zebrafish
Toxicity
Human serum albumin

a b s t r a c t

Acyl derivatives of the mycotoxin fumonisin B1 (FB1) occur in naturally infected grains and can be
formed during certain food processing steps and/or as in vivo metabolites of the parent mycotoxin. The
toxicity of N-acyl-FB1 metabolites is considerably higher compared to FB1; however, their toxic impacts
and molecular interactions are barely characterized. To get a better insight into the structure-related
and time-dependent toxic actions of acyl-FB1 derivatives, the effects of N-palmitoyl-, N-oleoyl-, N-
linoleoyl-, 5-O-palmitoyl-, 5-O-oleoyl-, and 5-O-linoleoyl-FB1 were examined on zebrafish embryos.
Furthermore, the interactions of these metabolites with human serum albumin (HSA) were investigated
using fluorescence spectroscopy, isothermal titration calorimetry, and ultrafiltration. Our results un-
derline the high in vivo toxicity of N-acyl-FB1 derivatives (LC50 = 4–18 μM; 120 h), followed by 5-O-acyl-
FB1 (LC50 = 22–38 μM; 120 h) metabolites then FB1. Depending on the fatty acid component, the toxic
potency and the time-dependent impacts showed large variations. N-palmitoyl-FB1 proved to be the
most toxic derivative, causing high mortality at low micromolar levels even after 24 h exposure. Acyl-
FB1 metabolites bind to HSA with high affinity (logK = 5.4–6.4), most of them occupy more binding sites
on the protein. Interestingly, fatty acids, N-acyl-FB1 and 5-O-acyl-FB1 derivatives exerted different
modulatory effects on the albumin binding of Site I and/or Site II markers examined. Our data
demonstrate the similarities and differences regarding the toxic actions and the albumin binding
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properties of certain N-acyl- and 5-O-acyl-FB1 derivatives, and draw the attention to these barely
examined mycotoxin metabolites.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Mycotoxins are toxic secondary metabolites of filamentous
fungal strains, they are undoubtedly among the most important
food contaminants [1]. Fumonisin mycotoxins are mainly pro-
duced by Fusarium species, including F. verticillioides and
F. proliferatum [2,3], but their formation has also been observed in
certain black Aspergillus [4] and Tolypocladium [5] species. In terms
of food safety, certain members of group FB appear to be the most
important among the several fumonisin mycotoxins described [3];
therefore, an upper limit value for the sum of fumonisin B1 (FB1)
and fumonisin B2 (FB2) toxins has been set in the EU (EU 2023/
915). Due to the hepatocarcinogenic effect of FB1 observed in some
animals and the increased incidence of human esophageal cancer
accompanied with the high exposure to fumonisins [6], the In-
ternational Agency for Research on Cancer (IARC) classifies FB1 as
a possible human carcinogen (Group 2B) [7]. FB1 is a known in-
hibitor of ceramide synthase enzymes affecting sphingolipid
biosynthesis, which seems to be a key mechanism of action
regarding its toxic impacts [2,6,8]. In the recent decades, a number
of masked/modified fumonisins have also been reported [9],
including acylated fumonisin derivatives. The few data available
underline the considerably higher toxicity of acyl-FB1 metabolites
compared to the parent mycotoxin [10,11]. Therefore, further
extensive studies are reasonable to examine the occurrence of
acyl-FB1 derivatives in different foodstuffs, where the lack of
reference materials causes a significant problem [12]. Few years
ago, the N-palmitoyl-FB1 (N-pal-FB1) and 5-O-palmitoyl-FB1 (5-
O-pal-FB1) derivatives were produced and purified (structures
were confirmed by HRMS and NMR) [13]; and recently N-oleoyl-
FB1 (N-ole-FB1), 5-O-oleoyl-FB1 (5-O-ole-FB1), N-linoleoyl-FB1
(N-lin-FB1), and 5-O-linoleoyl-FB1 (5-O-lin-FB1) were also pre-
pared. These compounds provide an excellent opportunity for the
more detailed investigations of acyl-FB1 derivatives, including
their structure-related effects and interactions.

The formation of N-acyl-FB1 derivatives have been reported
during the production tortilla chip (from FB1-contaminated
maize): nixtamalization (soaking and cooking dried maize under
alkaline conditions) then frying in preheated cooking oil [14].
Presumably, fatty acid anhydrides (produced by the heating of fats
at high temperature) interact with FB1 [14]. Applying the tritium-
labeled mycotoxin, an earlier study demonstrated the high pro-
duction of N-acylated FB1 derivatives, where the following
amounts were found compared to the initial FB1 levels: approxi-
mately 3 % and 2 % of free FB1 in tortilla chip and frying oil,
respectively; while around 6 % and 80 % of N-acyl-FB1 derivatives
in tortilla chip and frying oil, respectively [14]. These observations
suggest that the repeated application of the oil used may cause
higher accumulation of N-acyl-FB1 derivatives in tortilla chip.
Furthermore, low amounts of N-acyl-FB1 (palmitoyl, oleoyl, and
linoleoyl) metabolites were also found after solid-phase fermen-
tation with toxigenic F. verticillioides strains in rice cultures [15].
Thus, certain fungal strains are able to synthesize these metabo-
lites; however, based on our current knowledge, N-acyl-FB1 de-
rivatives have never been detected as a result of natural field
infection. Importantly, FB1 is partly biotransformed to its N-acyl
derivatives in mammals [16]. This process is catalyzed by certain

