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Abstract The mycotoxin deoxynivalenol (DON) has been
shown to regularly occur at relevant concentrations in feed de-
signed for aquaculture use, but little is known about the conse-
quences of its presence on the organisms that consume the
DON-contaminated feed. Previous studies indicated a down-
regulation of pro-inflammatory responses in carp (Cyprinus
carpio L.) after 4 weeks of feeding DON. The present study
examined the time course of innate immune responses of carp
to orally administered DON. Changes in mRNA levels of
immune genes in different organs (head kidney, trunk kidney,
spleen, liver, and intestine) were observed indicating immune-
modulating properties of DON. The immune-modulatory

effects during the acute phase of DON exposure were charac-
terized by the activation of both pro- and anti-inflammatory
cytokines and enzymes in carp. The subchronic responses to
DON were characterized by activation of arginases culminat-
ing in increased arginase activity in head kidney leukocytes
after 26 days of DON treatment. These results suggest pro-
found effects of this mycotoxin on fish in aquaculture.

Keywords Immunotoxicity . Fish indices . Aquatic
toxicology .Mycotoxin . Aquaculture . Cytokines

Introduction

Different cereals are increasingly used for production of fish
feeds in order to satisfy the demand of the steadily growing
aquaculture sector (FAO 2012). The occurrence of myco-
toxins in fish feeds has been attributed to the contamination
of ingredients or finished feeds during storage (Roberts and
Patterson 1975; Abdelhamid 1990; Bryden et al. 1980; Ranjan
and Sinha 1991; Juszkiewicz and Piskorska-Pliszczynska
1992) as well as fungal development on cereals in the field.
Mycotoxin contamination is often due to the presence of fungi
of the genus Fusarium (Yazar and Omurtag 2008; Foroud and
Eudes 2009), and the most frequently produced mycotoxin by
Fusarium strains is the trichothecene deoxynivalenol (DON).

Mycotoxins such as DON in fish feeds have been shown to
affect growth, nutrient metabolism, and immune functions in
fish (Döll et al. 2011; Hooft et al. 2011; Matejova et al. 2014;
Pietsch et al. 2014a, b). Down-regulation of pro-inflammatory
immune responses has been observed in carp after feed-borne
exposure to three different DON concentrations for 4 weeks,
but a clear involvement of anti-inflammatory immune reac-
tions could not be shown (Pietsch et al. 2014a). Thus, further
research is necessary to indicate not only possible
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involvement of anti-inflammatory responses at a similar ex-
posure duration but also after shorter and longer exposure to
DON in order to unravel regulatory mechanisms of innate
immune responses at the molecular and cellular level.

Innate immune responses in fish (as well as in higher ver-
tebrates) are of central importance for host defense and sur-
vival (Grayfer et al. 2014). Different types of innate immune
mechanisms have been associated with the successful control
of various infectious diseases (Iniesta et al. 2005; Alvarez-
Pellitero 2008; Stempin et al. 2010). For example, initiation
of an inflammatory response is mediated by key pro-
inflammatory cytokines such as interleukin (IL)-1β, tumor
necrosis factor alpha (TNFα), and interferon-gamma
(IFNγ). Interleukin-8 (IL-8) also exerts pro-inflammatory ef-
fects inducing a directional migration of leukocytes to the site
of inflammation. Hence, bacterial lipopolysaccharide (LPS),
poly I:C, as well as stimulation with TNFα have been shown
to increase IL-8 expression in fish cells (Laing et al. 2002;
Sangrador-Vegas et al. 2002). Pro-inflammatory cytokines
can trigger the production of antimicrobial compounds
such as nitric oxide (NO). Production of high amounts
of NO are mediated by inducible NO synthases (iNOS)
that convert L-arginine to L-citrulline. In cyprinids,
iNOS are either constitutively expressed or inducible
by endotoxins or pro-inflammatory cytokines (Grayfer
et al. 2008, 2010). Early pro-inflammatory reactions are
characterized by expression of iNOS by fish phagocytes
(Grayfer et al. 2008, 2010).

Inflammation is a tightly regulated process, and one of the
regulatory mechanisms involves the synthesis of arginase by
the immune cells (Bogdan 2001). Arginases convert arginine
to ornithine and urea leading to reduced availability of argi-
nine that is required for the generation of NO (Bansal and
Ochoa 2003). In addition, arginases participate in the synthe-
sis of extracellular matrix and tissue repair (Tabor and Tabor
1984; Jenkinson et al. 1996). In fish, two isoforms of arginase
have been described that catalyze the same reaction but differ
in their tissue distributions and expression levels (Joerink et al.
2006a, b). In addition, anti-inflammatory responses are medi-
ated by cytokines, such as TGFβ and interleukin-10 (IL-10),
which have been identified as regulators of inflammatory re-
sponses of fish (Haddad et al. 2008; Grayfer et al. 2011). Since
the interaction of pro-inflammatory and anti-inflammatory im-
mune reactions determines the outcome of immune responses,
the investigation of both is absolutely essential.

Given that contaminants in fish feed have immune-
modulatory effects and that fish are more susceptible to
infectious diseases in aquaculture settings, the presence
of DON in fish feed may be detrimental to fish health
and immunity to disease. In the present study, we examined
the acute and subchronic effects of known doses of DON on
selected pro- and anti-inflammatory responses of carp
(Cyprinus carpio).

Materials and methods

Chemicals

All chemicals were obtained from Sigma (Buchs,
Switzerland) unless indicated otherwise.

Preparation of feeds

Preparation of experimental diets without containing any ce-
reals or cereal byproducts has been described in detail previ-
ously (Pietsch et al. 2014a). In short, DON (dissolved in eth-
anol) was added to the ingredients of the experimental diets at
a final concentration of 953 μg/kg feed (measured in the diet
by high-performance liquid chromatography with diode array
detection (HPLC-DAD)) after sample cleanup using immuno-
affinity columns (DONprep™, R-Biopharm, Darmstadt,
Germany) as described in Pietsch et al. (2014a)) which has
already been shown to affect histological, hematological, and
immunological parameters in carp after feeding for 4 weeks
(Pietsch et al. 2014a, b). The selected DON concentration is
slightly higher than the DON level found in commercial fish
feed (Pietsch et al. 2013), whereas control diet was prepared
without DON supplementation and did not show traceable
amounts of DON in the HPLC-DAD analysis. The mixed
ingredients were pelletized, cooled down for 2 h, and then
stored at 4 °C until use. The nutrient and energy content of
the DON-contaminated and the basal feed were confirmed
using procedures described previously (Pietsch et al. 2014b).

Fish and experimental design

Carp (9–12 cm in length) were kept in 54-L tanks in a flow
through system at the aquatic facilities of the University of
Basel (Switzerland). Each feeding group consisted of four
tanks each containing four fish. The fish were fed with the
experimental diets twice per day at a daily feeding rate of
2.5 % of body weight. For evaluation of immune response
development, four time points of exposure were chosen (7,
14, 26, and 56 days) in order to reveal effects of DON admin-
istration after short-term and prolonged exposure. At each
time point, the experimental groups (control and DON-fed)
were evaluated. After the indicated time of exposure, fish were
killed, weighed, their length was measured, and blood sam-
pling was conducted as described previously (Pietsch et al.
2014a). The calculation of condition factors was achieved
according to equation condition factor=weight /(length)3.
Tissue from kidneys, spleen, liver, and the proximal part of
the intestine was removed and used in subsequent gene ex-
pression analyses and functional assays. Spleen weight was
recorded to calculate individual spleenosomatic indices as per-
centage of spleen weight compared to the whole body weight.
All animal care protocols had been approved by the Cantonal
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Veterinary Authorities of Basel-Stadt (Switzerland) under the
permission number 2410 in accordance with the Swiss animal
welfare law.

Preparation of blood smears for differential cell counts

From each fish, blood was drawn from the caudal vein, im-
mediately after removal from each tank, using heparinized
syringes. Blood smears from each fish were prepared in du-
plicate on glass slides, dried, fixed with 70 % methanol for
2 min, and stained with Wright-Giemsa. This leads to staining
of red blood cells in tan-pink, lymphocytes appear reddish-
purple, whereas thrombocytes could be identified by their
staining pattern in addition to the observation of filopodia as
has already been shown for other cyprinid fish (Gregory and
Jagadeeswaran 2002). Monocytes and granulocytes were dis-
tinguished by their round shape, different size, and different
shape of the nucleus. From each slide, 10 pictures were taken
randomly at a ×400 magnification (Nikon Eclipse E400
equipped with a Nikon Digital Camera DXM1200F). All cells
from each picture were counted so that approximately 3,500
cells were used in total for calculating differential blood cell
counts from individual fish.

Gene expression analyses by real-time PCR

Following harvest, tissues for gene expression analyses were
immediately placed in RNAlater® (Fisher Scientific, Reinach,
Switzerland) for 24 h at 4 °C and thereafter at −20 °C until use.
RNAwas isolated from the tissues using TRIzol® (Invitrogen
AG, Basel, Switzerland) according to Bögi et al. (2002)
followed by DNase I treatment to remove traces of genomic
DNA according to the manufacturer’s protocol (DNA-freeTM

kit, Ambion®329, distributed by Life Technologies Europe
B.V., Zug, Switzerland). Four micrograms of total RNA was
reverse transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, dis-
tributed by Life Technologies Europe B.V., Zug, Switzerland)
according to the manufacturer’s directions.