ceramide synthase isoforms [10,17,18], where FB1 is both inhibitor
and substrate. After the i.p. administration of FB1 (0.5–2 mg/kg
body weight) to rats, N-acyl-FB1 metabolites were detected in the
liver and kidneys (approximately 0.2–0.4 nmol/g) of the animals
[16]. In addition, after five days of repeated treatment
(0.69–2.77 μmol FB1/kg body weight per day), the molar levels of
N-acyl-FB1 metabolites in the liver were 0.1–0.3 % (in kidneys:
<0.04 %) compared to the total dose of FB1 administered, which
means circa 35–60 % of the total FB1 species found in the liver (in
kidneys: <10 %) [16]. The considerably higher in vitro cytotoxicity
of N-acyl-FB1 metabolites compared to the parent mycotoxin have
been demonstrated on different cell lines [10]. Moreover, in
zebrafish embryo model, N-pal-FB1 proved to be more toxic than
FB1 based on both mortality data and sublethal malformations
observed [11]. After 24 h exposure (at 120 hpf zebrafish embryos,
treated in an exposure window of 96–120 hpf), even 6.25 μM
concentration of N-pal-FB1 caused 100 % mortality while no FB1-
induced mortality was noticed in the 0–200 μM range [11]. An
earlier study demonstrated the high-affinity interaction of N-pal-
FB1 with human serum albumin (HSA), where the results of ul-
tracentrifugation and ultrafiltration experiments suggested that it
may occupy more than one binding sites on the protein [11].N-pal-
FB1 considerably decreased the albumin-bound fractions of both
Site II (naproxen) and Site I (warfarin) marker ligands, and
modeling studies also identified these regions of HSA as the
possible binding sites [11].

The presence of O-acyl-FB1 derivatives (or also known as
esterified fumonisins) were first demonstrated in rice cultures
inoculated with F. verticillioides, where the total amount of pal-
mitoyl-, oleoyl-, and linoleoyl-FB1 compounds identified
comprised approximately 0.1 % of the FB1 concentration [19].
Oleoyl and linoleoyl metabolites have also been identified in
naturally infected maize (typically 5–7 % together compared to the
FB1 levels) [20]. In addition, after 45 days incubation of
F. verticillioides in cornmeal media and rice-based media, the total
amounts of O-acyl derivatives were 0.7–3.5 % and 0.0–2.9 %
compared to the concentrations of FB1, respectively [21]. After 24 h
treatment of zebrafish embryos, 5-O-pal-FB1 did not cause mor-
tality at 50 μM or lower levels; however, approximately 10 % and
30 % mortality was observed in the presence of its higher con-
centrations (100 μM and 200 μM, respectively) [11]. The compar-
ison with N-pal-FB1 and FB1 highlighted that 5-O-pal-FB1 is less
toxic than the N-palmitoyl derivative and more toxic compared to
FB1, which conclusion was also supported by the evaluation of the
mycotoxin-induced sublethal malformations [11]. Similar to the N-
palmitoyl metabolite, 5-O-pal-FB1 also showed strong interaction
with HSA; however, it decreased only the albumin-bound fraction
of the Site I marker warfarin, while Site II was not affected [11].
Nevertheless, the binding constants and the number of binding
sites regarding acyl-FB1–HSA interactions remained unclear.

Although, only limited information is available, the above-listed
data emphasize the potential toxicological importance of acyl-FB1
derivatives, including their toxic impacts and toxicokinetics. To
get a deeper insight into the structure-related and time-dependent
harmful effects of acyl-FB1 metabolites, in the current study, the
mycotoxin-induced mortality was tested after 24, 48, 72, 96, and
120 h exposure, then the sublethal malformations were also
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evaluated for FB1, N-pal-FB1, N-ole-FB1, N-lin-FB1, 5-O-pal-FB1, 5-
O-ole-FB1, and 5-O-lin-FB1 (Fig. S1). In addition, to provide quan-
titative data for acyl-FB1–HSA interactions and to see the potential
structure-dependent differences in their albumin binding, fluores-
cence spectroscopic, isothermal titration calorimetry, and ultrafil-
tration studies were applied.

2. Materials and methods

2.1. Materials

FB1 and acyl-FB1 derivatives were prepared and purified as it has
been reported [13]. Briefly, acylation of FB1 toxin was carried out in
tetrahydrofuran (THF) in the presence of triethylamine and the
corresponding acyl chloride. When the acylation was performed in
anhydrous THF, only N-acyl derivatives were formed rapidly; while
in THF containing 2 v/v% water, 5-O-acyl FB1 toxins were obtained
during 10 days. The reaction mixtures were evaporated to dryness,
redissolved in acetonitrile/water (80/20, v/v), filtered through nylon
syringe filters, and finally purified by preparative HPLC on a Kinetex
C18 column (250 × 21.2 mm, 5 μm; Phenomenex, Torrance, CA,
USA). The purity of N-pal-FB1 (≥99.0 %), N-ole-FB1 (≥95.4 %), N-lin-
FB1 (≥97.2 %), 5-O-pal-FB1 (≥99.0 %), 5-O-ole-FB1 (≥98.6 %), and 5-
O-lin-FB1 (≥95.2 %) were determined with HPLC–MS in full scan
mode (150–1100 m/z). HSA (product code: A1653), naproxen, and
racemic warfarin were obtained from Merck (Darmstadt, Germany).
HPLC–UV grade acetonitrile, methanol, and water were purchased
from Fisher Chemical (Fisher Scientific Company L.L.C., Pittsburgh,
PA, USA). Mycotoxin–HSA interactions were examined in
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4 in water; pH 7.4).

2.2. Zebrafish

Laboratory bred AB zebrafish line was maintained in breeding
groups of 30 females and 30 males at the Department of Envi-
ronmental Toxicology (Hungarian University of Agriculture and
Life Sciences, G€od€oll}o, Hungary). The fish were housed in a Tec-
niplast ZebTEC recirculation system (Tecniplast S.p.a., Buguggiate,
Italy) under controlled conditions: 25.5 ± 0.5 ◦C, pH 7.0 ± 0.2, and
conductivity 550 ± 50 μS, with a 14 h:10 h light:dark photoperiod.
They were fed twice daily with dry granulated feed (Gemma Wean
500, Skretting, Norway), and additionally received freshly hatched
Artemia salina twice per week. For spawning, adult zebrafish were
placed in breeding tanks (Tecniplast S.p.a.) the evening before the
experiment, and spawning was initiated by removing the divider
the following morning. Eggs were collected and incubated in Petri
dishes (diameter: 10 cm) filled with sterile E3 medium (5.0 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4 in 1 L
sterilized distilled water). Embryos at the four-to eight-cell stage
showing normal development were selected.