Two micrograms of the resulting cDNA was diluted 1:20
(v/v) in nuclease-free water (Ambion®, distributed by Life
Technologies Europe B.V., Zug, Switzerland) and used for
real-time PCR using Maxima SYBR® Green qPCR Master
Mix (2×) (Fermentas Molecular Biology Products, Thermo
Fisher Scientific Inc., Wohlen, Switzerland). Primers for carp
ifnγ, tumor necrosis factor alpha-2 (tnfα-2), il-8, il-10, inos,
arginase 1 (arg-1), arginase 2 (arg-2), and beta actin (β-actin)
were obtained from Integrated DNA Technologies (Toronto,
Ontario M5W3P1, Canada), and the corresponding primer
sequences can be found in Table 1. All primers were validated
for real-time PCR. The Applied Biosystems 7500 Fast Real-
Time PCR machine and 7500 Fast software (ABI, California,
USA) were used for gene expression analyses. The PCR

cycling conditions were as follows: an initial denaturation step
of 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. Amelt curve step was added at the end of
all qPCR runs to ensure PCR products yielded a single melt
peak (95 °C for 15 s, 60 °C for 1 min, 95 °C for 30 s, 60 °C for
15 s with 1 °C increases up to 95 °C). All samples were run in
triplicate. The results are presented as mean±SEM of four fish
per experimental group at each time point.

Nitric oxide bioassay

Primary cell cultures from carp head and trunk kidney tissues
were prepared as described by Pietsch et al. (2011). The used
method leads to the extraction of approximately 40 % lym-
phocytes and progenitor cells, 40 % granulocytes, and 20 %
macrophages (Pietsch et al. 2008). Approximately 5×106 cells
per well were allowed to adhere in complete RPMI 1640 me-
dium without phenol red (containing 2.1 g bicarbonate L−1,
25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 100 U ml−1 penicillin, 100 μg ml−1 streptomycin,
2 mM L-glutamine, and 10 % sterile distilled water) on cell
culture plates (NuclonTM Delta Surface, distributed by Fisher
Scientific, Reinach, Switzerland) overnight by incubation at
25 °C and 5 % CO2 in the dark. Stimulation of NO production
was done using 30 μg ml−1 bacterial lipopolysaccharide (LPS
from Escherichia coli, serotype O111:B4)/well. After incuba-
tion of cells for further 96 h, NO production was measured
using the Griess reaction as described by Pietsch et al. (2008).
All experimental incubations were run in three independent
replicates.

Cell viability assay

Cell viability after exposure of fish to control feed or
feed containing DON was measured in cells previously
used for the NO assay (incubated previously with and without
LPS) by assessing the uptake of neutral red (3-amino-7-
dimethylamino-2-methyl-phenanzine hydrochloride, NR) to
evaluate membrane integrity and lysosomal function using
the methods described previously (Borenfreund and Puerner
1985). Briefly, a stock solution of NR was prepared with
0.05 % NR in RPMI medium. Cells were incubated with
working solution comprised of 45 μl stock solution per ml
RPMI medium for 3 h. Afterwards, cells were washed twice
with sterile Earle’s medium and lysed in 50 μl ethanol con-
taining 2 % acetic acid. Optical densities from triplicate wells
were read at 540 nm using a plate reader (Infinite M200,
Tecan Instruments).

Respiratory burst cell bioassay

The production of reactive oxygen intermediates (ROI) by
immune cells from the head and trunk kidney of control-fed
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and DON-fed fish was assessed with the nitroblue tetrazolium
(NBT) assay (Chung and Secombes 1988). Briefly, approxi-
mately 5×106 leukocytes per well in duplicate were cultured
for 96 h and incubated for 1 h with 1 mg NBT ml−1 culture
medium with and without 0.24 μg ml−1 phorbol myristate
acetate (PMA) as a stimulant for production of reactive oxy-
gen species by leukocytes. Subsequently, the supernatant was
discarded, and the cells were fixed using 70 % methanol.
Dried plates were incubated with 100 μl dimethyl sulfoxide
(DMSO) and 100μl potassium hydroxide (KOH) to solubilize
the formazan. The absorbance at 620 nm was measured in
duplicate wells per treatment with a microplate reader
(Infinite M200, Tecan Instruments) using DMSO/KOH alone
as blank.

Chemiluminescence assay

Chemiluminescence was measured after leukocytes from head
kidneys and trunk kidneys had been cultured in complete
RPMI medium without phenol red at 25 °C and 5 % CO2

for 24 h in the dark by using an Infinite M200 (Tecan Group
Ltd., Männedorf, Switzerland) in the luminescence mode
(Verlhac et al. 1998; Lundén et al. 2002). The cell culture
medium was replaced by 50 μl Earle’s medium per well,
followed by the addition of 50 μl luminol (5-amino-2.3-
dihydro-1.4-phthalazinedione) solution or 50 μl lucigenin
(bis-N-methylacridinium nitrate) solution at final concentra-
tions of 0.05 and 0.1 μmol per well, respectively. Luminol
not only allows estimation of myeloperoxidase-dependent ac-
tivities but also detects reactive oxygen species (ROS), such as
hydrogen peroxide, hydroxyl radicals, and singlet oxygen,
whereas lucigenin can be used for detection of superoxide
anions. Subsequently, the blank luminescence of leukocytes
was read. Afterwards, cells were stimulated by addition of
25μl Earle’s medium containing opsonized zymosan at a final
concentration of 0.026 mg per well. The latter had been pre-
pared by mixing 100 mg zymosan with 0.85 % sodium chlo-
ride solution followed by addition of 4.5 ml freshly prepared
carp serum. This mixture was then incubated for 20 min at
37 °C. Afterwards, the zymosan was washed twice with sodi-
um chloride solution, aliquoted, and stored at −80 °C until use.

Luminescence of stimulated leukocytes was recorded for
70 min at 22 °C from three independent replicate wells for
each experimental incubation, and luminescence values were
calculated as relative luminescence units (RLU) per milligram
protein. Protein content in all wells was determined using
BCA Protein kit (Sigma) according to the manufacturer’s
protocols.

Arginase assay

Primary cell cultures from carp kidneys were prepared as de-
scribed previously (Pietsch et al. 2011). After adherence over-
night, approximately 5×106 cells per well were further incu-
bated for 24 h in complete RPMI medium without phenol red
in the absence or presence of 1 mM forskolin. After that,
arginase activity was measured as described previously
(Pietsch et al. 2011). All experimental incubations were run
in three independent replicates.

Statistics

Effects of treatments were determined by comparison of treat-
ment groups (n=4) to controls using the Kruskal-Wallis test
followed by the Mann-Whitney U test. The time course of
changes of white blood cell population composition was com-
pared using a two-sided ANOVA. A P value of <0.05 was
accepted as being statistically significant.

Results

Morphological measurements

Results from morphological measurements of the fish at the
beginning of the experiments (Supplementary (Suppl.)
Table 1) and after 7, 14, 26, and 56 days of experimental
feeding (Suppl. Table 2) showed that the growth performance
of the fish was not influenced by DON treatment compared to
the control groups. In addition, the spleenosomatic indices
were not found to be different between the treatment groups
(Suppl. Table 2).

Table 1 Primers used in this
study Primers Sense sequence (5′–3′) Anti-sense sequence (5′–3′)

ifnγ CCCATCTGCACCAGCTGAAT AAGCAGCAGCGACTGACAAG

tnfα-2 AGGACCAAGACGTCGTGCAT GGCTTGTAGCTGCCGTAGGA

il-8 TTATTTTGCTTTCAGGAATGAGTCTTAG CACACTCTCTATGTGTTTTCCAATGC

il-10 GAACGAGATCCTGCGCTTTT TTGAGTGCAAGTGGTCCTTCTG

inos AACAGGTCTGAAAGGGAATCC CATTATCTCTCATGTCCAGAGTCTCTTCT

arg-1 TGAGGAGCTTCAGCGGATTAC CCTATTATTCCCACGCAGTGATG

arg-2 GGAGACCTGGCCTTCAAGCATCT CTGATTGGCACGTCCAACT

b-actin GCTATGTGGCTCTTGACTTCGA CCGTCAGGCAGCTCATAGCT
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Blood cell counts

Differential blood cell counts (Table 2) revealed that the entire
number of white blood cells compared to the number of red
blood cells, represented by percent leukocytes, was not signif-
icantly different between control-fed and DON-fed groups of
fish at 7, 14, 26, or 56 days of experimental feeding. However,
within the total leukocyte population, the relative proportion
of different leukocyte cell types (lymphocytes, thrombocytes,
monocytes, and granulocytes) was affected by experimental
DON feeding. Accordingly, thrombocyte numbers were in-
creased to 26.8±0.9 %, and monocyte numbers were de-
creased to 2.2±0.5 % in fish receiving DON feed treatment
for 7 days compared to the 20.2±1.2 % thrombocytes and 5.2
±0.7 % monocytes in control-fed fish (Table 2). The relative
proportion of lymphocytes and granulocytes was not signifi-
cantly different between control-fed and DON-fed groups at
7 days of feeding. After 14 days of experimental feeding, the

percentage of lymphocytes was significantly decreased to
47.2±2.6 % (66.7±1.7 % basal feed) and monocytes, and
granulocytes were found to be increased to 6.0±2.3 % (1.8±
0.1 % basal feed) and 12.4±0.9 % (5.6±0.9 % basal feed),
respectively, after 14 days of experimental feeding (Table 2).
The number of granulocytes in fish treated with DON for
14 days was also significantly higher than in fish treated for
only 7 days. In addition, over time, the changes in monocyte
numbers of fish sampled at day 14 were also found to be
different in the control group compared to control fish at days
7 and 26 which probably influenced the difference to the mean
number of monocytes in the DON-treated group due to an
unknown reason. A similar difference in monocyte numbers
in the DON-treated fish over time was not observed.