The exposure of the zebrafish embryos was carried out ac-
cording to the Zebrafish Emrbryo Toxicity Assay (ZETA) [22].
Briefly, embryos were placed in 24-well tissue-culture plates in
groups of five in four replicates (n = 20). Considering the results of
our previous study with FB1, N-pal-FB1, and 5-O-pal-FB1 [11], the
embryos were exposed to the following concentrations of each
tested compound: 100 μM, 50 μM, 25 μM, 12.5 μM, 6.25 μM,
3.13 μM, 1.56 μM, 0.78 μM, and 0.39 μM. The exposure solutions
were diluted from DMSO stock solutions using sterile E3 medium.
Negative controls of E3 medium and DMSO solution – according to
the highest concentration of the solvent in the exposure media –
were also tested in four replicates. The plates were kept in an
incubator at 25.5 ± 0.5 ◦C for 120 h, and mortalities were recorded
daily.

After 120 h, surviving embryos from each group were anaes-
thetized with 100 mg/L MS-222 (tricaine methanesulfonate) so-
lution, and placed in 4 % methylcellulose for photography. Bright
field (exposure time: 6 msec, magnification: 30 × ) images of the
embryos were taken under a stereomicroscope (Leica M205 FA
stereomicroscope, Leica DFC 7000 T camera, Leica Application
Suite X, Leica Microsystems GmbH; Wetzlar, Germany).

From the mortality rates, LC50 values and 95 % confidence in-
tervals for all chemicals at each time point were primarily calcu-
lated using linear interpolation and bootstrapping (n = 1000).
Where applicable, LC50 values were derived using a four-
parameter logistic (4 PL) curve fit. Dose-response curves were
drawn using cumulative Gaussian non-linear regression model
(Graphpad Prism 8, GraphPad Software; San Diego, CA, USA).
Sublethal defects were quantified by visual scoring of images of
surviving embryos from the two selected treatment groups
(3.13 μM and/or 25 μM). The frequencies of representative devel-
opmental defects are given as mean appearance (% ± SD). Potential
significant differences across treatment groups at each defect were
analyzed using two-way ANOVA with Tukey's post-hoc multiple
comparisons test (p < 0.05).

2.3. Fluorescence spectroscopic studies

Fluorescence spectroscopic measurements were performed
applying a Hitachi F-4500 fluorescence spectrophotometer (Tokyo,
Japan). Emission spectra were recorded at 25 ◦C in 1 cm × 1 cm
cuvettes, using 295 nm excitation wavelength with 90-degree
fluorescence detection. Samples contained standard level of HSA
(2 μM) and increasing concentrations of mycotoxins (0–20 μM) in
PBS (pH 7.4). The ligand-induced increases in the emission signal
of the protein were evaluated at 329 nm for N-acyl-FB1 metabo-
lites and at 327 nm for 5-O-acyl-FB1 derivatives.

Non-linear parameter fitting method implemented in the
HypSpec 2014 code (Protonic Software, Leeds, GB) is applied to
determine the binding constants (K; unit: L/mol) of mycotoxin (M)
– serum albumin (A) complexes as follows:

pA+ qM↔ApMq (1)

βpq=
[
ApMq

]

[SA]p[MT]q
(2)

where β reflects the overall binding constants, while p and q
denote the coefficients which indicate the stoichiometry associ-
ated with the equilibrium.

A+M↔A M β1 =
[A M]

[A][M]
(3)

A+ qM ↔ A Mq βq=
[
A Mq

]

[A][M]
q (4)

The relationship between the overall binding constants and the
stepwise binding constants is known as the followings.

β1 =K1; βq = K1×K2… × Kq (5)

The stoichiometry and binding constants of mycotoxin-
albumin complexes were determined by the model associated
with the lowest standard deviation. As mathematical aspect, the
fitting algorithm focused on logβ, so in this HypSpec 2014 code the
logβ is refined rather than the equilibrium constant β. This method
makes the fitting procedure more stable and go somewhat faster
since automatically excludes the negative values of the equilib-
rium constants from the proper solution of the equations above.
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During the fitting procedure we considered that both the albumin
and slightly the mycotoxin contribute to the formation of spec-
troscopic signal. However, while the contribution of the albumin in
the absence of the mycotoxin is known as its molar absorptivity,
the contributions of both the mycotoxin and albumin in the
presence of the mycotoxin is unknown in the HypSpec model (and
therefore calculated during the fitting procedure).

2.4. Isothermal titration calorimetry

Using isothermal titration calorimetry (VP-ITC calorimeter,
MicroCal) the heat effects of titration of 5 μM HSA protein solu-
tions with 260 μM solution of each of the following mycotoxins (N-
pal-FB1, 5-O-pal-FB1, N-ole-FB1, 5-O-ole-FB1, N-lin-FB1, and 5-O-
lin-FB1) were measured in aqueous 10 v/v% DMSO solution (used
as solvent) at 25 ◦C. HSA solution with volume 1427.5 μL (in the
working cell) was titrated with adding 5 μL aliquots (from the
syringe) in total 275 μL volume of each mycotoxin solution. The
reference cell was filled with aqueous 10 v/v% DMSO. The time
during each injection was 10 s and the time between successive
injections was 1000 s. The stirring speed was 307 rpm. Indepen-
dently the heat effects of each mycotoxin dilution (from the sy-
ringe) into the solvent (in the cell) were measured maintaining the
same parameters as during the proper titration.

Heat effects of direct interactions of HSA with each mycotoxin
were calculated by subtracting the heat effects of mycotoxin
dilution from the heat effects of HSA with mycotoxin titration.
Obtained isotherms were next fitted with non-linear multi-
parameter regression method (Origin 7.0 MicroCal) using One Set
of Sites model (ITC Date Analysis in Origin - Tutorial Guide.
Northampton: MicroCal, 2004) to obtain the binding parameters:
stoichiometry (n; describing the number of binding sites in the
protein), binding/association constant (K; unit: L/mol) of each
ligand with the active site of protein, and standard thermodynamic
functions (including enthalpy (ΔH), entropy (ΔS), and Gibbs free
energy of binding (ΔG)).

2.5. Ultrafiltration experiments

Ultrafiltration experiments were performed as it has been
earlier reported [23,24]. Briefly, Amicon Ultra-0.5 centrifugal fil-
ters (30 kDa molecular weight cut-off; Merck, Darmstadt, Ger-
many) were washed with 500 μL of water then with 500 μL of PBS
(pH 7.4). In the Site I assay, warfarin (1.0 μM) and HSA (5.0 μM)
were centrifuged (10 min, 7500 g, 25 ◦C; fixed angle rotor) without
and with the ligands examined (10 or 20 μM) in PBS. In the Site II
assay, naproxen (1.0 μM) and HSA (1.5 μM) were centrifuged
(10 min, 7500 g, 25 ◦C; fixed angle rotor) in the absence and the
presence of the ligands examined (10 or 20 μM) in PBS. We applied
different albumin concentrations in the two assays because we
aimed to achieve approximately 50 % albumin-induced decreases
in site marker levels of the filtrate. After ultrafiltration experi-
ments, concentrations of warfarin and naproxen were directly
analyzed from the filtrates with UHPLC–FLD and HPLC–UV,
respectively.

Warfarin was quantified in the filtrates with a Shimadzu
UHPLC–FLD system (Kyoto, Japan), a degasser (DGU-20A5R), built
up from an autosampler (Nexera X2 SIL-30AC), the pump modules
(Nexera X2 LC30AD), a column oven (CTO-20AC), a fluorescence
detector (RF-20A XS), and the LabSolutions 5.97 SP1 software.
Samples (20 μL) were driven through a precolumn (SecurityGuard
EVO-C18 ULTRA; Phenomenex) linked to a Kinetex EVO C18
analytical column (150 × 4.6 mm, 2.6 μm particle size, pore size
100 Å; Phenomenex), where the isocratic elution was performed
with sodium phosphate buffer (20 mM, pH 7.0), methanol, and

acetonitrile (70:25:5 v/v%) mobile phase, with 1.0 mL/min flow
rate (column temperature: 24 ◦C). The total running time for each
sample was 15 min, warfarin was detected at 390 nm
(λex = 310 nm).

Naproxen was quantified in the filtrates with an integrated
HPLC–UV system (Jasco, Tokyo, Japan), containing an autosampler
(AS-4050), a binary pump (PU-4180), an UV detector (UV-975), and
the ChromNAV2 software, applying the previously reported
method [25,26]. Briefly, samples (20 μL) were driven through a
precolumn (SecurityGuard C18; Phenomenex) linked to a Gemini
C18 analytical column (150 × 4.6 mm, 3 μm; Phenomenex). The
isocratic elution was carried out using sodium acetate buffer
(6.9 mM, pH 4.0) and acetonitrile (50:50 v/v%) as the mobile phase,
with a 1 mL/min flow rate at room temperature. Naproxen was
detected at 230 nm.

3. Results and discussion

3.1. Time-dependent mortality caused by FB1 and acyl-FB1
derivatives on zebrafish embryos

The toxicity of FB1 and its acyl metabolites (0–100 μM each)
were tested on zebrafish embryos after 24, 48, 72, 96, and 120 h
exposure. FB1 did not cause significant mortality at the concen-
tration range tested (Fig. S2–S5 and Fig. 1A); therefore, no LC50
values were determined for the parent mycotoxin. This is in
agreement with our previous results [11] as well as with the earlier
findings of du Plessis et al. [27], where also the low acute toxicity of
FB1 have been reported in zebrafish embryos. Furthermore, in the
untreated and the solvent control groups, no mortality was
observed.

Fig. 1A demonstrates the concentration–mortality curves of
mycotoxins after 5 days of exposure. Generally, N-acyl-FB1 de-
rivatives proved to be more toxic than O-acyl compounds. After
120 h exposure, the most potent toxicity was induced byN-pal-FB1
(LC50 ≈ 4 μM), followed by N-ole-FB1 (LC50 ≈ 5 μM) then N-lin-FB1
(LC50 ≈ 18 μM). Interestingly, among the O-acyl metabolites, 5-O-
ole-FB1 was the most toxic at 120 hpf (LC50 ≈ 22 μM), followed by
5-O-lin-FB1 (LC50 ≈ 36 μM) and 5-O-pal-FB1 (LC50 ≈ 38 μM).