Although no difference was observed between differential
blood cell counts of DON-treated fish and control fish after 26
and 56 days of experimental feeding, the time course of DON
treatment showed a significant difference between the num-
bers of lymphocytes in DON-treated fish at day 7 and days 14
and 56, respectively, which was not observed in control fish.

Regulation of mRNA transcript levels in tissue
from kidneys, spleen, liver, and intestine

The relative mRNA levels of pro-inflammatory (ifnγ, tnfα-2,
il-8, inos) and anti-inflammatory (il-10, arg-1, and arg-2)
immune-related genes were assessed in head kidney, trunk
kidney, spleen, liver, and intestinal tissues from control and
DON-fed carp after 7, 14, 26, and 56 days of experimental
feeding. Acute exposure of fish to DON feed for 7 days did
not result in significant changes of gene expression patterns
compared to the control fish in any of the examined tissues
(Figs. 1, 2, 3, 4, and 5). After 14 days of exposure, the mRNA
expression of arg-2 was increased by 2.3-fold in head kidney
(Fig. 1) and 2.4-fold in trunk kidney (Fig. 2) in DON-treated
fish compared to the corresponding tissue in the control-fed
fish. The mRNA levels of the other measured pro-
inflammatory (ifnγ, tnfα-2, il-8, inos) and anti-inflammatory
(il-10, arg-1) genes in the head and trunk kidney were not
significantly different in DON-fed versus control-fed fish
(Figs. 1 and 2). In contrast, after 14 days of experimental
feeding, the mRNA levels of all of the measured immune
genes were ~2.5–4-fold higher in the spleen of DON-fed carp
compared to control-fed carp (Fig. 3). A similar pattern was
present in the liver (Fig. 4) and intestine (Fig. 5) of DON-fed
fish, in which a generalized up-regulation of both pro-
inflammatory and anti-inflammatory immune genes was ob-
served compared to control-fed fish. In the liver of DON-
treated fish, the mRNA levels of il-8, il-10, arg-1, and arg-2
were increased by 1.9-fold, 2.4-fold, 2.8-fold, and 2.8-fold,
respectively (Fig. 4). In the intestine, the mRNA levels of
ifnγ, tnfα-2, il-10, inos, arg-1, and arg-2 were significantly

Table 2 Differential blood cell counts of experimental fish treated with
953μg/kg feed DON

Control DON

Day 7

Leukocytes [% total blood cells] 3.6±0.2 3.5±0.6

Lymphocytes [% all white blood cells] 70.2±0.7 66.1±1.9a

Thrombocytes [% all white blood cells] 20.2±1.2 26.8±0.9a

Monocytes [% all white blood cells] 5.2±0.7 a 2.2±0.5a

Granulocytes [% all white blood cells] 4.5±0.9 4.9±2.3 a

Day 14

Leukocytes [% total blood cells] 2.7±0.3 2.4±0.5

Lymphocytes [% all white blood cells] 66.7±1.7 47.2±2.6 b, a

Thrombocytes [% all white blood cells] 25.9±2.7 34.4±2.9

Monocytes [% all white blood cells] 1.8±0.1 b 6.0±2.3a

Granulocytes [% all white blood cells] 5.6±0.9 12.4±0.9 b, a

Day 26

Leukocytes [% total blood cells] 2.1±0.3 2.6±0.5

Lymphocytes [% all white blood cells] 64.3±3.1 65.3±2.0 a, c

Thrombocytes [% all white blood cells] 23.8±3.5 22.8±4.0

Monocytes [% all white blood cells] 5.3±1.3 a 6.4±1.5

Granulocytes [% all white blood cells] 6.7±0.9 5.6±1.2 a, b

Day 56

Leukocytes [% total blood cells] 2.5±0.5 2.2±0.4

Lymphocytes [% all white blood cells] 62.6±2.7 53.4±4.3 b, c

Thrombocytes [% all white blood cells] 29.4±4.3 31.8±5.2

Monocytes [% all white blood cells] 3.1±0.4 a, b 4.7±1.0

Granulocytes [% all white blood cells] 5.0±1.3 10.2±1.9 a

n=4, mean±SEM; different letters indicate significant differences be-
tween cell populations over time within the same treatment group; differ-
ent blood cell populations were counted from 10 randomly taken pictures
per slide from each fish
a Significant difference to untreated control fish at the same sampling day
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increased by approximately 3-fold in DON-fed animals com-
pared to that of control animals (Fig. 5).