Another important issue is the time-dependence of the
mycotoxin-induced mortality. The strong toxic effect of N-pal-FB1
has been developed during the first day of exposure (LC50 ≈ 8 μM;
Fig. S2); thereafter, the LC50 values were only moderately
decreased over the next four days (Fig. 1B and Table S1). However,
after 24 hpf, less potent impacts were noticed for N-ole-FB1
(LC50 ≈ 49 μM) and N-lin-FB1 (LC50 ≈ 79 μM), then their LC50
values were gradually decreased day by day (Fig. 1B and Table S1).
After 5 days of exposure, N-ole-FB1 became similarly toxic to N-
pal-FB1. Interestingly, 5-O-pal-FB1 and 5-O-ole-FB1 caused high
mortality only at 96 hpf and 120 hpf. In contrast, the treatment
with 5-O-lin-FB1 led to relevant mortality even after 48 h, then its
toxic potency gradually increased over the following three days
(Fig. 1B and Table S1). Furthermore, at 72 hpf and 96 hpf, 5-O-lin-
FB1 showed similar concentration–mortality curves than N-lin-
FB1 (Fig. S4 and S5). As another interesting observation, at 96 hpf,
5-O-lin-FB1 and 5-O-pal-FB1 induced higher mortality compared
to 5-O-ole-FB1 (Fig. S5), and the latter metabolite became the most
toxic among the O-acyl derivatives only after 120 h (Fig. 1B and
Table S1). Based on these data, the site of acylation (N-acyl or 5-
O-acyl) has a major importance; however, the structure of the fatty
acid component is also a relevant factor in the toxicity of acyl-FB1
derivatives.
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3.2. Sublethal toxic effects of FB1 and acyl-FB1 derivatives on
zebrafish embryos

In addition to mortality, sublethal malformations were also
evaluated from the images of the surviving individuals from each
test group (Fig. 2). We selected the 3.13 μM groups for phenotypic
studies, since after the treatment with this concentration, an
appreciable number of the embryos survived at the end of the test
period (120 hpf). Because of their lower toxicity, the evaluation
was also performed on the surviving individuals at 25 μM con-
centrations for FB1 and its 5-O-acyl derivates (Table 1). Generally,
the uninflated swim bladder was a common symptom that was
induced by all substances tested, which frequently occurs in
zebrafish embryos after the exposure to various compounds as an
indicator of developmental toxicity, particularly with chemicals
that affect the development of circulation and/or osmoregulatory
processes [28]. Regarding FB1 (at both 3.13 μM and 25 μM) and 5-
O-acyl derivatives (treated with 3.13 μM), it was the only

characteristic malformation in the surviving embryos. In zebrafish
embryos treated with N-acyl-FB1 derivates (3.13 μM), the malfor-
mations in the head region (mainly the deformity of the lower jaw
and the olfactory region) occurred with high frequency. These
symptoms, along with pericardial edema, were only induced by
the 25 μM concentrations of 5-O-acyl metabolites. Craniofacial
lesions are much more specific symptoms than swim bladder
malformations, which have been observed in several species be-
sides zebrafish following their treatment with fumonisin-type
mycotoxins [29,30]. Yolk lesions and discoloration were caused
by N-pal-FB1 and N-ole-FB1 (3.13 μM), and by the higher con-
centrations (25 μM) of 5-O-acyl derivates.

The zebrafish embryo serves as a widely utilized vertebrate
model for investigating the toxicity of various xenobiotics [31,32],
including mycotoxins [33,34]. Due to their external fertilization
and transparent nature, these embryos allow straightforward vi-
sual assessments, making them valuable for the in vivo detection of
xenobiotic-induced lethality, toxicity, and developmental defects

Fig. 1. Concentration–mortality curves of FB1 as well as its N-acyl and 5-O-acyl derivates after 120 h exposure in zebrafish embryos (120 hpf; n = 20 in each treatment group; A).
LC50 values ± the range of the confidence intervals (CI) determined for acyl-FB1 derivatives at each time point (24, 48, 72, 96, and 120 h; see data in Table S1), where the values
were primarily calculated using linear interpolation and bootstrapping (n = 1000; B).
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at different larval stages [35,36]. Additionally, the embryonic
development of zebrafish closely resembles that of higher verte-
brates [37].

Mortality data underlined the more potent toxic impacts of N-
acyl-FB1 derivatives vs. FB1 and even compared to 5-O-acyl
compounds. In accordance with mortality, the sublethal effects
also suggest the following order of toxicity: N-pal-FB1 > N-ole-FB1
> N-lin-FB1 > 5-O-ole-FB1 > 5-O-lin-FB1 > 5-O-pal-FB1 > FB1.
Among the sublethal symptoms, the uninflated swim bladder was
a common impact, affecting a significant portion of the surviving
embryos even at low micromolar concentrations. It can be
considered as a general symptom after the exposure to FB1 and its
N-acyl and 5-O-acyl derivates, with its development even after a
short exposure [11].

Previous in vivo studies suggest that liver and kidneys are major
target organs of FB1 in certain animal species [38]. Hepatotoxic
effects and metabolic disorders, primarily lipid metabolism dis-
orders [39,40], in zebrafish embryos often cause changes in the
yolk of individuals (different coloration, yolk retention, etc.) [39],
which we observed in zebrafish embryos treated with high con-
centrations of 5-O-acyl derivates and with low micromolar levels
of N-acyl compounds. Regarding the 5-O-acyl-FB1 metabolites
(25 μM), yolk malformations were typically accompanied with the
appearance of pericardial edema (Table 1). Given the essential role
of the kidney in osmoregulation, if a toxic compound causes
developmental abnormalities of the pronephros in zebrafish em-
bryos, then it can often be the cause of the abnormal development
of yolk or pericardial edema [41]. Since no pericardial edema or
changes were found in the yolk of individuals treated with FB1,
these observations may indicate a higher hepatotoxic and neph-
rotoxic potential of acyl-FB1 derivates compared to the parent
mycotoxin.

FB1 is a relatively hydrophilic compound with limited transport
through the cell membranes by passive diffusion, as it has been
demonstrated by its poor absorption and bioavailability in in vitro
and in vivo studies [2]. However, the fatty acid components of acyl-
FB1 derivatives considerably increase their lipophilicity and

diffusibility compared to the parent mycotoxin. Therefore, it is
reasonable to hypothesize that the markedly higher toxic potency
of acyl-FB1 metabolites vs. FB1 is at least partly resulted from their
better diffusibility and more effective cellular/tissue uptake. The
order of their elution from the C18 column [11] during our LC–MS
analysis (see the retention times – tR – in parentheses) indicates
that N-ole-FB1 (tR = 12.0 min) is the most lipophilic, followed by
N-pal-FB1 (tR = 11.7 min), N-lin-FB1 (tR = 11.1 min), 5-O-ole-FB1
(tR = 10.3 min), 5-O-pal-FB1 (tR = 10.1 min), and finally 5-O-lin-
FB1 (tR = 9.6 min). On one hand, it is in agreement with the
observation that N-acyl derivatives are more toxic compared to the
O-acyl metabolites. On the other hand, we cannot see a clear
correlation between the lipophilicity and the toxicity of acyl-FB1
compounds. In addition, the toxic mechanism of acyl-FB1 metab-
olites has not been characterized yet; therefore, the potential
involvement of toxicodynamic reason(s)/component(s) cannot be
ruled out.

3.3. Interactions of acyl-FB1 derivatives with HSA based on
fluorescence spectroscopic studies

In these experiments, the impacts of acyl-FB1 compounds on
the fluorescence emission signal of HSA were examined. Therefore,
increasing concentrations of mycotoxins were added to standard
level of the protein, after which emission spectra were recorded.
Using 295 nm excitation wavelength, HSA showed its emission
maximum around 340 nm. In the presence of each acyl-FB1
metabolite, the fluorescence signal of the protein increased, and
a blue shift in its emission wavelength maximum was noticed
(Fig. 3). When the N-acyl derivatives were added, we observed
approximately 1.8-fold elevations in the emission intensity and the
emission wavelength maxima moved to 329 nm (Fig. 3A, B, and C).
However, O-acyl metabolites induced lower (circa 1.2-fold) in-
creases in the emission signal and changed the final emission
wavelength maxima to 327 nm (Fig. 3D, E, and F). The emission
spectra did not show further relevant changes above 15 μM and
7 μM concentrations of N-acyl-FB1 and O-acyl-FB1, respectively.

Fig. 2. Sublethal effects of FB1 and its N-acyl and 5-O-acyl derivates after 120 h treatment of zebrafish embryos. Representative phenotype lesions are indicated by arrows (P,
pericardium; SB, swim bladder; Y, yolk; HR, head region). The scale bar indicates 500 μm.
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Furthermore, we noticed saturation type concentration–intensity
curves reaching their plateaus around 15–20 μM for N-acyl com-
pounds (λem = 329 nm; Figs. 3G) and 7–10 μM for O-acyl de-
rivatives (λem = 327 nm; Fig. 3H). Based on these data, the binding
constants were determined with non-linear fitting, applying the
HypSpec software (see details in Section 2.3). Importantly, acyl-
FB1 derivatives did not show any background fluorescence in the
absence of HSA, and they had no absorption at the excitation and
emission wavelengths used. Even if the stoichiometry of these
mycotoxin–HSA complexes were unclear at this point, we found a
good fitting with the 1:1 stoichiometry model, suggesting the
formation of more stable complexes of O-acyl-FB1 metabolites
(logK = 6.12 ± 0.16 for 5-O-pal-FB1, 6.14 ± 0.25 for 5-O-ole-FB1,
and 5.94 ± 0.09 for 5-O-lin-FB1) with the protein compared to the
N-acyl-FB1 derivatives (logK = 5.40 ± 0.08 for N-pal-FB1,
5.51 ± 0.11 for N-ole-FB1, and 5.52 ± 0.18 for N-lin-FB1).

Typically, the complex formation of a ligand with HSA leads to a
partial decrease in the emission signal of the protein, which is the
basis of fluorescence quenching studies [42]. In contrast, in our
previous [11] and current studies, the emission signal of the pro-
tein was increased by few micromolar levels of acyl-FB1 metabo-
lites (Fig. 3) and by the higher concentrations (around 10–20 μM)
of fatty acids (Fig. S6). Interestingly, FB1 (with no quenching effect
under the applied conditions; Fig. S6A), fatty acids, N-acyl-FB1
metabolites, and O-acyl-FB1 derivatives caused different changes
in the emission signal of HSA. Based on the mycotoxin-induced
increase in the fluorescence of the protein, we made an estima-
tion regarding the stability of these mycotoxin–HSA complexes.
Nevertheless, we did these calculations assuming 1:1 stoichiom-
etry; while our earlier results suggested that acyl-FB1 derivatives
may occupy more binding sites [11]. Considering the possibility of
multiple binding sites, we tried to apply spectrum resolution and
evaluations assuming other stoichiometries; however, we did not
see that these can provide reliable data. In addition, if we hy-
pothesize the presence of multiple binding sites for acyl-FB1 de-
rivatives on HSA, then we should also consider the variable (e.g.,
increasing, decreasing, or even neutral) effects of the individual
interactions on the emission signal of the protein, which makes
the evaluation extremely difficult. Therefore, to provide more
established data for the binding constants and the number of
binding sites, mycotoxin–HSA interactions were also examined
with ITC.

3.4. Interactions of acyl-FB1 derivatives with HSA based on
isothermal titration calorimetry

In ITC experiments, HSA was titrated with increasing concen-
trations of the mycotoxins, where the heat effects of the dilution in
the solvent were determined independently for each mycotoxin
and then it was subtracted from the heat effects of the titration
(Fig. S7). Calculated in such a way, the heat effects caused by the
direct interactions of HSA with the mycotoxins were analyzed with
multi-parameter non-linear regression using One Set of Sites
model (see in Fig. 4 and Fig. S8), during which the stoichiometry,
the binding constants, and the standard thermodynamic param-
eters were determined (Table 2).