By 26 days of experimental feeding, mRNA levels of im-
mune genes in DON-fed fish returned to levels comparable to
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Fig. 1 Relative mRNA expressions in head kidney of fish treated with
953 μg/kg feed DON (black bars) for 7, 14, 26, and 56 days compared to
untreated control fish (white bars). All samples were run in triplicate per
fish. The mean±SEM of four fish is shown. Data were analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney U test if groups were
significantly different. Asterisks (*) indicate significant difference com-
pared to controls, P<0.05
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Fig. 2 Relative mRNA expression in trunk kidney of fish treated with
953 μg/kg feed DON (black bars) for 7, 14, 26, and 56 days compared to
untreated control fish (white bars). All samples were run in triplicate per
fish. The mean±SEM of four fish is shown. Data were analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney U test if groups were
significantly different. Asterisks (*) indicate significant difference com-
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those observed in the control-fed fish in the head kidney
(Fig. 1), spleen (Fig. 3), liver (Fig. 4), and intestinal (Fig. 5)
tissues. In contrast, the mRNA levels of ifnγ, tnfα-2, il-8, and

arg-1were significantly higher in the trunk kidney of DON-fed
animals compared to that of the controls (Fig. 2). The mRNA
levels of il-10, inos, and arg-2 were not significantly different
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Fig. 3 Relative mRNA expression in spleen of fish treated with 953 μg/
kg feed DON (black bars) for 7, 14, 26, and 56 days compared to un-
treated control fish (white bars). All samples were run in triplicate per
fish. The mean±SEM of four fish is shown. Data were analyzed using the
Kruskal-Wallis test followed by the Mann-Whitney U test if groups were
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Fig. 4 Relative mRNA expression in liver of fish treated with 953 μg/kg
feed DON (black bars) for 7, 14, 26, and 56 days compared to untreated
control fish (white bars). All samples were run in triplicate per fish. The
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in the trunk kidney tissues between DON- and control-fed an-
imals (Fig. 2). Similarly, the mRNA levels of immune genes in
the head kidney (Fig. 1), spleen (Fig. 3), liver (Fig. 4), and

intestine (Fig. 5) of DON-fed animals were not signifi-
cantly different from control-fed animals after 56 days
of experimental feeding. By 56 days of experimental
feeding, the mRNA levels of the majority of immune
genes had returned to control levels in the trunk kidney
of DON-fed fish, with the exception of arg-1 and arg-2
that were approximately 1.5-fold higher in the trunk
kidney of DON-fed fish (Fig. 2).

Nitric oxide, reactive oxygen species, and arginase activity
bioassays

The production of NO by head kidney and trunk kidney leu-
kocytes from DON-fed and control-fed carp was measured by
the Griess reaction. NO production by head kidney leu-
kocytes was not significantly different between control-
fed and DON-fed fish (Fig. 6). In contrast, NO produc-
tion by trunk kidney leukocytes from fish treated with
DON for 14 days showed a significant increase com-
pared to the NO production of trunk kidney leukocytes
from control fish (Fig. 6). Cell viability after in vitro
cultivation of leukocytes for 96 h with and without LPS
did not show any differences for cells derived from head
kidney and trunk kidney (Fig. 7), with the exception of trunk
kidney cells from fish treated with DON for 56 days which
revealed reduced cell viability compared to leukocytes derived
from control fish.

Cultured leukocytes from head and trunk kidneys
were stimulated with PMA during NBT assays to mea-
sure the production of ROS by immune cells. The pro-
duction of ROS by trunk kidney leukocytes from fish
after treatment with DON for 7 days was significantly
reduced (P<0.05) compared to that of time-matched
control-fed carp (Fig. 8). The production of ROS by
head kidney leukocytes was not significantly different
between control and DON-fed carp after 7 days of ex-
perimental feeding (Fig. 8). No significant differences
were observed for ROS production in head kidney or trunk
kidney leukocytes after 14, 26, or 56 days of experimental
feeding (Fig. 8).

The production of ROS by head kidney and trunk kidney
leukocytes was also measured by a chemiluminescence based
assay (Suppl. Fig. 1). This assay resulted in significant differ-
ences between head kidney cells of fish treated with DON for
26 days compared to the cells of control fish. However, this
assay showed higher variability and therefore did not indicate
as many differences between DON-treated and control fish as
the other assays.

The arginase activity of head kidney and trunk kidney
(Fig. 9) leukocytes was measured in DON-fed and control-
fed fish after 7, 14, 26, and 56 days of experimental feeding
using a plate-based assay. The arginase assays indicated acti-
vation of anti-inflammatory pathways in forskolin-stimulated
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Fig. 5 Relative mRNA expression in intestine of fish treated with
953 μg/kg feed DON (black bars) for 7, 14, 26, and 56 days compared
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cells from head kidneys derived from fish exposed to DON for
26 days compared to control fish, whereas arginase activity in
trunk kidney leukocytes was not found to be different between
DON-treated and control fish at all time points examined.

Discussion

Only a few DON feeding studies using fish have been con-
ducted in the last few years and used concentrations between
352 and 3,000 μg kg−1 feed (Döll et al. 2011; Hooft et al.
2011; Sanden et al. 2012; Matejova et al. 2014; Pietsch et al.
2014a, b). These concentrations are partly relevant for DON
contamination of commercial fish feeds which showed maxi-
mum DON levels of up to 825 μg kg−1 feed (Pietsch et al.
2013). Most studies investigating the effects of feed-borne
mycotoxins on fish use commercial fish feeds and add purified
mycotoxins to the exposure group(s) or use mycotoxin-con-
taminated ingredients for fish feed production. The dis-
advantage of these experiments is that the control group
is commonly exposed to small mycotoxin concentrations

and probably also to other feed-borne contaminants due
to natural contamination of fish feed ingredients and
commercial fish feeds (Santos et al. 2010; Rodrigues
and Naehrer 2012; Streit et al. 2012; Barbosa et al.
2013; Pietsch et al. 2013; Tolosa et al. 2013). In con-
trast, our study prepared experimental diets without cereal
ingredients which led to the complete absence of DON in
the control group and a concentration of 953 μg DON per
kg feed in the exposure group (Pietsch et al. 2014a), whereby
other cereal-borne contaminants can mostly be assumed to be
absent in these diets.

As far as it is known, DON does not accumulate in fish
(Pietsch et al. 2014a), but several metabolic pathways and
organ systems can be negatively affected by DON. This in-
cludes effects on growth performance in salmonids that were,
however, not observed for cyprinid species (Sanden et al.
2012; Pietsch et al. 2014a, b). The latter was also confirmed
by the present study. Effects on liver integrity and metabolism
have also been shown in carp in a previous study (Pietsch et al.
2014b). These effects are probably at least in part due to the
fact that trichothecenes such as DON have been shown to be
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ribotoxic by targeting the 60S ribosomal subunit which im-
pairs protein synthesis and transcription, for example, in leu-
kocytes and other actively proliferating eukaryotic cells of
higher vertebrates (Shifrin and Anderson 1999). Thus, effects
on immune cells have been shown also in fish, but the exact
mechanism of action remained obscure (Pietsch et al. 2014a).
The effects of DON in mammals have been shown to
be both immunosuppressive and immunostimulatory de-
pending on dose and exposure regime (Pestka et al.
2004; Pestka 2008), but a time course of DON exposure
has not yet been investigated. Interestingly, the present
study revealed effects on immune responses and cell
viability in DON-treated fish at days 14, 26, and 56,
respectively. Immunosuppressive effects of DON have
previously been observed in carp treated for 28 days
(Pietsch et al. 2014a). The present study also confirms
that the effects of DON are tissue-specific. An acute
response was observed that peaks at 14 days in all
tissues but disappears thereafter at the mRNA level.
The only exception is the trunk kidney. This is probably
due to the hematopoietic function of the trunk kidney in

cyprinids. Both, head and trunk kidney, exert immuno-
logical capacity in cyprinids, but the renal function in
the head kidney has been lost. Thus, the physiological
role of the trunk kidney as a vital organ for excretion
and immune responses in carp is probably more crucial
when it comes to immune functions as previously assumed,
which was recently also reported for antiviral and antibacterial
responses in other cyprinids (Chen et al. 2013).

For DON exposure of fish, differing results can be expected
depending on the size of the fish, duration of exposure, and
level of exposure. In the present study, the use of small carp
revealed acute (at an exposure for 7 and 14 days), but not
chronic, effects on white blood cell populations which have
not been observed in slightly bigger carp (with an individual
weight of 45 to 53 g) exposed for 4 weeks in a previous study
(Pietsch et al. 2014a), although the cell population percentages
in the control fish of both studies were quite similar in both
studies. This earlier study used three different DON concen-
trations in a feeding study with carp for 4 weeks, whereby
only the highest concentration of DON (953 μg/kg feed)
s h ow e d immu n o s u p p r e s s i v e e f f e c t s a n d n o
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immunostimulating reactions, but reduced pro-inflammatory
responses have been observed at the lower DON concentra-
tions (Pietsch et al. 2014a). The lack of immunostimulating
effects of DON stays in contrast to mammals where lower
DON con c e n t r a t i o n s h a v e b e e n s hown t o b e
immunostimulating (Pestka et al. 2004). The present study
indicates some immunostimulatory effects of exposure to
953 μg DON per kg feed for shorter exposure periods (14
and 26 days, as can be seen from the NO production and the
chemiluminescence data) that suggests that DON can also
have immunostimulating effects in fish, but the exposure du-
ration strongly influences our ability to identify such effects.