Based on our results, 5-O-pal-FB1 and N-ole-FB1 likely occupy
one binding site on the protein, while N-pal-FB1, 5-O-ole-FB1, N-
lin-FB1, and 5-O-lin-FB1 may have three to four binding sites on
HSA. The binding constants of each mycotoxin–HSA complex were
higher than 105 L/mol (Table 2) indicating the formation of stable
supramolecular complexes in a thermodynamically spontaneous
manner (ΔG < 0). In agreement with these data, fluorescence
spectroscopic studies also recommended that the binding con-
stants of mycotoxin–HSA complexes exceed 105 L/mol (see inTa
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Section 3.3). For all the six studied acyl-FB1 derivatives, the
binding enthalpy was exothermic (ΔH < 0), suggesting that their
direct interaction with HSA dominates over the effects of the
partial desolvation of the ligands and the protein. Binding of 5-O-
pal-FB1 and N-ole-FB1 (with single binding site) is more

exothermic compared to the other four mycotoxins studied.
N-ole-FB1 was the sole mycotoxin where we noticed a decrease

in disordering (ΔS < 0), suggesting conformational changes during
the complex formation. The binding entropies of the other myco-
toxins examined were positive (ΔS > 0) and showed the increase in

Fig. 3. Representative fluorescence emission spectra of HSA (2 μM) without and with N-acyl-FB1 (0–20 μM; panels A, B, and C) or 5-O-acyl-FB1 (0–10 μM; panels D, E, and F)
derivatives in PBS (pH 7.4; λex = 295 nm). Changes in the emission signal of HSA in the presence of increasing N-acyl-FB1 (λem = 329 nm; G) and 5-O-acyl-FB1 (λem = 327 nm; H)
concentrations. Acyl-FB1 metabolites alone (without HSA) did not show emission signals at the wavelengths used.
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disordering during the association (Table 2). Furthermore, the
entropy values of N-pal-FB1, 5-O-ole-FB1, N-lin-FB1, and 5-O-lin-
FB1 (with three to four binding sites on HSA) were higher
compared to the binding entropy of 5-O-pal-FB1 (one binding site
on the protein), which may reflect the release of more solvent
molecules during the partial desolvation of the binding sites.

Fatty acids have nine typical binding sites (FA1–FA9) in HSA;
among these, drugs and other xenobiotics most frequently occupy
FA7 (Sudlow's Site I, in subdomain IIA) or FA3–FA4 (Sudlow's Site
II, in subdomain IIIA) [43,44]. The high-affinity interaction of fatty
acids with HSA is well-known for decades [43,45–47]. Therefore, it
was reasonable to assume the strong interactions of acyl-FB1 de-
rivatives with HSA, while it was unlikely that the relatively hy-
drophilic FB1 could form highly stable complexes with the protein.
In agreement with this hypothesis, we observed only weak inter-
action of FB1 with HSA (logK= 3.2) [11], while acyl-FB1 derivatives
bound to the protein with very high affinity (Table 2). Serum al-
bumin is the most abundant plasma protein in the blood; besides
its other important physiological roles, it can bind and carry
numerous ligands in the circulation [43]. Therefore, the formation
of stable ligand–albumin complexes can be high pharmacological
and/or toxicological importance [44]. The high affinity interactions
of acyl-FB1 compounds with HSA suggest that these ligands
appear dominantly in albumin-bound form in the circulation. The
strong albumin binding of ligands in the circulation can cause a
depot effect [43]: the partial entrapment in the intravascular water
space can result in slower tissue distribution and/or elimination of
these compounds. Nevertheless, we need to emphasize that
several other factors can influence the toxicokinetic and tox-
icodynamic properties of xenobiotics; therefore, we would like to
avoid drawing further, speculative conclusions. Additional in vivo
studies are reasonable in the future to understand the toxicological
importance of acyl-FB1–albumin interactions, including the
possible species-dependent variations.

3.5. Effects of acyl-FB1 derivatives on the albumin binding of
Sudlow's site I and site II markers

In ultrafiltration experiments, the unbound site marker mole-
cules can pass through the filter (30 kDa), while HSA and albumin-
bound molecules are retained. Therefore, the elevated level of the
site marker in the filtrate demonstrates its displacement or its
reduced binding affinity, while the decreased concentration of the
site marker in the filtrate indicates its stronger interaction with the
protein [23,26]. In our earlier report, using the same experimental
models, we demonstrated that FB1 does not affect the albumin
binding of warfarin (Site I) and naproxen (Site II), which is in
agreement with its low binding affinity (logK = 3.2) [11].

Based on the previous measurements with palmitic acid and
palmitoyl-FB1 derivatives [11] as well as our current experiments
with oleic acid, linoleic acid, oleoyl-FB1 and linoleoyl-FB1 me-
tabolites (Fig. 5A), we can summarize the following observations
regarding their effects on the albumin binding of warfarin. Pal-
mitic acid, oleic acid, and linoleic acid significantly decreased the
filtered fraction of warfarin, suggesting that fatty acids stabilize
the warfarin–HSA complex. It is in agreement with earlier studies
which also demonstrated that fatty acids increase the binding af-
finity of warfarin towards HSA [23,48]. In contrast, both N-acyl-
and 5-O-acyl-FB1 metabolites strongly increased the concentra-
tions of warfarin in the filtrate (Fig. 5A), indicating the consider-
ably elevated free fraction of the Site I marker. Thus, each acyl-FB1
metabolite tested can disrupt warfarin–HSA interaction, where N-
acyl derivatives showed somewhat stronger or similar impacts
compared to the 5-O-acyl compounds.

The effects of fatty acids and acyl-FB1 derivatives on the albu-
min binding of naproxen were also examined. Fatty acids and N-
acyl metabolites considerably increased the filtered fraction of
naproxen, indicating marked decreases in the albumin binding of
the Site II marker (Fig. 5B). Thus, these compounds can strongly
disrupt naproxen–HSA interaction. However, our previous [11] and

Fig. 4. Thermal effects of the direct interaction between HSA and mycotoxins, described with One Set of Sites model (solid lines) for N-pal-FB1 (A; blue squares), 5-O-pal-FB1 (A;
red circles), N-ole-FB1(B; blue squares), 5-O-ole-FB1 (B; red circles), N-lin-FB1 (C; blue squares), and 5-O-lin-FB1 (C; red circles).