Cytokines are known to both up-regulate and down-
regulate immune functions. The present study showed that
pro-inflammatory as well as anti-inflammatory genes are up-
regulated by DON exposure for 14 days. Since this response
was observed in all organs that have been investigated, these
results lead to the assumption of a systemic response of carp to
DON. There are several mechanisms that may explain how
changes in gene expression lead to effects at the protein level
including effects of DON onmRNA stability and/or transcrip-
tion. Such effects of DON on TNF-α have been previously
shown in mammals (Sugita-Konishi and Pestka 2001; Chung
et al. 2003). Furthermore, trichothecenes including DON,
which are known to inhibit protein synthesis, have been re-
ported to stimulate other pro-inflammatory cytokines such as

IL-1 in macrophages (Miller and Atkinson 1986) and IL-2
formation by lymphocytes (Holt et al. 1988) in mammalian
systems. Accordingly, DON-induced super-induction of cyto-
kine gene expression has been shown in T helper cells, and
especially, the effects of DON on IL-2 were pronounced
in vitro as well as in vivo (Azcona-Olivera et al. 1995a, b;
Ouyang et al. 1996a, b). Others suggested that this may be
related to increased capacity to secrete IL-2, IL-5, and IL-6
(Yan et al. 1997). However, the specific molecular mecha-
nisms for the cytokine super-induction by DON are still in-
completely understood. Suppression of immune function by
trichothecenes is most readily explained by the capacity of
these compounds to bind to ribosomes and inhibit protein
synthesis (Bamburg 1983; Rosenstein and Lafarge-
Frayssinet 1983). Nevertheless, further research revealed that,
for example, super-induction of IL-2 gene expression byDON
is mediated via both transcriptional and/or posttranscriptional
mechanisms. Transcriptional mechanisms are known to in-
volve transcription factors such as nuclear factor-κ B and ac-
tivator protein-1 in murine lymphocytes and EL-4 thymoma
cells exposed to DON (Ouyang et al. 1995; Li et al. 2000). In
addition, markedly increased IL-2 mRNA stability contribut-
ed to the super-induction of IL-2 mRNA expression by DON
(Li et al. 1997). Increased transcription of IL-8 after DON
exposure involving the transcription factor nuclear factor-κ
B has also been observed in human monocytes (Gray
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and Pestka 2007), where it was assumed that induction
of this cytokine gene is probably due to increases in
transcription factors and not due to increased mRNA
stability. Nevertheless, a similar super-induction of anti-
inflammatory genes after acute exposure to DON has not been
reported previously.

On day 26 of exposure, mRNA expression levels returned
to basal levels in most organs. This was probably due to ad-
aptation to the exposure to pro-inflammatory agents and
mechanisms preventing damage from permanent inflamma-
tion in tissues, which both can be observed in fish (Perez
et al. 2010; Wiegertjes and Forlenza 2010; Hagen et al.
2014). The systemic anti-inflammatory response to DON in
carp obviously included increased expression and activity of
arginases at different time points which also reveals that reg-
ulation of these important immune mediators is taking place at
different levels and by different mechanisms.

Other toxic mechanisms of DON, such as impaired mem-
brane function in mammalian systems, have also been sug-
gested to involve mitogen-activated protein (MAP) kinase ac-
tivation that generates reactive oxygen species (Yang et al.
2000). Mycotoxins of the trichothecene group are thus known

to cause lipid peroxidation which can be counteracted by an-
tioxidants (Rizzo et al. 1994). Effects on the level of oxidative
stress have already been observed in DON-treated fish and
fish cells (Pietsch et al. 2011, 2014a, b). Increased MAP ki-
nase activity could drive activation of transcription factors that
promote cytokine production as well as induce apoptosis.
Reduced cell viability, immune function, and increased ex-
pression of anti-inflammatory genes have been observed after
prolonged exposure of carp to DON.

Conclusion

Besides some immunostimulatory effects of DON during
acute exposure, the obtained results confirm the systemic im-
munosuppressive potential of this mycotoxin in carp which is
highly relevant for fish receiving artificial feeds in aquacul-
ture. Since feeds in aquaculture commonly contain more than
one mycotoxin at the same time (Barbosa et al. 2013; Pietsch
et al. 2013; Tolosa et al. 2013), multitoxin exposure is as-
sumed to be occurring frequently with up to now unknown
consequences for the fish.
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