Table 2
Stoichiometric parameters (n), decimal logarithmic values of the binding constants (logK; where the unit of K is L/mol), and standard thermodynamic parameters (enthalpy,
ΔH; entropy, ΔS; and Gibbs free energy, ΔG) of the mycotoxin–HSA complexes examined.

Mycotoxin n logK ΔH [kcal mol− 1] ΔS [cal K− 1 mol− 1] ΔG [kcal mol− 1]

N-pal-FB1 3.5 ± 0.8 5.38 ± 0.19 − 3.20 ± 0.60 13.9 ± 2.8 − 7.34 ± 0.25
5-O-pal-FB1 0.9 ± 0.5 5.66 ± 0.30 − 6.54 ± 0.40 4.0 ± 2.5 − 7.72 ± 0.36
N-ole-FB1 0.8 ± 0.2 6.38 ± 0.20 − 14.0 ± 2.2 − 17.8 ± 8.3 − 8.70 ± 0.26
5-O-ole-FB1 2.8 ± 0.3 6.45 ± 0.26 − 2.74 ± 0.18 20.3 ± 1.7 − 8.80 ± 0.32
N-lin-FB1 3.8 ± 0.5 5.73 ± 0.50 − 2.56 ± 0.46 17.6 ± 3.2 − 7.81 ± 0.49
5-O-lin-FB1 3.5 ± 0.8 5.54 ± 0.45 − 2.12 ± 0.66 18.3 ± 3.8 − 7.56 ± 0.46
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current data (Fig. 5B) highlighted that O-acyl-FB1 derivatives can
cause no or only minor displacement of naproxen from HSA.

Similar to fluorescence quenching experiments (Fig. 3), ultra-
filtration studies (Fig. 5) denote that fatty acids, N-acyl-FB1 me-
tabolites, and 5-O-acyl-FB1 derivatives can behave differently,
which may be resulted from some discrepancies in their binding
sites and/or binding positions. These data suggest that the site of
acylation (N-acyl or 5-O-acyl) may have higher importance than
the structure of the fatty acid which acylates the mycotoxin. On the
other hand, ITC measurements demonstrated that the binding
affinities and the number of binding sites are strongly influenced
by the fatty acid component presented (Table 2), which underlines
the complexity of these interactions. Based on ultrafiltration

experiments, N-acyl derivatives can strongly displace both Site II
and Site I ligands (Fig. 5B), suggesting their possibly similar
binding sites/positions on HSA. Modeling studies suggested that
N-pal-FB1 may have binding sites at both of these regions [11].
Nevertheless, we cannot be sure that the increased free fractions of
the site markers noticed are caused by direct displacement or by
allosteric modulation. Despite that modeling studies recom-
mended Site II as the binding site of 5-O-pal-FB1 on HSA [11], 5-O-
acyl metabolites had no or only minor effects on the albumin
binding of naproxen. Therefore, 5-O-acyl-FB1 derivatives likely
have no high-affinity binding site on Site II; while they may occupy
Site I or a region near to this binding site, based on their strong
impacts on the albumin binding of warfarin (Fig. 5A).

Fig. 5. Effects of oleic acid, N-ole-FB1, 5-O-ole-FB1, linoleic acid, N-lin-FB1 and 5-O-lin-FB1 on the filtered concentrations of the Sudlow's Site I marker warfarin (WAR; A) and the
Sudlow's Site II marker naproxen (NAP; B). Before ultrafiltration, samples contained WAR + HSA (1.0 μM and 5.0 μM, respectively) or NAP + HSA (1.0 μM and 1.5 μM, respectively)
without or with the ligands tested (0, 10, and 20 μM) in PBS (pH 7.4). In both assays, 100 % means the level of the site marker in the filtrate when the site marker was filtered alone
(without the protein; marked with cyan dashed lines). Effects of FB1, palmitic acid, N-pal-FB1 and 5-O-ole-FB1 in the same experimental models are presented in our earlier report
[11].
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4. Conclusions

In this study, we examined the toxic effects of acyl-FB1 de-
rivatives on zebrafish embryos and their interactions with HSA.
Based on both the mortality data and the mycotoxin-induced
sublethal malformations, acyl-FB1 metabolites exerted much
stronger toxicity than FB1. Furthermore,N-acyl compounds proved
to be more toxic compared to the 5-O-acyl derivatives. After 120 h
exposure, low micromolar levels of N-pal-FB1 and N-ole-FB1
caused significant mortality in zebrafish embryos. Nevertheless,
N-pal-FB1 showed marked impacts even after 24 h, while the toxic
effects of N-ole-FB1 was gradually increased during the 5 days of
exposure. Both fluorescence spectroscopic and ITC measurements
demonstrated the strong interactions of acyl-FB1 metabolites with
HSA. 5-O-pal-FB1 and N-ole-FB1 likely occupy one binding site on
HSA, while N-pal-FB1, 5-O-ole-FB1, N-lin-FB1, and 5-O-lin-FB1
may have three to four binding sites. The very limited data avail-
able in regard to the formation and occurrence of acyl-FB1 com-
pounds do not make possible a proper estimation of their intake.
Nevertheless, N-acyl-FB1 derivatives can appear as food contam-
inants and are also formed in vivo after the exposure to FB1. In
addition, the toxic potency of N-acyl-FB1 metabolites remarkably
higher compared to FB1 and it even higher vs. 5-O-acyl-FB1 de-
rivatives. Therefore, it is reasonable the hypothesize the significant
toxicological importance of the N-acyl-FB1 compounds. Never-
theless, further extensive studies are required to collect more data
in regard to the occurrence, the toxicokinetics, and the toxic effects
of acyl-FB1 metabolites.
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